Mendelova univerzita v Brné
Agronomicka fakulta
Ustav chemie a biochemie

D

4 :&/‘Q A . 7
&) Agronomicka Mendelova
- fakulta univerzita

v Brné

Progresivni nastroje pro identifikaci bakterie
Staphylococcus aureus
Diserta¢ni prace
Studijni obor: 4106V017 Zemédé€lska chemie

Vedouci prace:
Doc. RNDr. Pavel Kopel, Ph.D.

Skolitel specialista: Vypracovala:
Mgr. Markéta Vaculovicova, Ph.D. Ing. Kristyna Cihalova

Brno 2016



PROHLASENI

Prohlasuji, Zze disertani prace na téma ,Progresivni nastroje pro identifikaci bakterie
Staphylococcus aureus® je samostatnym autorskym dilem podle Autorského zakona.
Nositelem majetkového autorského prava je pracoviSté a univerzita.

Vysledky priace shrnuté v této zivérecné praci byly financovany z verejnych
prostiedkii z Evropskych fondii a statniho rozpoétu Ceské republiky. Vzniklé dilo

jako celek je chranéno autorskym zikonem. UZti tohoto dila pro dalSi SiFeni
a vyuzivani je vazano na uzavienou vyhradni licenéni smlouvu.

Podle § 12 autorského zakona plati, Ze autorské dilo lze wuzit jen se svolenim
autora. Zikladni informace o praci jsou pristupné vSem Zadateliim a jsou plné
k dispozici (abstrakt). V piipadé zajmu o vyuwzti dila pro dalSi wZti (vyuka,
prezentace, konference, komercni ucely) je zapotiebi se Fidit licen¢nimi
podminka mi.

Licen¢ni podminky jsou dany licen¢ni smlouvou, kde na jedné strané je pracovisté
vmiku dila a dékana nebo rektora univerzity (nositel majetkového autorského
prava) a na druhé strané je Zadatel o vyuzZti vysledku. Realizitor zavére¢né prace
podléha licenénim podminkam, pokud jeho praci chce pouzit pro jiné ucely nez
ukonceni studia. UZiti § 29 ziakona uZiti pro osobni potifebu citace neni dotceno.

Disertaéni prace a vysledky vni prezentované jsou dilem vypracovanym na Ustavu
chemie a biochemie plsobicim na pidé Agronomické fakulty Mendelovy univerzity
vBmé¢ a mohou byt pouzty k daSimu prezentovani piipadné ke komer¢nim ucelim jen
se souhlasem vedouciho disertaCni prace a dékana. V opacném pifpad¢ se jedna
o poruSeni zakona.



CHICEITEC

Tato prace vznikla v rdmci CEITEC - Stfedoevropského technologického nstitutu
spomoci vyzkumné infrastruktury financované projektem CZ.1.05/1.1.00/02.0068

z Evropského fondu regionalniho rozvoje.

~
EVROPSKA UNIE ° So0ras
MINISTERSTVO SKOLSTVI, : i EVROPSKY FOND PRO REGIONALNI ROZVOJ OP Vyzkum a vyvoj
MLADEZE A TELOVYCHOVY = INVESTICE DO VAS| BUDOUCNOSTI pro inovace



Podékovani

Na prvnim mist¢ bych chtéla podcékovat profesoru Vojtéchu Adamovi a profesoru
Renému Kizekovi za priileZitost byt soucésti jejich tymu, za cenné rady, piipominky

a ¢as, ktery vénovali mné€ a moji praci

Dekuji Markété Vaculovicové a Pavlu Kopelovi za odborné vedeni mé prace.

Dagmar Hegerové, Lukasi Nejdlovi An€ Marii Jimenez Jimenez, Sylvii Skalickove,
Lukasi Richterovi a Davidu Hynkovi patii velky dik za ochotu a pomoc pfi konzultacich
a interpretaci vysledka prace.

Dekuji vSem spoluautortim za pomoc pii védecké praci a piipravé publikaci, které jsou

experimentalni soucésti této disertacni prace.

Podékovani patii také Urazové nemocnici v Bmg, p.o. za poskytnuti stérti z infekénich
ran hospitalizovanych pacientd, ze kterych jsme mohli izolovat bakterie a provadéet

experimenty.

Dale bych chtéla podekovat viem kolegim z Ustavu chemie a biochemie, ve kterych
jsem naSla nejen kolegy, ale i velké pratele, diky nimz byla pro mne prace radosti

a zabavou.

Velkky dik patii mé rodiné za psychickou podporu béhem studi, za pevné zizemi
aoporu. Podc¢kovani patii i mym pratelim a mému piitei za podporu, pochopeni

a davéru.



Abstrakt

Pittomnost bakterie Staphylococcus aureus (S. aureus) a jeho rezstentni formy
meticilin-rezistentni S. aureus (MRSA) jsou vinfekcich stdle castéjSi a lécba se stava
¢im dal komplikovanéjsi predevS§im kvil vzristajici rezistenci. VcCasna identifikace
mikrobiomu mnfekéni rdny vede k nasazeni spravné léCby atim k uSetfeni pacienta od
vzniku abscesti, amputaci koncetn ¢i dokonce smrti.

Predklddand price snazvem ,Progresivni nastroje pro identifikaci bakterie
Staphylococcus aureus® je zaméfena na studium vyskytu téchto bakterii v klinickych
vzorcich, navrh a zhotoveni novych detekénich metod zalozenych na magnetické
separaci a vyhodnoceni vlivu U¢inku antibiotk a nanoCastic kovii na rist a tvorbu
biofilmu, genovou expresi a proteinové slozeni u S. aureus a MRSA.

Nejvice zastoupeny mikroorganismus Vv infekénfim mikrobiomu je S. aureus a v naSich
studiich byl pouzit jako modelova bakterie pro navrh rychlych, presnych a citlivych
detek¢nich technik, které wvyuzivaji nepiimé detekce jako je: 1) detekce produktu
biochemické reakce bakteridlnich enzymii s matrici, i) detekce amplifikovaného genu
za pouwzti zlatych nanocastic jako indikatorovych sond, iil) stanoveni detekcnich
oligonukleotidii po  sendvicovém zachyceni bakterie mikro a nanocasticemi
a iv) multiplexni detekce kvantovych tecek vyuzivajicich sendvicového zachyceni
fragmentu specifického genu vybranych bakterii. Na navrzené detekéni metody
navazuje porovnani vlivu U¢inku samotnych p-laktamovych antibiotik a jejich
komplexii se selenovymi nanoCasticemi na nerezstentni a rezistentni formu S. aureus.
V piijpadé MRSA bylo pouztim komplexti antbiotk a selenovych nanocastic
dosazeno vyrazné mhibice ristu bakteri a tvorby biofilmu, zmény genové exprese

a proteinového sloZeni.

Klicova slova: Staphylococcus aureus, infekce, antibiotikkum, rezstence, magneticka

separace, nanocastice, inhibice



Abstract

The presence of infections caused by Staphylococcus aureus (S. aureus) and its resistant
form - methicillin-resistant S. aureus (MRSA) - are more frequent and treatment with
increasing  resistance  becomes  increasingly complicated.  Early identification
of microbiome in the infectious wounds leads to implementation of the correct
treatment and thereby saving the patient from the formation of abscesses, amputation
of limbs or even death.

Presented thesis entitled "Progressive tools for the identification of Staphylococcus
aureus" is focused on the study of the occurrence of these bacteria in clinical samples,
design and construction of new detection methods based on magnetic separation and
evaluation of the effects of antibiotics and metal nanoparticles on growth and biofim
formation, gene expression and protein composition in S. aureus and MRSA.

The most abundant microorganism in microbiome of infections is S. aureus and n our
studies was used as model bacteria for the design of fast, accurate and sensitive
detection techniques utilizing indirect detection such as: 1) detection of product
ofbiochemical reaction between bacterial enzymes and matrix, i) detection of the
amplified gene using gold nanoparticles as an indicator probe, i) determmation of the
detection oligonucleotides after sandwich capture of bacteria between micro and
nanoparticles, and iv) a multiplex detection of quantum dots using sandwich capture
of specific gene from selected bacteria. Subsequently, an mfluence effect of B-lactam
antbiotics and therr complexes with selenum nanoparticles to non-resistant and
resistant form of S. aureus was investigated. The significant mhibition of bacterial
growth and biofim formation as well as changes in gene expression and protein
composition were achieved n MRSA by using the complexes of antibiotics and

selenum nanoparticles.

Key words: Staphylococcus aureus, infections, antibiotic, resistance, magnetic

separation, nanoparticles, nhibition
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1 UVOD

Svét vjaké podobé ho vidime, neni az tak Uplh¢ jednoznacny, jak se zdd. Mnoho
procest, které byly pro Clovéka vzdy jasnou véci, ale ziroven zahadou, byly objasnény
az postupem casu s prichodem objeviteli, védy a modernich technik.

Bakterialni predci byli ve skutecnosti na Zemi prvni Zivé organismy, i kdyz o téchto
faktech vime pomémé malo. Mikrobiologicka historie nékolika poslednich staleti je pro
nds zhlediska pficin, prenosu a by nemoci mnohem znaméjsi Jeden
znejdulezitéjSich objevli byl uskutecnén v 17. stoleti Robertem Hookem, jehoz teorie
i ,,VSechny zivé véci jsou slozeny z bunek®.

Jednim zklicovych krokli, kdy lLdem doSlo, Ze mikroorganismy jsou spjaty
s chorobami, bylo zisténi ptivodu kvaseni béhem vyroby alkoholickych ndpoji. Louis
Pasteur tak zjistil, ze mikroorganismy, zvané kvasinky, dokaz prevést cukry na alkohol
v nepiitomnosti vzduchu. Tento proces zvany fermentace se pouziva k vyrobé vina
apiva. V piitomnosti vzduchu ovSem dochdz ke vzniku kyselny octové, coz je béhem
zkvagovani cukrdi s cilem vzniku etanolu neZadouci. ReSeni problému takto zkaZeného
piva ¢i vina Pasteur vyfeSil inhibici veétSiny bakterii teplem. Tento proces zvany
pasterizace je dilezitym krokem pii vyrobé potravin a zamezuje tak jejich kazeni.

Jak je zndmo, mnoho druhli nemoci souvisi s bakteriemi, ale do pomémé nedavné
doby nebyly jejich piiciny uplng jasné. Uginné 16¢by chorob byvaly diive objeveny
obvykle metodou ,pokus-omyl“. ZjiSténi, ze kvasinky hraji klicovou roli b&éhem
kvasnych procesli, upozornilo védce na moznost vztahu mezi mikroorganismy
arostlnami ¢i zvifaty, zejména moznost zpUsobeni onemocnéni pravé mikroorganismy
(teoric nemoci zbakteri)). Teorie nemoci zbakterii byla vté dobé tézce piijatelny
koncept. Pro lidi narozené v Pasteurové dobé bylo nemyslitelné, aby ,neviditelni
mikrobi mohli byt transportovani vzduchem, drzet se na obleCeni ¢i Nizkovinach a ze
mohou byt pfenaseny z jedné osoby na druhou.

V roce 1860 anglicky chirurg Joseph Lister aplikuje teorii nemoci z bakteri do
lécebnych procedur, coz spocCivalo v aplikaci fenolu, ktery =zabiji bakterie, na
pooperacni rany. Listerova technika byla jednim z prvnich IEkafskych pokust
o kontrolu a eliminaci infekci zplsobenych mikroorganismy. Ve skute¢nosti, jeho
nalezy prokazaly, Ze mikroorganismy zpisobuji mfekce opera¢ni rany. S prvnim

dikazem toho, Ze bakterie skutecn¢ zpisobuji onemocnéni, pfiSel Robert Koch.
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Objevenim tyCinkovité¢ bakterie zjistil pficinu onemocnéni antrax u dobytka v Evropé.
Bakterie izolovana zkrve uhynulého dobytka je dnes znama jako Bacillus anthracis.
Tyto pomatky byly béhem posledniho stoleti vyznamné a velmi dilezité pro rozvoj
diagnostiky bakteridlnich onemocnéni.

Pot¢, co byl objasnén vztah mezi mikroorganismy a nemocemi, Iekatska
mikrobiologie zacala klast dlraz na hledani latek, které by mikroorganismy mohly nicit.
Lécba pomoci chemickych latek se nazyva chemoterapie. Chemické latky produkované
pfirozené¢ bakteriemi a houbami jsou antbiotika a chemoterapeutika vyrobené
z chemickych latek v laboratofi jsou syntetické 16¢iva. Uspéch chemoterapie je zaloZen
na vyS$im stupni jedovatosti latky na bakterie nez na hostitele inflkovaného mikroby.

Moderni objevy v mikrobiologii se snaz feSit rezstenci vici lécivim, identifikovat
rychle, pfesné¢ a citlivé bakterie a viry a vyvijet nové vakciny. Zaklady polozené v dobé
Pasteura a Kocha, Zlaty v€k mikrobiologie, zajistily pfedpoklad pro monumentaini
uspéchy mikrobiologického vyvoje v pribéhu 20. stoleti. Nové obory mikrobiologie
jako je imunologie, virologie, molekularné-biologické technologie zabyvajici se
rekombinantni DNA maji zisadni a pfevratnou ve vyzkumu praktickych aplikaci vSech
oblasti mikrobiologie.

Detekci bakterii védei posunuli  zklasickych kultivaénich metod na molekularni
uroven, a to diky studiu genomu, protenového sloZzeni a metabolickych drah bakterii.
Vyskytem infek¢éniho onemocnéni se zvySuji pozadavky na rychlost, pfesnost a citlivost
detekce bakteridlntho kmene, lé¢bu a eliminaci vyskytu bakteridlni infekce, coz je
feSeno chemoterapeutiky a antbiotiky. AvSak roky naduzivani ¢i1 dokonce zneuzivani
téchto Ié¢iv vytvofilo u bakterii odolnost pfezivat v prostifedi oSetfovaném IECivy.
Nahodné mutace bakteridlnich genii piispivaji k bakteridlni rezistenci vii¢i antibiotikim.
Bakterie odolné vi¢i antibiotikim, znichz nejvyznamnéj$i je pravé MRSA, se staly
celosvétovou zdravotnickou krizi. DneSni  vyzkum se zabyva vyvojem novych
antibakterialnich 1é¢iv, kterd nejsou zalozena na béz antibiotik, ale smcfuji spiSe

k nanotechnologiim, ve kterych moderni vyzkum naléza stale SirSi uplatnéni.
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CILE PRACE

e Sumarizovat informace o bakterich Staphylococcus aureus (S. aureus), jejich
vlastnostech a rezistenci k meticilinovym antibiotikim

e Vyhodnotit metody stanoveni bakterie S. aureus a testovat nové, rychlé a citlivé
metody stanoveni této bakterie a meticilin-rezistentniho S. aureus (MRSA)

e Vyhodnotit pfitomnost bakterie S. aureus u vzorkl klinickych stéri infekénich
ran

e Porovnat efekt antibiotik a komplexi nanocastic selenu a antbiotk na S. aureus

a MRSA
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3 LITERARNI PREHLED

3.1 Stafylokoky

3.1.1 Taxonomické zarazeni

Stafylokoky  predstavyji  vhodny model pro ilustraci jednotlivych  aspektd
a problematiky bakteridlni taxonomie ve vSech tfech jejich castech: klasifikace
(definice skupin a vztahii mezi nimi), nazvoslovi (pojmenovani skupin) a identifikace
(pfitazeni novych izolath do novych nebo jiz vzniklych pojmenovanych skupin). Védci
zabyvajici se taxonomii se Casto stfetavaji v nazorech, tykajicich se zafazeni
jednotlivych bakterii do taxonomického systému u bakteri rodu Staphylococcus
a Micorococcus (Vandamme a kol., 1996).

Dle casné taxonomické historie méla na tuto problematiku velky vliv Society of
American Bacteriologist Committee a byl vytvofen Bergey’s Manual, prvni vydany
taxonomicky fad, ktery byl postupné dopliovan. Tato rand klasifikace byla ovlivnéna
pievazné  morfologickymi  aspekty mikroorganismi. Postupné nastavaly v Bergeyho
manualu rizné zmeény, které jiz do klasifikace stafylokokli zahrnuly dalsi postupné
objevované aspekty, jako je vztah ke kysliku, biochemicka aktivita bakterii, podrobna
studie DNA, vznik rezistenci na antibiotika aj. V soucasnosti je uplatiovano 8. vydéani
Bergeyho manualu (Kawamura a kol., 1998).

Podle Bergeyho manualu systematické bakteriologie je taxonomické zarazeni bakterii

rodu Staphylococcus popsano nasledovné:

Kmen: Firmicutes
Ttida: Bacilli
Rad: Bacillales

Celed: Staphylococcaceae

Celed” Staphylococcaceae zahrnuje bakterialni rody a to Staphylococcus, Salinicoccus,
Nosocomiicoccus, Jeotgalicoccus a Macrococcus. Jednotlivé rody zahrnuji dale své
druhy a poddruhy. Nejvice zastupci bakteridlnich druhti tvoii rod Staphylococcus
(Amoozegar a kol., 2014).

Taxonomie stafylokokli se diky modernim molekularné-biologickym metodam rozsituje
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také na urovni poddruhové. Na zikladé fenotypovych odlisnosti a fylogenetické
piibuznosti jsou dnes zndmy napt. poddruhy S. equorum subspecies equorum
a S. equorum subsp. linens (Kawamura, Hou, Sultana, Hirose, Miyake, Shua Ezaki,
1998), S. succinus subsp. succinus (Lambert a kol., 1998) a S. succinus subsp. casei
(Place a kol., 2002). Vyznamnym stafylokokem v humannich klinickych vzorcich je

napf. S. hominis subsp. novobiosepticus (Kloos a kol., 1998).

3.1.2 Morfologie a anatomie stafylokokt

Vzhledem k rGznorodosti a cetnosti zastoupeni Celedi a rodd bakterii, jsou bakterie
prvotné rozpoznavany a déleny podle tvaru na koky, kokobacily, ty¢inky a dale vibria,
spirily €i spirochety. Pomoci tvaru a seskupeni lze bakterie prvotné klasifikovat pod
mikroskopem a jiz zafadit podle morfologie. Dulezita je i anatomicka stavba bakteri,
ktera je spolu s biochemickymi procesy klicova pro navrzeni vhodnych metod detekce.
Staphylococcus v fectiné je pieloZzen "staphyle", coz znamena hrozen vina a "kokkos",
coz znamend kok. Pojmenovani vyplyva ztvorby shluki kokd pod mikroskopem, ktery
se podoba hroznim. Jednd se o grampoztivni (G') koky o primémé velikosti
0,5 - 1,5 um. Jakozto vétsina G* bakterii, je i S. aureus fazen morfologicky mezi koky
(Forsyth a kol., 2002). Burky jsou sférické, uspofadané po jedné, ve dvojicich,
¢tveticich, v nepravidelnych shlucich, v kratkych fetizcich nejcastéji o tiech bunkach, ¢i
vtypickém uskupeni trsu hroznll. =~ Hroznovit¢ seskupeni pozorovatelné pod
mikroskopem stafylokoky tvofi proto, Zze se na rozdil od blizkych ptibuznych
streptokokli, déli ve dvou rovindch. Streptokoky se déli vjedné roviné a tvoii tak
feté¢zce. Stafylokoky jsou nepohyblivé, nesporuluyjici, pomérné odolné¢ vici podminkdm
zevniho prostredi (Adams a kol., 2009).

3.1.2.1 Pouzdro

Pouzdro, téz zvané kapsule bakterie je polysacharidova vrstva, kterd se nachazi vné
bakterialni bunky. Jednd se o dobfe organizovanou vrstvu, kterd je Spatn€ omyvatelna

zpovrchi a mize byt pficinou riznych onemocnéni. Na povrchu ploch, ¢i v trubkach
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s tekutymi  potravinami, dokonce 1 v lidském organismu vznikd piitomnosti bakterii
tvotici pouzdra slizovitd vrstva.

Pouzdro je povazovano =za faktor virulence, protoze zvySuje schopnost bakterii
vyvolavat nemoci. Pouzdro chrani bakterii pfed pohlcenim makrofagy tak, Ze antigenni
struktury jsou diky pouzdru pro protilatky nedostupné, a nemlize nastat fagocytoza.
Dochazi tedy k bakteridlni perzistenci v krevnim feciSti mfikovanych hostitell. Dalsi
neopomenutelnou vlastnosti pouzdra je ochrana bakterie proti vysychani a napomahani
bunice pfilnout k povrchu, ochrana pted napadenim bakteridlnimi viry a pied detergenty
(Dunne a kol., 1994; Standish a kol., 2012).

3.1.2.2 Bunécna sténa

Stafylokoky patii ke G bakteriim, jejichz bund¢nd sténa vykazuje vysoky obsah
peptidoglykanu a zarovenn postrada vnéjsi membranu a vrstvu lipopolysacharidd. Tato
skute¢nost pak ovliviuje vysledek diagnostického barveni dle Grama, kdy G’ bakterie
mizeme pozorovat pod mikroskopem modrofialové, zatimco gramnegativni (G)
Cervené (Rao, 1997; Archunan, 2004; Kayser a kol., 2011). Peptidoglykan tvoti
antigenni  strukturu bakterie, ktery navozuje v lidském organismu tvorbu interleukinu-1,
ktery pfedstavuje jednu z klicovych molekul imunitntho systému a tvofi vyznamnou
soucast tzv. cytokinové sité, kterd zajistuje regulaci a koordinaci rtiznych slozek obrany
organismu v piipadé infekce, zanétu, poranéni nebo stresu. Peptidoglykan také slouz
jako aktivator sérovych a membranovych glykoproteind, endotoxini bakteri a je na
ném navazana kyselina teichoova a protein A (Marraffini a kol., 2006; Dreisbach a
kol., 2011). Kyselina teichoova je hlavni soucasti bunééné stény bakterii a jeji nazev je
oznaceni pro skupinu polysacharidli navazanych pies fosfodiesterové vazby. Vzhledem
k riznorodosti  navazanych  skupin  (cukry, ammokyseliny) existuyje = mnoZzstvi
teichoovych kyselin a na jejich zikladé lze urCit sérotyp bakterie. To znamend, Ze proti
ruznym sérotypim téhoz druhu mikroorganismu se tvofi rizné typy protilatek. Krom
toho, Ze se jednotlivé sérotypy liSi v antigenni struktufe, mohou vykazovat rovnéz
rozdinou druhovou vnimavost, virulenci, patogenitu ¢i odolost Wvici vnéjSimu
prostiedi. V mikrobiologii je serotyp povazovan za taxonomickou jednotku. Protein A
ma antifagocytarni a antikomplementdrni umnek a vaze se na Fc fragment

imunoglobulinu G (IgG), ¢ehoz se vyuziva u diagnostické koagulacni reakce (Verhoef a
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kol., 1979; Hartford a kol., 1999; Cox a kol., 2008). Dalsi soucasti antigenni struktury
jsou adheziny slouzici jako koloniza¢ni faktory, které zpUsobuji adhez stafylokoki na
mezibunééné nebo bunééné struktury jako je fibrinogen, fibronektin ¢i kolagen
(Nandakumar a kol., 2005; Dreisbach, van Dijla Buist, 2011). Jak jiz bylo zmin¢no,
rozdily v antigenni struktufe se vyskytuji vramci jednoho druhu bakterie, stejné jako
rezistence VUCi antibiotikiim. Studie zabyvajici se septickou artritidou prokazala, Ze
meticillin-rezistentni S. aureus obsahujici na svém povrchu plasmin-sensitive surface
protein (Pls protein) zplsobuje vetsi zatéz na modelu mysich ledvin nez kmen bez Pls
proteinu. Pls protein mizeme tedy zafadit mezi faktory virulence pro septické artritidy a
sepse (Josefsson a kol., 2005). Vazebné povrchové proteiny bakteri jsou dulezité
zhlediska bakterialni kolonizace na hostitelskych matricich. Povrchové proteiny
bakterie S. aureus byly popsany jako virulentni faktory v riznych modelech infekce,
jejichz presné mechanismy nebyly dosud zjiStény.

3.1.2.3 Cytoplazmaticka membrdana

Cytoplazmatickd membrana je biologickd membrana oddé€lyjici wvnitfek buiky od
vn¢jStho prostiedi. Tato membrana je semipermeabini. Je propustna pro nékteré ionty
a organick¢ molekuly, coz je zplisobeno difuzi pronikavych molekul, coz zivisi hlavné
na jejich naboji, polarit¢ a molarni hmotnosti molekuly. Ovlada také pohyb latek ven
zbunck. Jeji zakladni funkci je chranit bunku pfed okolimi vlivy. Podili se na adhez
bunky, vyméné iontl, bunééné signalizaci. Dale hraje roli pii ukotveni cytoskeletu
a udava tvar bunky (Singer a kol., 1972; Budin a kol., 2012).

3.1.2.4 Cytoplazma

Cytoplazma je materidl uvnitt zivé buiky s vyjimkou bunéén¢ho jadra. Sklada se
zcytosolu (gelovitd latka uzaviend v bunéné membrang) a organel, které tvoii vnitini
strukturu  buiiky. Obsah prokaryotickych bunck, které nemaji jadro, je obsaZen
vcytoplazmé. Bunééné jadro eukaryotickych bunck je odd€leno od cytoplazmy

anazyva se nukleoplazma.

15



Cytoplazma je tvotena z80 % vody a je bezbarva. V cytoplazmé dochazi k vétSing
bunécnych metabolickych aktivit, jako je glykolyza a procesy bunééného déleni
(Singera Nicolson, 1972).

3.1.2.5 Genetika a studiumgenomu

Genom bakteric S. aureus obsahuje jeden kruzmicovy chromozom o velikosti
2700 - 2800 kb a soubor variabilnich pfidatnych genetickych elementi jako jsou
plazmidy, bakteriofagy, inzeréni sekvence, transpozony a genomové ostrovy patogenity.
Zatimco bakteridlni chromozom nese informace nezbytné pro zajisténi duleztych
fyziologickych funkci organizmu, pridatné genetické elementy ud&hyi buiice napf.
odolnost vii¢i antibiotikim a zvySuji jeji virulenci (Mlynarczyk a kol., 1998; Kuroda a
kol., 2001).

Plazmidy jsou extrachromozomalni genetické elementy s autonomnim replikaénim
systémem, které vyzmamné ovliviiyji fenotypovy projev bakterii. VeEtSina piirozené se
vyskytujicich kmeni S. aureus obsahuje jeden a vice plazmidl, které mizeme podle
Novicka rozdé€lit do Ctyr riznych tiid podle velikosti.

Plazmidy se stejnym replika¢nim kontrolnim systémem nemohou stabilné koexistovat
vjedné hostitelské bunce. Tento jev oznaCuyjeme jako mkompatibilitu. Jeji piiCinou je
souté¢Zeni o replikacni aktivatory a citlivost k replikacnim inhibitorim (Paulsson, 2002).
Na zacatku 70. let 20. stoleti navrhli Datta a Hedges klasifikaci plazmidii zaloZzenou na
testu inkompatibility, podle kterého se u S. aureus rozliSuje 15 inkompatibilnich skupin
(Hedges a kol., 1974).

Pojmem bakteriofag oznacuje virus napadajici bakterie. Indukuji se prostiednictvim
UV zifeni nebo mitomycmu C a do bakteridintho chromozomu se integruji na
specifickém misté typickym Campbellovym mechanizmem (Duncan a kol., 1978).
Zallenéni DNA figa (fagovy genom) do genomu bakterie a vznik profiga mize byt
pri¢inou lyzogenni konverze. Soucasti nékterych profagi mohou byt genetické
determinanty virulence (Boyd a kol., 2002).

Inzerc¢ni sekvence (IS elementy) jsou sekvence DNA o délce 700 - 2500 bp. Vyznacuji
se schopnosti transpozice, coz je proces piemisténi sekvence DNA z jednoho mista

genomu na jiné. Krom¢ gend pro svou vlastni transpozici neobsahuji zadnou genetickou
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nformaci. Inzeréni sekvence se vyskytuyji jednotlivé nebo vytvaii slozeny transpozon.
Mohou byt soucasti prokaryotického i eukaryotického genomu (Mahillon a kol., 1998).
Transpozony jsou sekvence DNA, které se stejné jako IS elementy vyznacuji
schopnosti transpozice. Premistuji se pomoci enzymu transpondza, kterd je vyuzivana
na vyStépeni a opctovné zabudovani do genomu. Mimo genli pro svou viastni
transpozici obsahuji navic jeden nebo vice strukturnich genil, které se projevuji ve
fenotypu buriky. Obvykle jsou to geny kodujici rezistenci k antibiotkim (Stewart a
kol., 2001).

Genomové ostrovy patogenity (GOP) jsou wvariabilni genetické elementy, které
vyrazné zvySuji patogenitu bakterii. Jejich souCasti jsou geny koduyjici faktory virulence,
coz jsou toxiny, adhesiny, invasiny. Nach4zi se u patogennich kmeni G i G bakterii

(Hacker a kol., 1997).

3.1.2.6 Ribozomy

Bakteridlni ribozom je cytoplazmaticky nukleoprotein, jehoz hlavni funkci je slouzt
jako misto pro translaci mRNA. Sklddd se zmalé podjednotky (30S) a wvelké
podjednotky (50S). Pfi syntéze proteinu se ribozom pohybuje podél molekuly mRNA,
prectenim kodonu a pfifazenim spravné aminokyseliny dochdz k syntéze proteinu. Pfi
dosaZeni stop kodonu je pieklad zastaven, mRNA a protein jsou uvolnény (Czernilo.Ap
a kol., 1974). Ribozomy se vyskytuji v bakteridlni bunice v hojném poctu. Bakteridlni
burika obsahuje asi 10 000 ribozomi, coz ¢ini az 30 % hmotnosti buiiky. Ribozomy se
sklddaji zmalé ribozomalni podjednotky, kterd ¢te RNA a wvelké podjednotky, spojujic
aminokyseliny za vznikku polypeptidového fetézce. Mala podjednotka bakterialniho
rbozomu ma funkci asociace s RNA béhem piekladu a dekdédovani a velkd podjednotka
slouzi jako centrum peptidyl-transferazy, coz je misto pro vznk peptidové vazby
(Benne a kol., 1987).

3.1.2.7 Bicik

Bi¢kk vyCniva zbuilky nékterych prokaryotickych 1 eukaryotickych bun€k. Jeho
primarni ulohou je pohyb, ma ale také funkci smyslové organely, jelkoz je citlivy na
piitomnost chemickych latek v prostiedi a teplotu vné buiky (Wang a kol., 2005).
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Bi¢ikky jednotlivych druhti bakterii se liSi proteinovym slozenim a mohou tvofit toxiny
(E. coli O157: H7) (He a kol., 1996).

Vzhledem k tomu, ze S. aureus nenese na svém povrchu bi¢ik ani pili, pak se jedna

o bakterii nepohyblivou.
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3.1.3 Fyziologie stafylokokii

Plivodni skupina zahrnujici stafylokoky i mikrokoky byla rozdélena na zaklad€ vztahu
ke kyslku (Evans a kol., 1955). Obligaitn¢ acrobni koky byly zafazeny do rodu
Micrococcus, zatimco vétSina  fakultativné  anaerobnich  kokt  vytvofila  rod
Staphylococcus. Vztah stafylokokt ke kysliku je fakultativné anaerobni.

Stafylokoky syntetizuji kataldzu, coz je enzym, ktery dokaze preménit molekuly
peroxidu vodiku na kyslk a vodu. Tento fakt indikuje patogenitu bakterie, kterd miize
byt infekéni a zptisobovat onemocnéni (Otero a kol., 2006). Témét kazdy z kmeni
produkuje koagulazu, kterd pieménuje fibrinogen na fibrin, ktery zplsobuje srazeni
krve (Sinha a kol., 1999). Oxidaza produkovana rody Micrococcus a Kocuria (tvoii
cytochrom a, b, ¢ a d) je dalsi fyziologicky parametr, ktery je pfi stanoveni stafylokokt
pozorovan jako negativni test. Stafylokoky jsou tedy oxiddza-negativni U vetSiny
stafylokoki jsou nalézany pouze cytochromy a a b, vyjimku ptedstavyji druhy
Staphylococcus  lentus,  Staphylococcus  vitulinus,  Staphylococcus sciuri  a
Staphylococcus fleurettii, které maji navic cytochrom ¢. Pfitomnost cytochromu ¢ u nich
podminuje produkci oxidazy (Kwok a kol., 2003).

Stafylokoky patii mezi chemoorganotrofy, nékteré druhy mivaji metabolismus pievazné
respiratorni, jiné prevazné fermentativni. Jako zdroj uhliku a energie vyuzivaji cukry
nebo aminokyseliny, piipadné¢ oboje. Rozlicné cukry mohou metabolizovat za aerobnich
podminek a tvorby kyselin. Hlavnimi kone¢nymi produkty pak byvaji kyselina octova
aCO;,. Zdroj dusku pro stafylokoky predstavuji organické latky, aminokyseliny
a vitamin skupiny B. Ne¢které¢ druhy jsou schopny jako jediny zdroj dusiku vyuzivat
(NH4),SO4. Anorganické zdroje dusiku mohou vyuzivat napf. novobiocin rezistentni
druhy S. sciuri a S. xylosus (Emmett a kol., 1975). Stafylokoky jsou nepohyblivé
bakterie, které netvoii spory a jsou schopny Zzt bez kysliku.

3.1.4 Molekulirni patogeneze S. aureus

I kdyz vice nez 20 druhit Staphylococcus jsou popsany v Bergey’s Manual (2001),
pouze Staphylococcus aureus a Staphylococcus epidermidis jsou vyznamné pii interakci
s lidmi (Guerrero, 2001). S. aureus kolonizuje ptredevsim nosni sliznice, ale vyskytovat
se mize 1vostatnich anatomickych lokalitich, v¢etné kize, ustni dutiny a
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gastrointestinalntho traktu (Wendt a kol., 2007). S epidermidis se nejcastéji vyskytuje na
kuzi (Heilmann a kol., 2003).

S. aureus exprimuje mnoho potencidlnich faktort virulence. Jsou to povrchové proteiny,
podporujici kolonizaci hostitelskych tkani; faktory, které mhibuji fagocytézu (kapsle,
munoglobulin  vazajici protein A). Toxiny vyvolavajici poSkozeni hostitelské¢ tkan¢
aonemocnéni.  Koaguldza-negativni ~ stafylokoky jsou obvykle mén€¢ virulentni
a exprimuji tedy méné virulentni faktory (Novick a kol., 1993; Piette a kol., 2009).

3.1.4.1 Mechanismus patogenity

VylepSovanim faktorGi virulence ve stresovych podminkdch u S. aureus je klicovym
faktorem k umoznéni pfetrvavat v krevnim feCiSti nebo tvofit sekundarni ohniska
ndkazy hluboko v tkénich, kam se dostanou pies posSkozenou kiz ¢i sliznici nosnich
direk. Bez ohledu na dostupnost antibiotik je S. aureus klinicky velmi vyznamny G*
kok.
Patogenita u S. aureus zacind adhezi a kolonizaci, kdy dochazi k ptinuti bakterie
k povrchu ktize, ¢i sliznic a tim umoznéni kolonizace krevniho feCisté, sliznic, apod. Pro
tento UCel hraje duilezitou roli kyselina teichoova (Weidenmaier a kol., 2004). Dale
nastava invaze, pii které S.aureus naruSuje kozni bariéru vyluCovanim exfolianich
toxini a hemolyzini a daKich enzymi ni¢icich tkané (Lowy, 1998; Amagai a kol.,
2000). Infckce mize byt spusténa pii ohrozeni imunitntho systému nebo pii
lokalizovanému zanétu (Harraghy a kol., 2007). Vyhnuti se imunitni odpovédi je tzv.
evaze, pii které S. aureus vyluCuje anti-opsoniza¢ni proteiny (Haas a kol., 2004). Na
tomto procesu se nejvice podili protein A, ktery ma anti-fagocytacni vlastnosti a
vyskytuje se na povrchu S. aureus. Kromé toho, S. aureus vylucuje leukotoxiny
(Panton-Valentine leukocidin) lyzujici leukocyty a déle exprimuje superantigeny (napf.
enterotoxiny) (McCormick a kol.,, 2001), které rozvraci imunitni odpovéd silnou
polyklonalni stimulaci a expanzi specifickych receptorit k T-lymfocytim, kdy nasleduje
potlaceni T-bun€k do anergického stavu (Wang a kol., 1998).
Exprese gend pro tvorbu biofilmu nastava pfi vyCerpani zivin ¢i kyslku a bakterie
vstupuje do staciondrni faze. Ve stacionarni fazi, kdy jsou bakterie piinuty, je S. aureus
odolny vi¢i antimikrobidlnim Iatkdm. Slizovitd matrice biofilmu poskytuje téZ ochranu
pfed imunitnimi bufikami a prinikem antibiotik (Proctor a kol., 1998; Patel, 2005).
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Extracelularni proteinové toxiny piispivaji k patogenezi Siroké Skaly infekci zpisobené
bakterii S. aureus. Produkce toxinu pfispivd piedevSim na patogenit¢ této bakterie
(Stevens a kol., 2007). Panton-Valentine leukocidin jsou pory-tvofici toxiny spadajici
do skupiny leukotoxini (Grumann a kol., 2014), coz jsou cytotoxiny podilejici se na
tvorbé porid na membranach polymorfonuklearnich bunék a zplsobuji bunécnou smrt,
apoptozu nebo nekrozu (Kobayashi a kol., 2010). Panton-Valentine leukocidin je
jednim znejvice virulentnich stafylokokovych toxini nekorzujici zapal plic, kiz a
infekce mekkych tkani (Lina a kol., 1999), ktery je piitomen ve vétsiné CA-MRSA
(DeLeo a kol., 2010).

Dokonce netmysiné uzivani [-laktamovych antibiotikk indukuje zvySenou produkci
toxinh u MRSA a dochaz tak ke zhorSeni pribéhu infekce a nasledné 1écby (Stevens,
Ma, Salmi, McIndoo, Wallacea Bryant, 2007).

Dalsi skupinou jsou exfoliativni toxiny které se déli na skupiny A, B a D. Funk¢né se
jedna o isoformy enzymi s vysokou druhovou specifitou (Becker a kol., 2003).
Obsahuji serin specificky pro glutamit a protedzovou aktivitou a selektivné S$tépi
peptidovou vazbu v extracelularni oblasti lidského desmogleinu, coz zpisobi adhezi
bakteric na povrch bunky (Nishifuji a kol.,, 2008). Timto zpusobem usnadfiji
exfoliativni toxiny bakteridlni koZzni mvazi a uvolnénim keratinocyth mohou zpUsobit

stafylokokovy syndrom oparené kize (Grumann, Nubela Broker, 2014).

3.1.4.2 Patogeneze MRSA

Samostatnou pozornost zhlediska patogeneze si zaslouzi MRSA pro svoji vysokou
morbiditu a mortalitu pii vzniku epidemie. MRSA je mozné rozdelit do dvou
genotypoveé odlisnych skupin HA-MRSA (healthcare-acqured MRSA) a CA-MRSA
(community associated MRSA), které jsou rizn€ zamcfené a piekryvaji se a zplsobuji

riznd onemocnéni (Ito a kol., 2003).

3.1.4.3 Healthcare-acquired MRSA (HA-MRSA)

MRSA byla poprvé objevena v 60. letech 20. stoleti, ale jeji problematika vzrostla az
v90. letech téhoz stoleti a to zejména na jednotkdch intenzivni péce, kde se stala

jednou zhlavnich pfi¢in nosokomidlich infekci. Nemocnicni kmen (HA-MRSA) nese
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na svém genomu stafylokokovou chromozomalni kazetu (SCCmec I-III), kde se nachaz
geny rezistence (SCCmec typ I) nebo multirezistence (SCCmec typ II-III)
k antbiotkim (Gonzalez a kol., 2006). Je =zajimavé, Ze pii vyjmuti z prostiedi
zdravotnickych zafizeni zpisobuje HA-MRSA onemocnéni jen ziidka. V disledku toho
bylo stanoveno, z2 HA-MRSA je kmen, ktery miize pifezivat jen v prostiedi vystaveném
plsobeni antibiotk. Pro spravny uhel pohledu tohoto hlediska vykazuje HA-MRSA
delsi genera¢ni dobu pro srovnani s meticilin-citivym S. aureus (MSSA) (Deurenberg
a kol., 2008).

3.1.4.4 Community associated MRSA (CA-MRSA)

CA-MRSA je definovan jako MRSA piitomen u lidi, ktefi nepodstoupili v priibéhu roku
rizikové faktory jako je hospitalizace nebo chirurgicky zakrok, permanentni katetr,
dialyza ¢i dlouhodoby pobyt v peCovatelském zafizeni. Ptedeslé vyzkumy prokazaly
rozdily vdemografi pacienta a byly porovnany s HA-MRSA izolované od pacientl
zpecovatelskych zafizeni (Fraser a kol., 2008). Pacienti s CA-MRSA jsou obvykle
mlad$i nez pacienti s HA-MRSA. U CA-MRSA izolati bylo prokazino, ze jsou
citivéj$i na antibiotika bez p-laktamového pivodu a fylogenetické testovani poukazuje
na zetelné rozdily vgenomu téchto bakterii. Spektrum pulsobeni této bakterie je
soustfedéno na kizi a mékké tkané jako jsou abscesy. CA-MRSA miize také zpUsobovat
lisej, folikulitidu nebo furunkulozu a ve vzicnych piipadech mize zplsobit nvazivni
infekce, jako jsou spolecné infekce, nekrotizujici zapal plic a sepse (DelLeo, Otto,
Kreiswirtha Chambers, 2010).

3.2 Rezistence u S. aureus

Vyskyt stale vice druhti bakterii odolnych vi¢i antibakteridlnim latkdm prameni
zmnoha faktori, které zahrnuje rozsahlé a nekdy nevhodné pouzivani antimikrobidlnich
latek, rozsahlé uzivani téchto latek jako stimulatort ristu v krmivu pro zvifata a narlst
mezindrodntho cestovntho ruchu. Problematika rezistence je nejvyznamnéisi u G'
stafylokokt, pneumokokl a enterokokd (Stewarta Costerton, 2001). Kmeny bakterii S.
aureus vzhledem k uzivani antibiotk vyvinuly rezistenci vi¢i penicilinu, cefalosporinu,
meticilinu, vancomycinu a linezolidu (Bingen a kol., 2006; Bourgeois-Nicolaos a kol.,

2006). Mortalita bakterémic zptisobené S. aureus je piibliné 10 — 30 % bez ohledu na
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dostupnost antibiotik (van Hal a kol.,, 2012). Vyvoj novych antibakteridlnich
komponent inhibujicich rist rezstentnich bakterii je novodobym trendem, ktery se
dostava rychle na trh a pokryva tak velmi Zzidanou poptavku této skupmy léCiv. Pii
testovani antibakteridlnich vlastnosti latek se velmi osvéd¢ily nanocastice, konkrétné
nanocastice kovil. Stifibrnymi nanoCésticemi jsou oSetfeny plochy a obvazy v I€kafstvi a
tyto nanocastice si ziskaly zaslouzenou popularitu a vyuzti (Ansari a kol., 2015).
Selenové nanocastice prokazaly efektivni ucinek proti meticilin-rezistentni bakteri S.
aureus, produkt je na trhu osvédCeny a zajiSt'yje tak oSetfeni infek¢nich ran u domacich
mazlicki 1 hospodaiskych zvitat (Chudobova a kol., 2014; Cihalova a kol., 2015).
Stejné jako u antibiotik, tak i u antibakteridlnich nanocastic mize vzniknout bakteridlni

rezistence prave proti t¢émto komponentim.

3.2.1 Vznik rezistence S. aureus na antibiotika

Ironii trendu wvzniku stale vice rezstentnich bakteri je obdobi vyrazné¢ lepstho
pochopeni molekuldrnich mechanismii  bakteridlni rezistence, coz vede k inovaci
a vyvoji novych léCiv a terapeutickych Cinidel. Rezistence na antibiotika mize byt bud’
pfirozena, coz je vrozena necitlivost bakterie k antibiotiku nebo ziskana, kterd vznika
fenotypickou adaptaci nebo genetickymi zménami. Ziskand rezstence bakterii wici
antbiotkiim  vznikd  nejCastéji  horizontdlnim  pfenosem  genetické  informace
a modifikaci genu na chromozomu (Gill a kol., 2005; Deurenberga Stobberingh, 2008;
Chambers a kol., 2009).

3.2.2 Mechanismus u¢inku B-laktamovych antibiotik na S. aureus

B-laktamova antibiotika jsou Sirokou tiidou antibiotik, zahrnujici vSechna antibiotika,
kterda obsahyji [-laktamovy kruh ve své molekularni struktufe. To zahrnuje penicilin
ajeho derivaty, cefalosporiny, monobaktamy a karbapenemy. [-laktamova antibiotika
jsou baktericidni a mhibici syntézy peptidoglykanové vrstvy zabranuji tvorbé bunécné
stény (Giesbrecht a kol., 1998). Peptidoglykanova vrstva je u G' bakterii dileZita
k zajiSténi  strukturdlni integrity. PB-laktamové jadro molekuly antibiotikka nezvratné vaze
zbytek aktivntho mista penicilin vazajictho protemu 2a (penicilin binding protein
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PBP2a) (Obr. 1). PBP2a je transpeptidaza, kterd je nezbytnd pro ukonCeni syntézy
peptidoglykanového ftetézce (Zapun a kol., 2008). Ireverzibini inhibice PBP2a
zapiicinéna ~ pusobenim  B-laktamovych  antibiotk  brdni  kone¢nému  zesiténi
peptidoglykanové vrstvy a tak dojde k pferuSeni syntézy bunétné stény. [-laktamova
antibiotka mhibuyji mimo bakterie 1 smice a funkci fotosyntetickych organel
eukaryotnich bun¢k (Katayama a kol., 2003; Kohanski a kol., 2010).

an H
\__ -8
O \><
N
O
/ —OH
O/\
l B-laktamové
antibiotikum

SCC mec

chromozom

Obr. 1: Mechanismus rezistence MRSA na B-laktamova antibiotika. Na stafylokokové
chromozomalni kazet¢ mec se nachazi mecA gen kddujici syntézu penicillin-binding
protenu 2a (PBP2a). PBP2a katalyzuje syntézu bunééné stény a produkci p-laktamazy
dochdzi krozkladu B-laktamového kruhu antibiotka. Pfitomnost p-laktamovych
antibiotik inhibuje funkci transpeptiddz, mezi niz se fadi i PBP2a, buikka tak ztraci
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schopnost vytvaret bunécnou sténu a umird. PBP2a vSak vykazuje vi¢i B-laktamovym

antibiotikkim nizkou afinitu, proto jejich mhibici nepodléha.

3.2.3 MRSA

Pred vice nez padesati lety vedl objev antibiotik k revoluci v 1é¢bé bakteridlnich infekci.
Vzapéti se diky nadmérmému pouzivani téchto medikamentii u mnoha bakterii objevily
rezistentni kmeny. V posledni dobé jsou vyznamnym problémem napt. kmeny S. aureus
rezistentni k meticilinu, které maji hlavni podil na Sfieni nemocni¢nich mnfekci.
Determinanty rezistence k antibiotkliim a jmym baktericidnim latkdm se u stafylokokt
vyskytyji na variabilnich genetickych elementech jako genomové ostrovy patogenity,
plazmidy, transpozony aj. Reorganizace bakteridlnho genomu zplsobend témito
elementy umoziuyje vznik a Sifeni novych rezistentnich variant (Ito, Okuma, Ma,
Yuzawaa Hiramatsu, 2003; Fridkin a kol., 2005).

3.2.3.1 Stafylokokova chromozomova kazeta mec

Stafylokokova  chromozomova kazeta mec (SCCmec, z angl staphylococcal
chromosome cassette methicillin-resistance island) je fragment DNA dlouhy 21 - 67 kb,
ktery je zaClenén do bakterialntho chromozomu pobliz mista pocatku replikace (Ito a
kol., 2001). To je velmi vyhodné, protoze misto replikace se na chromozomu nachazi 2
- 4 krat. Integraci SCCmec do genomu Staphylococcus aureus vznika meticilin-
rezistentni kmen (MRSA) odoly wici téméf vSem [-laktamovym antibiotikim (Ito,

Katayama, Asada, Mori, Tsutsumimoto, Tiensasitorna Hiramatsu, 2001).

3.2.3.2 Mechanismus rezistence k meticilinu

Rezistence k meticilinu je dana piitomnosti penicilin-vazajictho proteinu 2a (PBP2a)
aenzymu [-laktamazy, ktera St€pi P-laktamova antibiotika (antbiotkka na baz
penicilinu) a je koédovana genem mecA. PBP2a je analogem transpeptidaz PBP, jejichz
piitomnost je pro normalni buiiku nepostradatelnd, nebot’ hraji dilezitou roli pfi syntéze

bunécné stény. Piitomnost [B-laktamovych antibiotik jejich funkci nhibuje, buika tak
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ztraci schopnost vytvaret bunénou sténu a umird. PBP2a vSak vykazuje vici B-
laktamovym antibiotikim nizkou afinitu, proto jejich inhibici nepodléha (Brakstad a
kol., 1997; Hiramatsu a kol., 2001).

Exprese genu mecA je regulovana dvéma zikladnimi systémy. Indukéné-represni
systém blal-blaR1 je lokalizovan na plazmidu. Protein Blal (produkt genu blal) ma
funkci represoru. Vaze se na operator genu blaZ nebo mecA, ¢imz inhibuje jejich
transkripci. Gen blaR1l koéduje transmembranovy protein BlaR1, jehoz soucasti je
extracelularni doména vazici peniciin a mtracelularni signdlni sekvence. Navazanim [3-
laktamového antibiotka na BlaR1 dojde ke spusténi signdlu, jehoz kone¢nym projevem
je uvolnéni Blal represoru z operatoru blaZ nebo mecA, nasledna transkripce téchto
genil a syntéza [-laktamizy nebo PBP2a. Regulacni systém mecl-mecR1l je lokalizovan
na bakteridlnim chromozomu. Jeho funkce je analogicka funkci blal-blaR1l (Brakstada
Maeland, 1997).

3.2.4 Vankomycin-rezistentni S. aureus

Vzhledem k vyskytu kmend rezstentnich na antibiotka a neddvnym vznikem
klinickych izolati rezistentnich na vankomycin (77), je kontrola S. aureus stale
obtizn¢jsi. Staphylococcus hraje hlavni roli v nosokomidlnich infekcich a v posledni
dobé byl uznéan jako dllezitd pfiCna infekce zskané v komunit¢ (11, 35, 40, 50).
Citlivost S. aureus vi¢i vankomycinu je rozdélena do tii tfid: 1) vancomycin-
mtermediate S. aureus (VISA), i) heterogenni VISA (hVISA), i) vysSi uroven
rezistence vancomycin-resistant S. aureus (VRSA) (Appelbaum, 2007).

VISA byl poprvé identifkovan v Japonsku vroce 1996 a od t¢ doby byl nalézin
vnemocnicich po celém svété. Byl také nazyvan GISA (glycopeptide-intermediate
S. aureus), coz poukazuje na odolnost vi¢i glykopeptidovym antibiotikiim (Hiramatsu
a kol., 1997). Vankomycin-rezistentni kmeny S. aureus se vyskytovaly velmi vzicné a
roku 1992 bylo prokdzino, Ze geny rezstence ViCi vankomycinu z bakterie
Enterociccus faecalis mohly byt pfeneseny do S. aureus. Pfitomnost genu rezistence
vanA u Enterococcus faecalis byla potvrzena i u S. aureus pomoci polymerazové

fetézové reakce, a byla také potvrzena shodnost sekvence tohoto genu (Courvalin,
2006).
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3.3 Metody stanoveni S. aureus

Kvalitativni a kvantitativni stanoveni urcit¢tho druhu bakterie ve vzorku bylo a stale je
provadéno pomoci kultivacnich metod v tekutych ¢i agarovych zivnych pudéch.

AvSak vyuwziti modernich technik vede k velmi rychlé identifikaci bakteridlnich druhli
vneznamém vzorku. VCasnd a presnd identifikace bakteri v klinickych materidlech je
nutnou a nezbytnou fazi pii diagnostice, 16cbé bakteridlnich infekei, navrzeni vhodnych
léCebnych postupti a eliminaci Siteni téchto infekci Pro stanoveni S. aureus jsou
vyvijeny stdle nové postupy, jejichz cilem je, aby byl proces stanoveni rychly, piesny
a cithvy.

3.3.1 Kaultiva¢ni metody

Co se tyce kultivace, obecné jsou stafylokoky schopny tolerovat 5 - 15 % NaCl
v prostfedi, ¢ehoz se Casto v praxi vyuziva pii jejich kultivaci na selektivnich médiich
obohacenych o NaCl. Rostou v Sirokém rozmez teplot, udava se rozpéti 18 - 40 °C,
pricemz existuji rozdily mezi jednotlivymi druhy. Schopnost ristu pii dané teploté je
ovliviiovana ~ také  pivodem  izolovaného = kmene. @ Konvenéni  identifikace
mikroorganismii zahrnuje jejich kultivaci, ktera trva 24 — 48 hodin (Eriksen a kol.,
1994).

3.3.1.1 Kvalitativni kultivacni metody

Vzorky potravin, pid, biologické vzorky ¢i jiné obsahuji obvykle vice druhi bakterii
nez jednu a to v riznych pomérech, které jsou zplsobeny paraztismem ¢i symbidzou
mezi bakteridlnimi druhy. Proto je dilezité zistupce vSech piftomnych druhti bakterii
neselektivné pomnozit tak, aby mohlo dojit ke kultivaci na selektivnim agaru i1 jedné
bakterie pfitomné v pivodnim vzorku, konfirmaci a tim k identifikaci. Bakterie vzorku
jsou obvykle pomnozeny v neselektivnim tekutém zivném médwm, které se sklada
z trypton-sojového nebo masopeptonového bujonu (Tanase a kol.,, 2013). Dalsim
krokem je izolace ciloveho mikroorganismu zpomnozovactho média na ztuzené

médium. Po obvykle 18 -24 hodinové inkubaci vzorku bakterii v tekutém médiu je
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pomnozena kultura vyockovana na selektivné diagnostickou agarovou zivnou pudu
frakcionované roztérem pomoci klicky (Chen a kol.).

Stafylokoky jsou selektivné kultivovany nejc¢astéji na Baird-Parker agaru. Baird-
Parker agar (BP agar) obsahuje trypton, hovézi a kvasnicni extrakt jako zdroj uhlku
a dusikku nezbytny pro rist bakteri, glycm, chlorid litny a telluriCitan draselny pisobici
jako selektivni ¢inidla, vajeny Zloutek jako substrat pro detekci produkce lecitinazy
a lipazy. Morfologické vlastnosti kolonii S. aureus na BP agaru jsou tmavé Sedé az
cerné kolonie, coz je zplsobeno redukci telluriCitanu. Stafylokoky produkujici
lecitmdzu rozkladaji vajecny Zoutek, coz vede k vyCefeni zony kolem koloni. Typické
kolonie S. aureus jsou ¢erné nebo Sedé, lesklé a vypouklé, 1 - 5 mm velké a jsou
obklopeny zdnou projasnéni, kterda miize byt z¢asti matnd, po nejméné 24 hodinové
inkubaci se mize vtésné blizkosti kolonii objevit opalescentni prstenec a po 48
hodinach se objevuji prasvitné kruhy uvnitt ¢irych zon. S. epidermis tvoii na BP agaru
cerné, lesklé, nepravidelné kolonie s prisvitnymi kruhy jiz po 24 hodindch inkubace.
Mikrokoky rostou na BP agaru jen zfidka a jejich kolonie jsou velmi malé, hnédé az
cerné bez Cirych zon. Kvasinky jsou na BP agaru bilé bez Cirych zon (Baird a kol.,
1995; Acco a kol., 2003).

Optimalni podminky pro kultivaci S. aureus je 37 °C, za pfistupu kysliku.

Dalsim selektivné diagnostickym agarem pro kultivaci S. aureus je solny agar
s mannitolem, ktery vysokym obsahem soli vyselektuje stafylokoky, které jsou
halotolerantni. S. aureus fermentuje mannitol na rozdil od ostatnich stafylokokt, a proto
Zluté zbarveni agaru indikuyje jeho piitomnost. Ostatni bakterie rostouci na agaru
nezméni jeho zbarveni, tudiz zistava rizovy (Stoakes a kol., 2006; Han a kol., 2007).
Pro selekci stafylokokli ze vzorkli se pouzivda krevni agar s chloridem sodnym. Pro
selektivni pomnoZeni vétSinou biologickych vzorkti se pouziva Ctyf riznych Zivnych
pud. Vzorek je nanesen na krevni agar s 10 % obsahem NaCl slouzici pro selekci
stafylokokdl (Obr. 2), dale na krevni agar pro riist G* i G bakterii, pak Endiiv agar pro
selekci G bakterii, mezi které patii koliformni bakterie a jako posledni je krevni agar
s amikacinem, ktery slouzi pro selekci streptokokt (Eriksen, Espersen, Rosdahla
Jensen, 1994; Brayshaw, 1999).
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Obr. 2: Izolace S. aureus zinfekéni rany hospitalizovaného pacienta v Urazové

nemocnici v Brn¢, p.o. na krevnim agaru s 10% obsahem NaCl, po 24 hodinové
kultivaci pfi 37 °C.

Mez kultivaéni metody patii také inkubace bakterii na chromogennich médiich, které
obsahuji latky podporujici rist pozadovanych bakterii a latky inhibujici rist
nestanovovanych bakteri. Média obsahuji chromogenni substraty, které S§tépi enzymy
pouze urCitych bakteri a pfi rozStépeni substratu bakteridlnim enzymem dojde
k charakteristickému zabarveni. Chromogenni médium CHROMagar Staph aureus c¢i
CHROMagar MRSA mi ve srovnani s tradinimi médii velmi vysokou specifitu
a senzitivitu pro detekci kmeni S. aureus ¢i MRSA. Pouwzitim této diferenciacni pidy
vypadavaji dalsi konfirmacni testy jako je kataldzovy a latexovy aglutinani test pro
odliSeni non-S. aureus kmeni. CHROMagar MRSA je jedné komeréni médium
umoznyjici spolehlivou detekci MRSA a jehoz validné oveéfend senztivita a specifita je
na urovni 100 % (Merlino a kol., 2000; Stoakes, Reyes, Daniel, Lennox, John,
Lannigana Hussain, 2006).

Stanoveni pfitomnosti MRSA ¢i jinych rezistentnich kmend kultivaénimi metodami je
mozno provést ovéfenim testu rezistence na P-laktamova antibiotika (Chambersa
Deleo, 2009) metodou inhibi¢nich zon, kdy jsou na Petriho misku pokrytou Cerstvou
bakteridlni kulturou kladeny diftizni disky obsahujici (-laktamova antibiotka a po 24
hodinové inkubaci pfi 37 °C je sledovan vznik inhibicnich zon, které u rezstentnich

kmenll nejsou tvofeny (Chudobova a kol., 2013). Mezi komer¢ni kultiva¢ni soupravy
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mizeme zafadit rehydrovatelné kultivaéni filmy (napt. Petrifilm), které jsou tvofeny
plastickymi filmy potazenymi vysuSenym kultivacnim médiem a dehydratovanym
gelovym Cmidlem rozpustnym studenou vodou. Inokulum je naneseno do stiedu
spodntho filmu a film je nasledn¢ mkubovan za pozadovanych podminek, dle
mnkubované bakterie. Fimy slouzi ke stanoveni celkového poctu mikroorganismi a
riznych indikatorovych mikroorganismt i nékterych patogent (Silva a kol., 2005).
Otiskové nosife ¢i kontaktni Petriho misky se pouziva pro vzorkovani otiskem zivného
média na testovany povrch, nebo ponofenim nosice do testované tekutiny. Spektrum
vySetfeni je obvykle omezeno na indikatorové skupiny mikroorganismi (Moore a kol.,
2007).

Automatizované metody jako je VITEK 2 nebo syst¢tm BD Phoenix jsou zaloZené na
fenotypové charakterizaci, které jsou zivislé na expresi metabolické aktivity nebo na
morfologickych znacich (leven a kol., 1995). V dusledku toho jsou izolaty nedostateéné
identifikovany, a proto jsou nezbytné doplikové konfirmaéni metody k presné
identifikaci (Miller a kol., 1993).

3.3.1.2 Kvantitativni kultivacni metody

Kvantifikace poctu bakterii ve vzorku je dilezitd kvili pfipustnym limitim stanovenych
legislativou naptiklad v potravinafstvi, ale 1 jako stanoveni profilu vzorku pidy, vod,
tkéni ¢i poctu bakterii na plochach.

Pfi ockovani pielivem se obvykle pouzivda 1 ml inokula, které byva nafedéné tak, aby
nedoslo k pferosteni Petriho misek koloniemi a nasledné¢ ptelit¢ teplym avSak ne piihS
horkym agarem. Pocet kolonii pro kvantitativni analyzu bakteri na jednu Petriho misku
se pohybuje vrozsahu 30 — 300 KTJ/ml pro celkovy pocet mikroorganismii a pro
selektivné diagnostické Zzivné pidy 15 — 150 KTJ/ml Pidy pro stanoveni poctu
S.aureus ve vzorku jsou pouzivany stejné jako u kvalitativnich kultivaénich metod.
Vyslednia hodnota je udavana v kolonie tvoficich jednotkdch na millitr, gram &i dm?
(KTI/ml, KTJ/g, KTJ/dm?), dle stanoveni v tekutém vzorku, pevném vzorku & plochy
(Schaeg a kol., 1979; Rodriguez a kol., 2005).
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3.3.2 Konfirmaéni a identifikacni testy S. aureus

Konfirmace je zalozena na poztivni koagulazové reakci Konfirmace nahodné
vybranych kolonii ze selektivné-diagnostickych agar je provadéna preockovanim
kolonii na krevni agar, ktery je kultivovan pii 30 °C po dobu 24 hodin a je jim
prokazana hemolyticka aktivita, kdy mize dojit k Uplné¢ B-hemolyze nebo netupiné o-
hemolyze. Pii netplné hemolyze neboli viridaci dochdzi k ¢astecnému rozruseni
hemoglobinu na zelenohnédy methemoglobin a erytrocyty nejsou lyzovany. Pii Uphné
hemolyze dochdzi k Uplhému rozlozeni hemoglobinu i k lyze erytrocyti a kolem
kolonie je vytvofena prihlednd zona (Jones a kol., 2006).

Dale jako konfirma¢ni test pro prikaz piitomnosti plazmakoaguldzy je provedena
inkubace s mozkosrdcovou infuzi pii 37 °C, 24 hodin (Knobloch a kol., 2002).
Zkumavkovy koagulazovy test je standardni test pro rutinni identifikaci S. aureus, pfi
kterém se pracuje s kralici plasmou a vysledky jsou odecitany po 4 a 24 hodinich
inkubace. Nevyhodou je, ze nékteré stafylokoky, jako jsou S. schleiferi a S. intermedius,
mohou rovnéZ poskytovat poztivni vysledky na piitomnost volné koagulazy. Vyskyt
téchto druhl neni ovSem tak casty. Dale nékteré raritni kmeny S. aureus mohou
vykazovat neschopnost srazet kralici plazmu. Tento typ testu je pro zminénd negativa
nahrazovan latexovymi aglutinaénimi testy (Hidron a kol., 2008).

Pro latexovy aglutinaéni test jsou vychozim materidlem kolonie zkrevniho agaru.
Princip testu spocCiva v produkci koaguldzy, pomoci tzv. clumping factor, bakteriemi
S.aureus, které obsahuji na svém povrchu protein A. Na latexovych Casticich je
navazan kralici munoglobulin  (IgG) a fibrinogen. Pfi reakci clumping factoru
s finbrinogenem nebo protemu A sIgG dojde kaglutinaci latexové suspenze.

Pfitomnost protemu A a cluimping factoru jsou indikéatory dilezit¢é pro detekci S. aureus
(Louie a kol., 2000; Felten a kol., 2002).

3.3.3 Identifikace stafylokoktu pomoci komercnich souprav STAPHYtest

Komeréni souprava STAPHYtest je urcena pro identifikaci druhi bakterii rodu
Staphylococcus, ktera je rychla, citliva a jednoducha pro pouzti. Historiec STAPHYtestu
saha az do roku 1986, kdy byla vyvinuta prvni souprava pro identifikaci stafylokokd.
RozliSyjeme dva typy téchto identifikacnich testh a to STAPHYtest 16 a STAPHYtest
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24. STAPHYtest 16 umoziuje provést identifikaci 60ti kmend rodu Staphylococcus
a dalich G" kataliza poztivnich koki pomoci Sestnicti biochemickych testt. Souprava
STAPHYtest24 je ur€ena primarn¢ pro definitivni identifikaci druht  rodu
Staphylococcus izolovanych zklinického materidalu a pro jejich diferenciaci od dalsich
G" Kkataldiza poztivnich koka (Ruzickova, 1994). Identifikaci lze dle doporudeni
vyhodnocovactho software dophit testy VPtest nebo PYRAtest dodavanymi ve formé
diagnostickych prouzku (Athanasopoulos a kol., 2007).

Voges-Proskauer test (VP test) je pouzivan k detekci piitomnosti acetoinu v pudé
s bakteriemi a je zalozen na traveni glukozy na acetylmethylkarbinol. Pfiddnim o-
nafton a KOH do Voges-Proskauer bujonu naoCkovanym bakteriemi dochaz pfi
pozitivni reakci k z€ervenidni bujonu, zatimco Zluto-hnédd indikuje negativni vysledek.
Pritomnost S. aureus vykazuje spolu s dalsimi bakteriemi (r. Enterobacter, r. Klebsiella,
Serratia marcescens, Hafnia alvei) poztivni reakci VP testu. Naopak negativni reakci
projevuji Citrobacter sp., r. Shigella, r. Yersinia, r. Salmonella (Athanasopoulos,
Devogel, Beken, Pille, Bemiera Gavage, 2007; Chanchaithong a kol., 2011).

Test aktivity enzymu pyrrolidonyl arylamidazy (PYRA test) je zaloZen na hydrolyze
B-naftylamidu kyseliny pyroglutamové, ktery je obsazeny v detekénim prouzku.
Hydrolyza je detekovana reakci s p-dimetylaminocinamaldehydem, ktery je obsazen
v roztoku ¢inidla, za vzniku Cerveného zbarveni (Chow a kol., 2014).

3.3.4 Imunochemické metody detekce S. aureus

Imunochemické metody detekce bakterii jsou zaloZzeny na interakci protilatky
santigenem za vywzti monoklondlnich ¢i polyklondlnich protilatek. Imunochemické
metody jsou rychlé, vysoce specifické a mohou byt vywzty pifi detekci v komplexni
matrici. Nevyhodou je obtiznd piiprava specifickych protilaitek. Mez imunochemické
metody patfi ELISA (Enzyme Linked Immuno Sorbent Assay), pfi které reaguje
antigen s protilaitkou na pevné fizi a metoda poskytuje informaci i o koncentraci. Dalsi
pouzivanou metodou pro detekci bakterii je LFIA (Lateral Flow Immuno Assay), kterd
je kvalitativni a testuje se pomoci testovacich prouzki. Pfitomnost S. aureus byva
imunochemicky testovana podle produkovaného enterotoxinu (Peruski a kol., 2002),
ktery je produkovan bakterii S. aureus. Dale pro stanoveni S. aureus byva vyuzivan

protein A (Kessler, 1975), coz je antigen na povrchu bunécné stény stafylokokl a
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streptokokt (Frasera Proft, 2008). Mez dalsi specifické antigeny pro S. aureus patii
fibronectin binding protein (Foster a kol., 1998) a pro stanoveni MRSA to mize byt

plasmin-sensitive surface protein (Hilden a kol., 1996).

3.3.5 Molekularné-biologické metody stanoveni S. aureus

Pro molekularmeé-biologickou detekci S. aureus je nezbytnd znalost genomu této
bakterie, a to nalezenim specifické ¢asti DNA odlisné od ostatnich bakterii.
Molekularné-biologickymi metodami lze provadeét jak kvalitativni tak 1 kvantitativni
stanoveni.

Tyto metody jsou obvykle zalozeny na polymerazové retézové reakci (PCR).

Molekularné-biologickd diagnostika je piimd metoda identifikace bakterii vyuzivajici
komplementarity vladken nukleovych kyselin a je zaloZzena na procesu jejich hybridizace.
Pro zvySeni citlivosti a specifity stanoveni vybrané¢ho druhu bakterie je vyuzivaina PCR,
béhem které dochazi k amplifikaci fragmentu specifického genu (Grisold a kol., 2002).
Metoda je nezavisla na bakteridini kultivaci, vysoce citliva s rychlou detekci Pred
samotnym stanovenim je potfeba provést lyzu bakteridlnich bunck, extrakci a purifikaci
nukleové kyseliny a jeji charakterizaci Izolace nukleovych kyselin miize byt provadéna
fenol-chloroformovou extrakci, adsorpci  na siikatovou  kolonku, anebo
automatizovanymi metodami vyuzivajicimi magnetické Castice pokryté specifickymi
materidly vazajicimi nukleové kyseliny jako napiiklad MagNA Pure Compact RNA
Isolation Kit (Roche, Basel, Switzerland). Takto piipraveny vzorek DNA je
s komplementdrnimi primery pro hledany gen umistén do thermocycleru spolu s Taq
polymerdazou, kde dojde k amplifikaci DNA polymerazovou fetézovou reakci. Po
amplifikaci hledaného genu je PCR produkt vizualizovan pomoci gelové elektroforézy a
dle piitomnosti spravné velikosti tzv. bandu je stanovena pfitomnost hledaného kmene
ve vzorku (Cihalova, Chudobova, Michalek, Moulick, Guran, Kopel, Adama Kizek,
2015; Chudobova a kol., 2015).

S. aureus je stanovovan molekularné-biologickymi metodami pomoci nuc genu, ktery
koéduyje produkci extracelularni termostabini nukleazu (TNaza) degradujici DNA
a RNA, jejiz enzymatickd aktivita odolava 100 °C po dobu plsobeni nejméné¢ 1 hodinu

(Tang a kol., 2011). Pomoci sekvence genu nuc je S. aureus bézné identifikovan, ovSem

33



TNaza neni pro ng specifickd. TNdza ma pro S. aureus specifickou sekvenci
ammokyselin, a proto byly vyvinuty protilatky pro imunochemickou detekci S. aureus
pomoci TNazy (Brakstad a kol., 1992).

Dalsim potencialnim markerem pro detekci S. aureus je fnbA gen. Gen fnbA koduje
produkci fibronektin vazajicho proteinu A (Peacock a kol., 2002), ktery rozpoznava
pittomnost  fibronektimu a fibrinogenu. Povrchovd exprese fibronektin vézajictho
proteinu je uS. aureus virulentnim faktorem (Wann a kol., 2000), ktery umoziuje
kolonizovat hostitelské tkan¢ a ménit infekéni proces (Ghodousi a kol., 2012).

Pfi stanoveni piitomnosti rezstentnich kmenti stafylokokii je stanovovan gen
exprimyjici protein vyvazujici €i jinak branici prostupu antibiotik pies bunécnou sténu
dale do buiky. Stanoveni MRSA ve vzorku je provadéno kontrolou piitomnosti mecA
genu (van Griethuysen a kol., 1999). Gen mecA kéduje syntézu transpeptidazy PBP2a,
kterd neni inhibovana meticilnem, a proto neni narusena syntéza bunécné stény
bakterie béhem plsobeni beta-laktamovych antibiotik (Hao a kol., 2012).
Molekularné-biologicky je mozné provést 1 kvantitativni stanoveni bakterii ve vzorku.
K tomu slouzi real-time PCR (Hein a kol., 2001). Princip je stejny jako u klasické
PCR, ale metoda navic umoziuyje kvantifikaci sledovan¢ho fragmentu DNA v redlném
Case. Pfi real-ttme PCR je zaznamenavan kazdy cyklus PCR ve skuteCném case,
zatimco u klasické PCR je analyzovan az vysledny produkt. Béhem amplifikace vznika
fluorescencni signal. Koncentrace izolované DNA je odectena zhodnoty prahového
cyklu, kdy Ize detekovat itenzitu fluorescence anebo pomoci kalibra¢ni kiivky
piipravené ze standardnich roztokt (Ludwig a kol., 2000; Elsayed a kol., 2003; Fusco a
kol., 2011).

Dalsi molekularné-biologick¢ metody vyuzivaji také specifickych fragmenti DNA
ak nim komplementarni oligonukleotidy znacené tzv. sondou. Tato metoda se nazyva
fluorescencni in situ hybridizace (FISH) (Gey a kol., 2013). FISH je cytogeneticka
technika vyuzivajici fluorescenCnich sond, na které¢ se vazou casti DNA s vysokou
komplementaritou. Jednd se o RNA sondy, které mohou byt navrzeny pro jakykoliv gen
nebo jakékoliv sekvence genu. Technika FISH umoznuje analyzu velkych sérii vzorki
se snazsi identifikaci (Hogardt a kol., 2000; Kempf a kol., 2000).

Ve studi Wu et al. (2012) byla pravé porovnavana specifita a citlivost metod FISH
a PCR. Stanoveni piftommnosti bakterie S. aureus bylo zaloZeno na detekci 16S rRNA,
kterd je vysoce konzervativni a obsahuje mnoho variabinich oblasti Byly vytvotreny
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primery cilené na rizné fylogenetické urovné bez predeské kultivace. Obé metody (PCR
a FISH) spliyji poZzadavky pro detekci S. aureus a nabizi presngjsi vysledky za rychlejsi
dobu nez kultivaéni metody. S ohledem na naklady bylo vykalkulovano, Zze FISH je
vyhodnéj$i pro testovani menSitho poctu vzorkid, zatimco PCR je vodnd pro testovani
velkého poctu vzorkt (Wu a kol., 2012).

Metody vyuzivajici PCR patii k zdkladnim technikdm stanoveni bakteri molekularné-
biologickymi metodami. Pro podrobnéjsi charakteristiku jednotlivych bakterii jsou
vyuwzivany genotypizani metody. Genotypizatni metody jsou zalozeny na Stépeni
DNA restrik¢énimi endonukledzami s naslednou PCR amplifikaci zskanych fragmentd,
na amplifikaci usekt ohraniCenych repetitivnimi sekvencemi nebo na amplifikaci
fragmenti ndhodnymi oligonukleotidy. Tato metoda je hojné vyuzivand pro detekci
rezistentnich kmenti S. aureus, jako je MRSA (Predari a kol., 1991; Ghaznavi-Rad a
kol., 2010; Chong a kol., 2015).

Analyza amplifikovanych fragmenti, produkti PCR, je vyhodnocena separacni
technikou pulzni gelovou elektroforézou ¢i mverzni gelovou elektroforézou, kdy dojde

k separaci fragmentti a vizualizace je provedena fluorescencné.

3.3.6 Genové sekvenovani

Pomoci genetickych metod lze spolehlivé identifikovat mikroorganismy stanovenim
nukleotidové sekvence jejich genu kodujictho 16S podjednotku ribozomalni RNA (16S
rRNA). 16S rRNA obsahuje oblasti velmi konzervované mezi vSemi mikroorganismy,
stejn¢ tak, jako jsou oblasti variabilni pro kazdy bakteridlni druh. 16S rRNA sekvence
urcuje pibuznost studovanych bakteri a pouziva se tak k vytvafeni fylogenetickych
stromil.

Na zakladé genového sekvenovani 16S rRNA byly stafylokoky rozdéleny do 11 skupin.
Diky této metod€ lze klasifikovat nové druhy stafylokokt a tim také dochazi k novému
fylogenetickému ¢lenéni (Haas a kol., 2011; Chudobova a kol., 2015).

3.3.7 Detekce bakterii pomoci hmotnostni spektrometriec MALDI-TOF

Hmotnostni  spektrometrie nabizi pfesnou a rychlou identifikaci bakteri, plisni
a mykobakterii izolovanych z klinickych vzork (Stevenson a kol., 2010). Postupy pro
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zpracovani organismi a jejich analyzu pomoci hmotnostni spektrometrie jsou technicky
jednoduché, reprodukovatelné, komercni databdze a interpretacni algoritmy jsou
k dispozici pro identifikaci Swrokého spektra klinicky vyznamnych — organismi
vyuzivajici ionizaci laserem za pifitomnosti matrice (MALDI, matrix assisted laser
desorption/ionization) v kombmaci s detektorem doby letu (TOF, time-of-flight).
Metoda se vyuziva pro identifikaci a typizaci nebo pro urCeni rezistence stanovovanych

kmend (Wolters a kol., 2011; Wieser a kol., 2012).

S. aureus muize byt detekovan hmotnostni spektrometrii na zdklad¢ identifikace
konzervativnich proteinll. Specificky protein pro MRSA je PBP2a zajiStujici rezstenci
vi¢i  beta-laktamovym antibiotikim, nebo toxiny produkujici S. aureus jako je
enterotoxin A, delta-toxin (Gagnaire a kol., 2012), Panton-Valentine leukocidin (Bittar
a kol., 2009), TSST-1 (toxic shock syndrome toxin), hemolyziny (Dinges a kol., 2000)

aj.

3.3.8 lzolace bakterii pomoci paramagnetickych c¢astic

Separac¢ni technologie jsou jednou znejslozitéjSich ale velmi dullezitych oblasti
biotechnologie. Separacni techniky jsou nakladoveé efektivni a jsou kli€ovym faktorem
pfi  primyslové  biotechnologick¢é  vyrobé ¢i rutinnich molekularné-biologickych
diagnostickych postupech. Magnetické mikro ¢i nanocCéstice jsou vyuzivany v Siroké
Skale védnich disciplin, protoZze jsou snadno manipulovatelné pomoci externtho
magnetického pole a manipulace s nimi je rychld a jednoducha (Nejdl a kol., 2014).
Casto jsou pouzivany s bioafinitnimi ligandy jako jsou protilatky & proteiny s vysokou
afinitou k cillové molekule (Chudobova, Cihalova, Skalickova, Zitka, Rodrigo,
Milosavljevic, Hynek, Kopel, Vesely, Adama Kizek, 2015).

Stejné tak, jako funguje izolace DNA pomoci paramagnetickych Castic, lze izolovat
ibakterie magnetickou separaci. Kombinace bézné¢ vyuzivanych munochemickych ¢i
molekularné-biologickych technik a magnetické separace je vyhodnd pro vznik rychlé
selektivni metody ke stanoveni hledané bakterie. Jednou ztakovych kombinaci je
imunomagnetickd separace, kterd zajiStuje selektivni vychytdni cilovych bakterii
pomoci specifické protilatky navazané na magnetickou Castici. Protilaitka zachyti

skupinu bakterii disponujici specifickym antigenem na svém povrchu, dochdzi tak
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k selekci skupiny bakterii. Stanoveni druhu, serotypu ¢i ureni druhu rezstence miize
nasledné probéhnout pomoci PCR ¢i hmotnostni spektrometrie. Pro stanoveni mohou
byt cilové bakterie, viry, eukaryotické burky, proteiny a DNA ¢i RNA (Kolbert a kol.,
1995; Krizkova a kol., 2015).

3.3.8.1 Magnetické castice pouZivané pro imunomagnetickou separaci

Magnetické cCastice pro bioseparaci obsahuji jedno nebo vice magnetickych jader
potahovanych  matrici z polymerd, oxidu kifemi¢ittho nebo hydroxylapatitu
s koncovymi funkénimi skupinami (Tartaj a kol., 2003). Velmi ¢asto jsou pouzivané
magnetické cCastice Dynabeads produkce Sigma-Aldrich (Sigma-Aldrich, St. Louis,
MO, USA) (Obr. 3).

Magnetické jadro se obvykle skladd bud’ z magnpetitu (Fe3;O4), nebo maghemitu (y-
Fe;O3) se superparamagnetickymi nebo feromagnetickymi vlastnostmi (Brem a kol.,
2006). Pro separaci DNA/RNA se doporucuji feromagnetické cCastice vzhledem
k siln€jSim magnetickym vlastnostem (Choi a kol., 2007).

Molekuly pro funkcionalizaci povrchu ¢astic jsou vybirdny podle pozadovanych
funk¢nich skupin. Funkcionalizace cCastic je Casto provadéna streptavidinem nesoucim
silmou afinitu k biotinu, ktery je vazany na protilatce, kterou bude magnetickd castice

modifikovana pro pouziti k imunomagnetické separaci (McCloskey a kol., 2003).
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Obr. 3: Komeréni magnetické ¢astice Dynabeads® M-280 Streptavidin (Sigma-
Aldrich, St. Louis, MO, USA) se zachycenou bakteri MRSA na svém povrchu.

3.4Moderni vyvoj komponent s antibakterialnim u¢inkem

V prostiedi vyzadujicim sterilitu, jako jsou operac¢ni saly i zafizeni, kde dochaz
k oSetfeni otevienych ran, je nezbytné pouzivat k oSetfeni prostiedi, ale 1 pacienta
baktericidni anorganické 1 organické latky, jako jsou chemoterapeutika, antibiotika c¢i
rizné¢ dezinfekce. Hojné pouzivani dekontaminacnich prostfedklt ma za nasledek vznik
bakterialni multirezistence (Tran a kol., 2002). Ve vyzkumu je v€novana pozornost
bakteridlni rezistence a feSeni nabizi ionty kovli nebo jejich komplexy, jejichz
antbakterialni vlastnosti jsou zndmy jiz po staleti. V poslednich letech vSak nalezly
uplatnéni nanotechnologie, co se tyce antibakteridlntho u¢inku zejména nanocastice
stifbra, oxidu zine¢natého, ale i nanocastice selenu (Dutta a kol., 2014). Nanocastice
stibra jsou vpraxi prozatim nejvice uplatiovany, jelkoz vykazuji antibakteriahni,
antivirové a antimykotické u¢inky (Rai a kol., 2014), to plati i pro Au nanocastice
(Ahmed a kol., 2014), TiO, nanocastice (Kummer a kol., 2013), nebo smés Ag/ZnO
nanocastic (Mirershadi a kol., 2013). Srovnanim u¢inku nanocastic stifbra a selenu
doslo k prekvapivému zavéru, Ze nanoCastice selenu mhibuji bakterie S. aureus

vyrazn&j$im zplsobem, nez nanocastice stibra (Chudobova, Cihalova, Dostalova,
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Ruttkay-Nedecky, Rodrigo, Tmejova, Kopel, Nejdl, Kudr, Gumulec, Krizkova, Kynicky,
Kizeka Adam, 2014). Vliv selenovych nanocastic byl také potvrzen v dalsi studii (Tran
a kol., 2013). Testovanim P-laktamovych antibiotik, které nemaji u¢inek na MRSA bylo
potvrzeno, ze v pifpadé vzniku komplexu téchto antibiotk se selenovymi nanocasticemi
dochazi k vyrazné inhibici MRSA a jest¢ vyraznéj$i nhibici u S. aureus (Cihalova,
Chudobova, Michalek, Moulick, Guran, Kopel, Adama Kizek, 2015).

Jak je wvidét, nanotechnologie maji velkky vyznam nejen v elektronice, genovém
mnzenyrstvi, ale 1 jako IéCiva s efektem inhibice neziddoucich bakterii S neustalym
vyvojem bakteridlni rezstence je vznk antibakteridlnich komponent kazdodenni

vyzvou pro védce zabyvajicich se mikrobiologickou rezistenci.
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4 MATERIAL A METODIKA

4.1 Chemikalie
Vsechny chemikdlie (v ACS Cistote¢) byly potfizeny od firmy Sigma-Aldrich (USA),

pokud neni uvedeno jinak.

4.2 Metody

421 Kultivace S. aureus a MRSA

S. aureus (NCTC 8511) a meticilin-rezistentni S. aureus (O. Melter 2/A8) byly ziskany
zCeské sbirky mikroorganismi, Pfirodovédecké fakulty Masarykovy univerzity, Brno,
Ceska republika. Kmeny byly uchovavany jako suspenze spor v20% (V/V) glycerolu pfi
teplot¢ -20 °C. Pred jejich pouzitim byly kmeny rozmrazeny a glycerol byl odstranén
promytim destilovanou vodou. SloZeni Luria Bertani média pro kultivaci bakteridini
kultury bylo nasledyjici: trypton 10 g/, kvasniny extrakt 5 g/l, NaCl 5 g/, sterilni
MiliQ voda. pH kultivatniho média bylo pted sterilizaci upraveno na 7,4. Sterilizace
média byla provadéna pfi teplot€¢ 121 °C po dobu 30 minut ve sterilizitoru (Tuttnauer
2450EL, Izrael). Piipravend kultivatni média byla naoCkovana bakteridlni kulturou
v Erlenmeyerové bafice do celkového objemu 25 ml Po mokulaci byly bakterialni
kultury kultivovany po dobu 24 hodin na tfepacce (Biosan OS-10, Litva) pii 600 rpm
ateplot¢ 37 °C. Bakterialni kultura kultivovana za téchto podminek byla nasledné
fedéna kultivatnim médiem na OD600 = 0,1 pro pouzti vdalSich experimentech

(Cihalova, Chudobova, Michalek, Moulick, Guran, Kopel, Adama Kizek, 2015).

4.2.2 Identifikace bakterii pomoci MALDI-TOF hmotnostni spektrometrie

Kazda specifickd kolonie kultivovana na krevnich agarech byla resuspendovana
v300 ul deionizované¢ vody. Poté bylo ke vzorku pfidano 900 ul etanolu. Po
centrifugaci pii 14000 x g po dobu 2 minut byl opét supernatant odstranén a pelet byl
suSen na vzduchu. VysuSeny pelet byl rozpustén v 70% kyseliné mravenci (viv) a 25 pul
acetonitriu a promisen. Vzorky byly centrifigovany opét pii 14000 x g po dobu
2minut a 1 pl ¢irého supernatantu byl nanesen na MALDI desticku (MTP 384 desticka

zlesténé oceli) a vysuSen na vzduchu pfi laboratorni teploté. Kazdy spot byl nasledné
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prekryt 1 ul matrice o-kyano-4-hydroxyskoficové kyseliny nasycené organickym
rozpoustédlem (50% acetonitril a 2,5% kyselina trifluoroctova, obé viv) a zcela vysuSen
na vzduchu kprovedeni MALDI-TOF MS analyzy (MALDI-TOF MS, Bruker
Daltonics, Brémy, Némecko). Spektra byla méfena v rozsahu m/z 2000 Da az 20000 Da
a kazdé spektrum byl vysledek akumulace 1000 laserovych pulsti zskanych z deseti
riznych oblasti téhoz vzorku. Spektra byla analyzovdna pomoci softwaru Flex (verze
3.4). Spektra byla vlozena do MALDI BioTyper'™ 3.1 (Bruker Daltonk GmbH, Brémy,
Neémecko), kde byla nasledné porovnana s existujici databazi (Chudobova, Cihalova,
Guran, Dostalova, Smerkova, Vesely, Gumulec, Masarik, Heger, Adama Kizek, 2015).

4.2.3 Priprava magnetickych c¢astic

Magnetické cCastice byly piipraveny rozpuSténim 1,5 g Fe(NO3); .9H,O v 80 ml vody
a0,2 g NaBHs v3,5 % NH; (10 ml) byl pfidan a nasledn¢ zahiivan pti 100 °C po dobu
2 hodin. Po zchlazeni byl produkt ponechdn v klidu pfes noc a pomoci magnetu byly
Castice promyty. Vznikly maghemit byl dale modifikovan polyetylenglykolem (4 kDa)
pro snadnou modifikaci streptavidnem a protildtkami munoglobulnu G stdlym
michanim pfes noc. Po promyti byly modifikované Castice zahitvany na 40 °C (Nejdl,
Kudr, Cihalova, Chudobova, Zurek, Zalud, Kopecny, Burian, Ruttkay-Nedecky,
Krizkova, Konecna, Hynek, Kopel, Prasek, Adama Kizek, 2014).

424 Genova exprese

4.2.4.1 lzolace RNA

Bakterialni kultury S. aureus a MRSA byly centrifugovany pii 6000 x g pii 20 °C po
dobu 10 mmnut. K pelettim bylo pfidano 100 ul fosfitového pufiu (10 mM, pH 7),
100 W lyzac¢niho roztoku (6 M guanidin hydrochlorid a 0,1 M octan sodny) a 0,1 pl
mhibitoru RNaz. Izolace RNA byla provedena pomoci MagNA Pure Compact (Roche,
Némecko), Nucleic Acid Isolation Kit I dle protokolu pro RNA bakterie v souladu
s pokyny vyrobce (Roche, Némecko).

41



4.2.4.2 Reverzni transkripce a amplifikace cDNA mecA genu

mRNA byla pfevedena na ¢cDNA za pouzti Transcriptor First Strand cDNA Synthesis
Kit (Roche, Basel, Switzerland) s ndhodnymi hexamery. Reakcéni profil probihal
nasledovné: 25 °C po dobu 10 minut, 55 °C po dobu 30 mmnut a 85 °C po dobu 5 minut.

Gen mecA byl amplifkovan pomoci PCR. Sekvence primerdt byly 5'-
CCCAATTTGTCTGCCAGTTT-3’, and 5-TGGCAATATTA ACGCACCTC-3'. PCR
reakéni smés obsahovala Taq reakéni pufr (New England Biolabs, Ipswich, Velka
Britanie), dNTP, reverse a forward primery (Sigma Aldrich, St. Louis, MO, USA), Taq
DNA polymerazu. Podminky pro PCR byly pocatecni denaturace 30 cykli pii 94 °C po
dobu 3 minut, 53 °C po dobu 30 sekund a 72 °C po dobu 30 sekund a konecné
prodlouzeni pti 72 °C po dobu 4 minut. Reakci vznikl fragment o velikosti 223 pari

bazi.

4.2.4.3 Vizualizace a kvantifikace genové exprese

cDNA byla smichana s nandSecim pufrem a poté napipetovana do jamek 1,5%
agardzového gelu s ethidium bromidem. Elektroforéza probthala v 1 x TAE pufiu (40
mM Tris, 20 mM acetatovy puft, 1 mM ethylendiamintetraoctova kyselina) o pH 8 po
dobu 90 mmut pifi napéti 90 V. Vzmiklé bandy byly vizualizovany UV svétlem
v transluminatoru  pifi 312 nm (ViberLourmat, Marne-la-Valle'e Cedex, Francie)
aintenzity zifeni byly kvantifikoviny pomoci Carestream molekularni software pro
zpracovani obrazu pomoci in vivo Xtreme Imaging System (Rochester, NY, USA)
a normalizovany na 16S gen (Cihalova, Chudobova, Michalek, Moulick, Guran, Kopel,
Adama Kizek, 2015).

4.2.5 Stanoveni ristovych kiivek

K vyhodnoceni antimkrobidlntho u¢inku testovanych antibiotik a komplexii selenovych
nanocastic s antibiotiky bylo vyuzito méfeni absorbance pomoci pfistroje Multiskan EX
(Thermo Fisher Scientific, Némecko) a nasledné analyzy ristovych kiivek. Bakteridini
kultury S. aureus a MRSA byly nafedéna Luria Bertani médiem na spektrofotometru
SPECORD 210 (Analytk Jena, Némecko) pii vinové délce 600 nm na absorbanci
0,1 AU. V mikrotitracni desticce byla bakteridlni kultura smisena se 100pM roztokem
testovanych latek. Celkovy objem mikrotitracni desticky byl vzdy 300 pl. Méfeni bylo
provadéno vzdy v case 0, poté v pllhodinovych mtervalech po dobu 24 hodin pfi teploté
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37 °C a vinové délce 600 nm. Dosazené hodnoty byly zpracovany do grafické podoby
rustovych (Cihalova, Chudobova, Michalek, Moulick, Guran, Kopel, Adama Kizek,
2015).
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5 VYSLEDKY A DISKUSE

Vysledkova ¢ast predkladané disertacni prace je piilozena ve formé publikaci

v odbornych ¢asopisech a dale dopnéna o komentate autorky.

5.1 Vliv sloZeni bakterialniho mikrobiomu v tézko hojicich se ranach

na zavaznosti onemocnéni a délce trvani l1éCby

5.1.1 Védecky ¢lanek I
CHUDOBOVA, D.; CIHALOVA, K.; GURAN, R.; DOSTALOVA, S.; SMERKOVA,
K.; VESELY, R.; GUMULEC, J.; MASARIK, M.; HEGER, Z.; ADAM, V.; KIZEK, R.
Influence of microbiome species in hard-to-heal wounds on disease severity and
treatment duration. Brazilian Journal of Infectious Diseases, 2015, ro¢. 19, ¢. 6, s. 604-
613. ISSN 1413-8670.

Bakterialni infekce vyskytujici se ve zdravotnickych zafizenich stale Castéji a vazné
komplikuji é¢bu hospitalizovanych pacientt (Dai a kol., 2011). Ve zdravotnickych
zafizenich dochdzi ke wvzniku rezistence bakteri pfitomnych v inflkkované rané vici
pouwzivanym antibiotickym ICivim. Vc¢asna identifkace mikrobiomu infekce tak
umozni nasadit vhodnou Ié¢bu a predchazeni vzniku moznych komplikaci (Polaczek-
Kornecka a kol., 1991; Mihai a kol., 2014).

Cilem prace byla izolace, charakterizace a identifikace mikroorganismii prevladajicich
v povrchovych randch s bakteridlni infekci u pacientli. Bakterie byly kultivovany na
selektivnich zivnych pidéach: krevni agar obsahyjici 10% NaCl pro pomnozeni
stafylokokt, krevni agar pro pomnozeni G a G  bakterii, Endiv agar pro pomnoZeni
koliformnich bakterii a krevni agar s amikacinem pro pomnoZeni streptokokt. Nejdiive
byla provedena identifkace kmenii pomoci MALDI-TOF hmotnostni spektrometrie.
Proteinové profily (2-30 kDa) byly srovnavany s databazi. Nasledné¢ byla tato metoda
porovnana s genovym sekvenovanim genu kodujictho 16S  podjednotku ribosolndini
RNA.

Touto studii bylo ziSt€no, Ze u vybranych pacientti prevladal druh S. aureus (70 %)
aztoho bylo 11 % meticilin rezistentni formy. Zjisténé kmeny byly porovnany
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s diagn6zou pomoci neuronové sit¢ a byl posouzen vztah mezi zdvaznosti infekce
a hojenim s druhovym slozenim mikrobiomu mfikované rany. Neuronové sit€¢ byly
nasledné pouzity pro prognézu pacientii s 95% Gspésnosti.

U 50 hospitalizovanych pacientll, kteti byli vybrani pro nasi studii, byla identifkovana
bakteridlni infekce a dle navrhované umélé neuronové sité¢ jsme byli schopni predvidat

zavazmost infekce a délku léCby.
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Background: Infections, mostly those associated with colonization of wound by different
pathogenic microorganisms, are one of the most serious health complications during a
medical treatment. Therefore, this study is focused on the isolation, characterization, and
identification of microorganisms prevalent in superficial wounds of patients (n=>50) pre-
senting with bacterial infection.

Methods: After successful cultivation, bacteria were processed and analyzed. Initially
the identification of the strains was performed through matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry based on comparison of protein profiles
(2-30kDa) with database. Subsequently, bacterial strains from infected wounds were iden-
tified by both matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
and sequencing of 16S rRNA gene 108.

Results: The most prevalent species was Staphylococcus aureus (70%), and out of those 11%
turned out to be methicillin-resistant (mecA positive). Identified strains were compared with
patients’ diagnoses using the method of artificial neuronal network to assess the associa-
tion between severity of infection and wound microbiome species composition. Artificial
neuronal network was subsequently used to predict patients’ prognosis (n=9) with 85%
success.
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Conclusions: In all of 50 patients tested bacterial infections were identified. Based on the

proposed artificial neuronal network we were able to predict the severity of the infection
and length of the treatment.

© 2015 Elsevier Editora Ltda. All rights reserved.

Introduction

Skin has an important role in preventing the entry of
undesirable substances, organisms, and bacteria into the
bloodstream.? Loss of skin integrity leads to different types
of wounds which have the humidity, warmth, and a nurtur-
ing environment ideal for colonization and proliferation of
undesirable bacterial strains, changing the naturally occur-
ring microbiome. Colonized sites are usually polymicrobial, i.e.
contain more than one bacterium with pathogenic potential.?
Wound infections are marked by disturbed host-bacteria equi-
librium in a traumatized tissue environment favoring the
pathogenic bacteria. A wound infection not only has the pos-
sibility to elicit a systemic response (sepsis), but is also able
to inhibit the multiple processes involved in the orchestrated
progression of normal wound healing.*

The concept of microbiome was first suggested in 2001
by Lederberg and McCray and was described as an ecological
cohort of commensal, symbiotic, and pathogenic microorgan-
isms sharing a body space.’ Previously, it was estimated that
as much as 20 to 60% of human-associated microbiome is
hard-to-identify, which has likely resulted in an underesti-
mation of microbiome diversity.® One of the most frequent
microorganisms in infected wound is Staphylococcus aureus.” 10
According to numerous studies,''"* another common organ-
ism in infected wounds is Pseudomonas aeruginosa with up
to 10% occurrence, causing nosocomial infections together
with S. aureus and other bacteria. In addition, the Enterobac-
teriaceae family is most often identified in connection with
immunocompromised patients or those who have undergone
abdominal surgery.

Bacterial infections, increasingly occurring in medical
facilities, can seriously complicate the outcome of treated
patients.'*'> This is particularly connected with rising resis-
tance of bacterial strains toward antibiotics or metals, '/ thus
significantly hindering treatment success. Although being
highly debated the mechanism of resistance development has
not been satisfactorily elucidated.’®??

The elevated occurrence of resistant bacterial strains is
strictly linked with increased utilization of invasive sur-
gical techniques, which are often performed in elderly,
immunocompromised patients. Simultaneously, with the use
of antibiotics, bacterial resistance can evolve in surgical sites,
leading to bacteremia and sepsis, and thus significantly pro-
longing the healing phase of a patient. Although bacterial
resistance presents a problem in healthcare facilities, there
still exist few possibilities to eliminate the most frequent
resistant strains that cause hospital-acquired infection -
methicillin-resistant S. aureus (MRSA),?>?* e.g. highly potent
glycopeptide vancomycin.”* However, for a correct choice of
antibiotics one needs to accurately identify the microbiome

composition of infected wounds. Knowledge of the bacterial
ecology of wounds may thus lead to increase treatment suc-
cess, coupled with curbing bacterial resistance as a result of
inadequate utilization of antibiotics.?>%%

Accordingly, this work is focused on identification of the
microbiome associated with serious infections in hard-to-heal
wounds with the aim to propose a prediction model, com-
prising both the microbiome composition and patientsﬁealth
conditions.

Materials and methods

Chemicals, preparation of deionized water and pH
measurement

Chemicals used in this study were acquired from Sigma-
Aldrich (St. Louis, MO, USA) in ACS purity unless noted
otherwise. Deionized water was prepared using reverse osmo-
sis equipment Aqual 25 (Aqual s.r.0., Brno, Czech Republic) and
further purified using Milli-Q Direct QUV equipped with the UV
lamp, with 18 MQ resistance. pH was measured using the pH
meter WTW inoLab (Weilheim, Germany).

Preparation of hospital samples and their cultivation

Cohort of patients with bacterial infections

For evaluation, patients with superficial or deep wounds were
selected according to infection severity. Detailed informa-
tion concerning the patients is documented in S1. A total
of 50 patients aged 19 through 93 years were enrolled into
the clinical study, and 13 patients were 70-79 years old; 23
patients superficial wounds and 27 deep wounds. For all
patients, the treatment duration was determined by the trau-
matologist based severity and extent of infection, associated
diseases potentially interfering with treatment outcome and
healing of wounds, and other factors such as patient age,
concomitant medications, and previous medical history. For
confirmation of the functionality of the neural network 9
blank samples from 9 patients identified by MALDI-TOF MS
were used. Enrollment of patients into the clinical study
was approved by the Ethics Committee of Trauma hospital
in Brno.

Collection of wound swabs from patients with bacterial
infections

The smears, collected from infected wounds with the agree-
ment of patients, were sampled by rolling motion at the wound
using a sterile swab sampler. All patients were divided into
two subgroups, on the grounds of infection severity: deep and
superficial wound. A detailed description of comorbidities and
duration of treatment was obtained. Patients were classified
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according to the Classification of surgical wounds - SSI (sur-
gical site infections).?*! Infected wounds were sampled by
using disposable tampon swabs maximizing collection of rep-
resentative microflora. Tampons were subsequently stored in
transport medium (inorganic salts, sodium thioglycolate, 1%
agar, activated charcoal). The important part of our work-
flow process comprised sampling in duplicates with further
transport in both aerobic and anaerobic conditions to preserve
bacterial viability.

Cultivation of clinical specimens

Four types of selective nutrient media (blood agar enriched by
10% NaCl, Endo agar, blood agar without any other compo-
nent, and blood agar with amikacin) we employed for further
microbiological selection. Petri dishes, containing the above
mentioned media were subsequently incubated according to
conventional protocols, as described elsewhere,”> to main-
tain suitable conditions for growth of all types of bacteria.
These Petri dishes were incubated for 24-48h at 37°C sup-
plemented by TGY medium (1gL-! glucose, 5gL~! tryptone,
2.5 gL~ yeast extract). Subsequently, individual colonies were
collected from each Petri dish and stored in 1 uL of enriched
media. These samples were processed as described in the DNA
sequencing section and utilized for both - MALDI-TOF MS iden-
tification and PCR with subsequent sequencing.

MALDI-TOF MS identification of bacteria

The following extraction protocol was based on MALDI
Biotyper™ 3.0 User Manual Revision 2, also used in a previ-
ous report.>® 500 pL of bacterial culture, cultivated overnight,
was centrifuged at 14,000 x g for 2min. The supernatant
was discarded and the pellet was re-suspended in 300 pL
of deionized water besides adding 900 pL of ethanol. After
centrifugation at 14,000 x g for 2min, the supernatant was
discarded and the obtained pellet was air-dried. The pellet
was then dissolved in 25 pL of 70% formic acid (v/v) and 25 pL
of acetonitrile and mixed. The samples were centrifuged at
14,000 x g for 2min and 1L of the clear supernatant was
spotted in duplicate onto the MALDI target and air-dried at
room temperature. Then, each spot was overlaid with 1pL
of a-cyano-4-hydroxycinnamic acid (HCCA) matrix solution
(20mgmL~1) in organic solvent (50% acetonitrile and 2.5% tri-
fluoroacetic acid, both v/v) and air-dried completely prior to
MALDI-TOF MS measurement on UltrafleXtreme MS (Bruker
Daltonik GmbH, Bremen, Germany). As matrix solution 2,5-
dihydroxybenzoic acid (DHB) was also used in the same
concentration and solvent as HCCA. Spectral data were taken
in the m/z range of 2000-30,000 Da, resulted from the accumu-
lation of 240 laser shots targeted to different regions of the
same sample spot. These data were analyzed with the Flex
Analysis software (Version 3.4). Final preparation of dendro-
grams was carried out in the MALDI BioTyper™ 3.1 (Bruker
Daltonik GmbH, Bremen, Germany).

DNA sequencing
Bacterial cells were centrifuged at 4450 xg and 20°C for

10min. The pellet was resuspended in 400 pL of lysis buffer
(6 M guanidium hydrochloride, 0.1 M sodium acetate) and cells

were lysed for lhour at 20°C and 600rpm on Multi RS-
60 (Biosan, Riga, Latvia). Genomic DNA was isolated from
lysed bacterial cultures via MagNA Pure Compact (Roche,
Mannheim, Germany), using Nucleic Acid Isolation Kit I, pro-
tocol DNA Bacteria.

16S rRNA gene was amplified using Taq PCR Mix
(New England Biolabs, Ipswich, MA, USA) and MasterCycler
realplex* epgradient S (Eppendorf, Hamburg, Germany). 100 pL
of reaction mixture consisted of: 1x Standard Taq Reaction
Buffer, 1.6 U of Taq DNA polymerase, 200 .M Deoxynucleotide
Solution Mix, 0.5pM primers and 5plL of isolated genomic
DNA. The forward primer E9F 5'-GAGTTTGATCCTGGCTCAG-
3" and reverse primer U1510R 5-GGTTACCTTGTTACGACTT-3
were synthesized by Sigma-Aldrich (St. Louis, MO, USA). The
reaction profile was as follows: initial denaturation at 94°C
for 4 min; 30 cycles of denaturation at 94 °C for 30s, annealing
at 52°C for 30s and elongation at 72°C for 105s; with termi-
nal elongation at 72°C for 10 min. Amplified fragments were
purified using MinElute PCR Purification Kit (Qiagen, Hilden,
Germany).

For sequencing reaction the DTCS Quick Start Kit (Beckman
Coulter, Pasadena, CA, USA) was used. To 20 nL sequencing
reaction mixture, 98 ng of purified fragment, 0.75 pL of 10 pM
forward primer, 4 uL of DTCS Quick Start Master Mix and 1 pL
of Sequencing Buffer were added. The conditions of 30 cycle-
reactions were as follows: 96 °C for 20's; 50°C for 20s and 60°C
for 4min. The purification of sequencing product was carried
out using CleanSEQ kit (Beckman Coulter). Purified samples
in Sample Loading Solution were transferred to the plate and
DNA sequencing was performed using Genetic Analysis Sys-
tem CEQ 8000 (Beckman Coulter). After denaturation at 90°C
for 2min, a fluorescence-marked DNA fragments were sepa-
rated in 33 cm long capillary with 75 umi.d. (Beckman Coulter)
filled with linear polyacrylamide denaturing gel. The separa-
tion was run at capillary temperature of 50°C and voltage of
4.0kV for 85min. Sequences were identified by comparison
with NCBI database.

Amplification of S. aureus genes mecA and fnbA

Isolation of genomic DNA was performed using the same
method as described in section DNA sequencing. The mecA and
fnbA genes were amplified using polymerase chain reaction
(PCR) as previously reported.’” The primers were synthesized
by Sigma-Aldrich and the sequences of forward and reverse
primers for mecA gene were 5'-CCCAATTTGTCTGCCAGTTT-3/,
and 5-TGGCAATATTAACGCACCTC-3" and for fnbA gene were
5'-GATACAAACCCAGGTGGTGG-3, and 5-TGTGCTTGACCAT-
GCTCTTC-3'. The volume of PCR reaction mixture was 100 pL
containing 1x Taq reaction buffer, 0.2 mM dNTP, 1.6 U of Taq
DNA polymerase (New England Biolabs) and 0.5mM of each
primer. The reaction profile was as follows: initial denatur-
ation at 94°C for 4min, 30 cycles of denaturation at 94 °C for
30s, annealing at 53 °C for 30 s and extension at 72 °C for 1 min
with a final extension of 7 min. The amplification generated a
223 bp for mecA and 191bp for fnbA.

Agarose gel (2% (v/v), high melt, Mercury, San Diego, CA,
USA) was prepared with 1x TAE buffer (40mM Tris, 20 mM
acetic acid and 1mM ethylenediaminetetraacetic acid) and
ethidium bromide (5pL per 100mL of the gel) as described
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elsewhere.?® 100bp DNA ladder (New England Biolabs) within
the size range from 100 to 1517 bp was used to monitor the
size of the analyzed fragment. The electrophoresis (Bio-Rad,
Hercules, CA, USA) was run at 60V and 6°C for 160min.
The bands were visualized by UV transilluminator at 312nm
(Vilber-Lourmant, Marne-la-Vallée, France).

Statistical processing of obtained results

Automated neuronal network was used as a predictive model.
Classification analysis automated neuronal network was used
for the estimation of categorical data. The dataset was ran-
domly divided as follows: 80% for learning, 10% for testing,
and 10% for validation. Following network types were tested
using automated network search: multilayer perceptron net-
work (MLP), and radial basis function (RBF). Number of hidden
units to search was determined as follows: 8-24 and 8-11 for
MLP and RBF, respectively. Total 1000 networks were trained,
and activation functions were searched for identity, logistic,
tanh, exponential. Weight decay of 0.0001-0.001 was used for
hidden layer and output layer. Weight of input variables for
learning was used based on MALDI-TOF classification score.
Unless noted otherwise, p-value less than 0.05 was considered
significant. Software Statistica 12 (StatSoft, CA, USA) was used
for analysis.

Results and discussion

We decided to employ a variety of cultivation approaches (in
presence of O,, CO; or in microaerophilic conditions) to reveal
the presence of real microbiota associated with superficial
infections.

MALDI-TOF MS was explored as an accurate and rapid
identification tool, using the protein mass patterns, which
are compared with patterns from a commercial Bruker Dal-
tonics database (BDAL) of MALDI Biotyper™ software.?* Due
to a powerful software support, the method can be used
for identification within few minutes, which is one of the
advantages.’® Moreover, sequencing of amplified 16S rRNA
gene®® was employed for identification independent of pro-
tein patterns. Finally, an artificial neural network (ANN) was
developed as a predictive model for evaluation of infection
severity and using developed ANN we attempted to find the
relationship between disease severity and the microorgan-
isms identified in clinical specimens.

Identification of bacterial strains by MALDI-TOF MS and
Sanger sequencing

For the identification of bacterial entities we employed com-
plementary methods for independent evaluation of different
biomolecules - proteins and DNA.3¢414? Sanger sequencing
was utilized as a confirmation method, based on sequenc-
ing of 16S rRNA gene. This gene contains hypervariable
regions, providing species-specific sequences, hence it can
provide enough information for a confident discrimination,
and thus became popular in medical microbiology to classify
bacteria.*>%

When compared to sequencing, MALDI-TOF MS offers
much shorter analysis time. By using this technique, wound
microbiome could be discriminated within one hour of incu-
bation, and thus this will likely become the method of choice
for future microbiome identification. Nevertheless, the clas-
sification is based on a still developing database*; hence
MALDI-TOF MS identification of non-databased bacteria has
still to be connected with other confirmation methods. From
this reason we firstly employed MALDI-TOF MS with a condi-
tion: If score <2.00=16S rRNA sequencing.

As shown in S2, 108 bacterial strains were identified?’
of them had to be confirmed by sequencing and confirmed
strains were immediately databased to increase future clas-
sification success. Strains of S. aureus were the most often
identified (n=35). Thus, methicillin-resistant S. aureus (MRSA)
is highly associated with severe infections in post-surgical
wounds*>; we further analyzed the mecA gene, encoding a
modified penicillin binding protein (PBP) known as PBP2a,
with decreased affinity toward p-lactams.*® The mecA posi-
tivity was determined in four isolates. Since 67% of patients
had deep wound infections and were treated for more than
8 weeks after admission to infectious Department of Trauma
Hospital of Brno, presence of mecA was shown to be a crucial
microbiological factor, affecting patients prognosis. Further,
we determined the presence of fnbA gene, responsible for
adhesins production. Adhesion to human extracellular matrix
components and serum proteins is an important facet in
the interaction between bacteria and its host cells.”’ Lim
and coworkers identified the presence of fnbA in 96% of
all isolated MRSA strains.> In our case, fnbA presence was
confirmed in all MRSA isolates and in 89% of methicillin-
sensitive S. aureus isolates. Similarly to mecA, fnbA was found
to be associated with infection severity. In patients with neg-
ative fnbA and mecA the treatment duration was less than
four weeks in 75% of cases, despite the fact that patients
had deep wound infections. This finding suggests that the
severity of staphylococcal infections does not depend solely
on antimicrobial resistance, but also on adhesins expres-
sion, which enhance the interaction with the target host
cells.

Distribution of identified strains within various cohorts of
patients

According to duration of treatment, the patients were divided
into specific subgroups, where each sector represents one bac-
terial strain.

The subdivision of patients was based on surgical wounds
classification SSI. As shown, patients were divided into two
groups - deep and superficial wounds and the associated bac-
terial strains are depicted in Fig. 1A and B.

As it is obvious from Fig. 1A, in the more serious infec-
tions (deep) S. aureus was the main bacterium of microbiome
composition (28% of identified strains), followed by Entero-
coccus faecalis (15%), and Escherichia coli (11%). On the other
hand, E. coli was not so often identified in surficial wounds
(5% — Fig. 1B). Taken together, the microbiome composition
in both groups exhibits substantial differences, and thus it
can be hypothesized that presence of minority representatives
as Hafnia alvei, Proteus vulgaris, Staphylococcus lugdunensis, or
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A
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Fig. 1 - Representation of microorganism species present in patients’ wounds. Patients were grouped based on infection
severity. The graphs show bacterial cultures grown on different selective nutrient media. (A) Infection severity — deep

wounds and (B) infection severity - superficial wounds.

Enterobacter cloacae in the wound can significantly influence
the infection severity. It can be also stated that increasing
duration of treatment leads to increased number of identified
Enterobacteriaceae and opportunistic pathogens (Pseudomonas,
Enterococcus).

Phylogenetic analysis of protein alterations

As was shown by Rettinger and colleagues,*® MALDI-TOF mass
spectra-based phylogenetic analysis is considered equivalent
to 16S rRNA gene sequencing. Therefore, we employed MALDI
Biotyper™ for preparation of dendrograms for our groups,

divided by treatment duration (Fig. 2). Dendrograms showed
similarity of same bacterial strains (low distance level), but in
some cases larger differences were found - usually amongbac-
terial strains from different patients. These differences were
caused probably by modifications of bacterial proteins. Karger
et al. found methylation as a cause of higher distance level
in dendrogram between Burkholderia pseudomallei and other
types of B. pseudomallei.*® Thus it can be concluded that not
only changes in microbiome representatives affect treatment
duration and success, but also small changes in protein post-
translation modifications can be highly important for patients’
Tecovery.
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Fig. 2 - Dendrograms from protein mass profiles of microorganisms in different groups based on treatment duration.
Created in MALDI Biotyper™. (A) Treatment duration less than four weeks. (B) Treatment duration 4-7 weeks. (C) Treatment

duration eight and more weeks. (D) Exitus.

Artificial neural network

Two neuronal networks were created: (1) for the predic-
tion of time-to-heal, and (2) for the prediction of infection
severity. The following input parameters were used for the
construction of networks: from 2000 networks five were
retained and one was used for further final custom neu-
ronal network. The settings of the network created using
automated algorithm and used for the custom final learn-
ing were Multilayer perceptron 89-13-3 (input-hidden-output
neurons), Broyden-Fletcher-Goldfarb-Shanno (BFGS) training
algorithm, sum of squares error function, identity function for
hidden layer, and then for output layer. The design of the net-
work is displayed in Fig. 3A. With stopping conditions enabled
(Fig. 3B), a final network was created in the 17th training cycle
with performances of 91.4%, 85.7%, and 71.4% for training,

testing, and validation (accuracy in prediction up to 85% —
Fig. 3C), respectively.

Consequently, a second neuronal network for the predic-
tion of infection severity was created using an automated
algorithm. The best-performing network was trained under
following settings: multilayer perceptron 89-19-2 (input-
hidden-output neurons) (Fig. 3D) BFGS training algorithm,
cross entropy error function, and exponential and softmax
activation function for hidden and output layer. The training
process is depicted in Fig. 3E (accuracy in prediction up to 85%
- Fig. 3F).

The performances of the network were 100.0%, 85.7%, and
85.7% for training, testing, and validation (Table 1), respec-
tively. The accuracy for individual cases is displayed in Table 2.

Sensitivity analysis of input variables for both networks
was carried out. For the prediction of infection severity,

Table 1 - Characterization of neuronal network performance for the prediction of patient outcome. Performance displayed

in % for training, testing, and validation samples. The number of training cycle for custom network training is displayed

in training algorithm column. BFGS, Broyden-Fletcher-Goldfarb-Shanno training algorithm; SOS, sum of squares.

Prediction target Net. name Performance Training Error Activation
algorithm function
Training Testing Validation Train
Infection severity MLP 89-19-2 100.00 85.71 85.71 BFGS 24 Infection severity MLP 89-19-2 100.00
Time-to-heal MLP 89-13-3 91.43 85.71 71.43 BFGS 17 Time-to-heal MLP 89-13-3 91.43
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Fig. 3 - Design and performance of the neuronal networks. (A) Design of classification network for the prediction of
time-to-heal. The number of neurons/inputs is indicated by n. *Note the number of input and hidden neurons is not
displayed exactly. (B) Training process of the classification network with stopping conditions activated. (C) Accuracy of the
final network for classification of time-to-heal. (D) Design of classification network for the prediction of infection severity. (E)
Training process for creation of this network with stopping criteria activated. (F) Accuracy of the network for the prediction
of infection severity.

Table 2 - Performance of the network: verification of the test and validation cohort. Analysis for both networks for
prediction of infection severity and time-to-heal. Test cohort was employed for stopping conditions. Validation sample

was used to test final network. “target” indicates input data, network output reflects calculated result from the neuronal
network. id, identification of patient; w, week.

Sample ID Case weights Infection severity Time-to-heal

Target Network output Accuracy Conf.level Target Network output Accuracy Conf. level

Test 2 1.71 Superficial Superficial Correct 1.00 <4w <4w Correct 0.40
6 1.81 Deep Deep Correct 1.00 >8wW <4w Incorrect 0.47

8 1.65 Superficial Superficial Correct 1.00 <4w <4w Correct 0.36

22 2.00 Superficial Superficial Correct 1.00 >8W >8wW Correct 0.41

38 2.06 Deep Superficial Incorrect 1.00 <4w <4w Correct 0.49

39 2.01 Deep Deep Correct 1.00 <4w <4w Correct 0.56

40 2.12 Superficial Superficial Correct 1.00 <4w <4w Correct 0.43

Validation 7 1.68 Superficial Deep Incorrect 1.00 <4w <4w Correct 0.40
23 1.62 Superficial Superficial Correct 1.00 >8W >8wW Correct 0.49

27 2.23 Deep Deep Correct 0.87 47w <4w Incorrect 0.58

28 211 Superficial Superficial Correct 1.00 <4w <4w Correct 0.47

36 2.27 Deep Deep Correct 1.00 47w 4-7w Correct 0.63

45 1.88 Deep Deep Correct 1.00 <4w <4w Correct 0.43

49 2.25 Deep Deep Correct 1.00 47w <4w Incorrect 0.56
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Fig. 4 - Sensitivity analysis of all factors for prediction of time-to-heal and infection severity. Sensitivity of individual factors
depicted as a percentage of total sensitivity. (A) Sensitivity of individual factors for the prediction of time-to-heal. (B)
Sensitivity of individual factors for the prediction of infection severity.

the mean sensitivity level was 4.66, ranging from 0.63 to
20.1, and a total sensitivity=179.9 (Fig. 4) The highest level
of sensitivity (thus highest impact on prediction of a net-
work) was observed for hypertension (20.15), ulcerative colitis
(17.06), obesity (10.13), E. coli (8.87), E. faecalis (8.50), and other
factors. The factors with sensitivity <1 were P. vulgaris, Neis-
seria mucosa, E. cloacae, S. aureus 2 mecA genes, Staphylococcus
haemolyticus, paresis/plegia, Alzheimer’s disease, age.

For the prediction of time-to-heal, the sensitivity was dis-
tinctly more homogeneous for the input factors with mean
sensitivity = 1.35, (0.99-2.35), total sensitivity =52.49. The fac-
tors with higher sensitivity included ulcerative colitis (2.35),
Parkinson’s disease (2.27), osteomyelitis (2.15), Pseudomonas
mendocina (2.11), S. haemolyticus (1.84) and others (Fig. 4). The
factors with sensitivity <1 include Streptococcus agalactiae,
Corynebacterium striatum, and Stenotrophomonas maltopilia.
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5.2Dalkové ovladana roboticka platforma ORPHEUS jako novy

nastroj pro detekci bakterii v prostredi

5.2.1 Védecky ¢lanek I1
NEIDL, L.; KUDR, J.; CIHALOVA, K.; CHUDOBOVA, D.; ZUREK, M.; ZALUD,
L.; KOPECNY, L.; BURIAN, F.; RUTTKAY-NEDECKY, B.; KRIZKOVA, S.;
KONECNA, M.; HYNEK, D.; KOPEL, P.; PRASEK, J.; ADAM, V.; KIZEK, R..
Remote-controlled robotic platform ORPHEUS as a new tool for detection of bacteria
in the environment. Electrophoresis, 2014, ro¢. 35. ¢. 16, s. 2333-2345. ISSN 0173-
0835.

Jak jiz bylo zminéno, rychld a vcasnd detekce bakterii hraje dilezitou roli pro lécbu
pacient, avSak detekce pfitomnosti bakteri ve zneCiSténém prostfedi, ve vodé C¢i
mistech se Spatnou dostupnosti pro clovéka pomocipné automatizované¢ho systému je
jakymsi prvnim  stupném  vyvoje detek¢énich zafizeni bakterii tzv. ‘“na dalku™ (Mihali,
Holban, Giurcaneanu, Popa, Buzea, Filipov, Lazar, Chifiriuca Popa, 2014). Dalkove
ovladané robotické systtmy jsou pouzivany pro analyzu rlznych typt analyth
v nedostupném prostiedi (Bak a kol., 2004; Bellotto a kol., 2009). Cilem této studie
bylo vyvinout dalkové ovladanou robotickou platformu (ORPHEUS-HOPE) (Nejdl a
kol., 2015) pro detekci pritomnosti bakterii v prostiedi na bazi vybranych biomarkert.

Pro platformu ORPHEUS-HOPE byl navrzen 3D tiStény Cip s kultivacni komorou pro
objem 600 pl. Pritok byl optimalizovan na 500 pl/min. Detekce bakterii byla zaloZzena
na produkci alkalick¢ fosfatazy bakterii S. aureus. Alkalicka fosfataza je metaloenzym,
ktery je zapojen do procesu defosforylace. Pro detekci enzymatické aktivity byla
pouzita elektrochemickd detekce. Elektrochemickd detekce byla zaloZzena na
enzymatickém S$tépeni elektrochemicky inaktivntho 1-naftyl fosfatu na elektrochemicky
aktivni 1-naftol. Testovani Cipu bylo provadéno pomoci detekce 1-naftolu diferencni
pulzni voltametrii s detekénim limitem 20 nM (S/N = 3). Dale byl optimalizovan
zpusob zachyceni bakteridlnich bunék S. aureus. Pro zachyceni byly pouzity
maghemitové nanocastice s riznou modifikaci; kolagenem, glukoézou, grafenem,
Zlatem, kyselinou hyaluronovou a kombinaci grafenu a zata nebo grafenu a glukézy. Za
piedpokladu, ze jsou v prostiedi pifitomny nizké koncentrace bakteri, byla dulezta
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optimalizace kultivace bakterii s jednotlivymi magnetickymi nanocasticemi, coz bylo
provadéno inkubaci bakteri s nanoCasticemi, promyvanim Castic a pozorovanim ristu
bakterii na promytych casticich.

Zvyse zminénych magnetickych  nanoCéstic  sriznou modifikaci  poskytovaly
nejefektivngj$i  vysledky Castice modifikované kombmaci grafenu a glukdzy. Limit
detekce celého testu, ktery zahrnoval zachyceni bakterii a jejich detekci za provozu

dalkového zafizeni, byla stanovena na 30 bakterii na 1 pl.
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Remote-controlled robotic platform
ORPHEUS as a new tool for detection
of bacteria in the environment

Remote-controlled robotic systems are being used for analysis of various types of analytes
in hostile environment including those called extraterrestrial. The aim of our study was to
develop a remote-controlled robotic platform (ORPHEUS-HOPE) for bacterial detection.
For the platform ORPHEUS-HOPE a 3D printed flow chip was designed and created with
a culture chamber with volume 600 L. The flow rate was optimized to 500 wL/min. The
chip was tested primarily for detection of 1-naphthol by differential pulse voltammetry
with detection limit (S/N = 3) as 20 nM. Further, the way how to capture bacteria was
optimized. To capture bacterial cells (Staphylococcus aureus), maghemite nanoparticles
(1 mg/mL) were prepared and modified with collagen, glucose, graphene, gold, hyaluronic
acid, and graphene with gold or graphene with glucose (20 mg/mL). The most up to 50% of
the bacteria were captured by graphene nanoparticles modified with glucose. The detection
limit of the whole assay, which included capturing of bacteria and their detection under
remote control operation, was estimated as 30 bacteria per pL.
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1 Introduction

Remote sensing is a rapidly developing branch [1]. Progress in
the field of electronics and technology constantly restricts the
requirement of manpower to carry out dangerous work. The
current third generation of “smart” robots richly equipped
with sensors can be used in extreme environments (sea
depths, space, volcanos). The emphasis is placed mainly on
the effective communication and remote control, which gives
to the operator a perfect control of the robot and the real-time
transmission of an image to the operator’s station. Space
rovers need a considerable amount of electricity to move
and power their equipment, so energy-efficient scientific de-
vices are important for remote sensing [2]. Extraterrestrial
environment shows the extremes of temperature, salinity,
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dryness, radiation [3, 4] and amorphous land components
are similar to the composition of the soil resulting from vol-
canic igneous rocks [5-7]. The electrochemical applications
are suitable for the analysis of such hostile environment and,
moreover, for miniaturization to be a part of remote sens-
ing devices [8]. Currently an automated technique is being
developed to detect the presence of microorganisms, which
should facilitate the collection and detection of samples in the
environment for humans hardly accessible. Like terrestrial ex-
tremophile organisms, Mars also may have some analogous
niches such as sulfur-rich subsurface areas for chemoau-
totrophic organisms, rocky areas for endolithic communities,
cold environment, and the permafrost regions [9]. Therefore,
it is necessary to have a robust instrument capable to detect
the presence of bacteria based on selected biomarker(s) as
some unspecific enzymes.

Alkaline phosphatase (ALP) belonging to above men-
tioned enzymes is a metalloenzyme involved in the de-
phosphorylation process. It is a catalyst of the hydrolysis
of phosphoric acid monoester to phosphoric acid and al-
cohol in the alkaline environment [10, 11]. Phosphoric acid

Colour Online: See the article online to view Figs. 1-7 in colour.
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is represented in most living organisms [10], including ex-
tremophilic microorganisms [12, 13], where it affects the
metabolism of macroergic phosphate bonds. Thus, it is not
surprising that the ALP is produced during the growth and
sporulation of various bacterial strains (Staphylococcus au-
reus[14], Bacillus cereus, and Bacillus amyloliquefaciens [15-17],
Escherichia coli [18], thermophilic bacteria [19] such as Thermo-
toga neapolitana, Thermus caldophilus, Thermus thermophilus,
Bacillus stearothermophilus, Pyrococcus abyssi, and Deinococcus
radiodurans, which is able to live in a radioactive environ-
ment [20-22]).

For detection of enzymatic activity, electrochemical de-
tectors (ECD) can provide competitive advantages with re-
spect to other detection systems such as portability, low cost,
and low power requirements [23-25]. Additionally, ECD can
analyze turbid samples, can be easily miniaturized [26], and
requires electrodes that can be fabricated using low cost in-
strumentation [27]. Recently it can be observed that the in-
terest in 3D printing technology for manufacturing of flow
chip and equipment has been growing [28-31]. Described
technology (lab-on-a-chip) can be extended to the mobile plat-
form (lab-on-a-robot) [26, 32, 33]. More recently, the first in-
tegrated system capable of performing remote analysis of air
samples using microchip-CE was presented [33]. The screen-
printed electrodes (SPEs) can be used as a suitable detec-
tors in CE microchips [34]. Thus, the technology becomes
more accessible in new robotic controls and applications are
developed [32,35-41].

The aim of our study was to create a remote-controlled
robotic platform (ORPHEUS-HOPE) capable of carrying dif-
ferent types of detectors for remote-controlled exploration
of extreme environments. Combination of the robotic plat-
form ORPHEUS-HOPE and a 3D printed flow chip can per-
form remote detection of S. aureus based on ALP activity,
which could be applied also for other bacterial strains. The
electrochemical detection was based on enzymatic cleaving
of electrochemically inactive 1-naphthyl phosphate to elec-
trochemically active 1-naphthol. Modified magnetic particles
(MPs) within the chip were used to attach bacteria from a
solution.

2 Materials and methods
2.1 Chemicals and pH measurement

Chemicals used in this study were purchased from Sigma-
Aldrich® (St. Louis, Missouri, USA) in ACS purity (chemicals
meet the specifications of the American Chemical Society),
unless noted otherwise. Washing solutions were prepared in
ultrapure water obtained using reverse osmosis equipment
Aqual 25 (Aqual, Brno, Czech Republic). The deionized wa-
ter was further purified by using apparatus Direct-Q 3 UV
Water Purification System equipped with the UV lamp from
Millipore (Billerica, Massachusetts, USA). The resistance was
established to 18 MQ/cm. The pH was measured using pH
meter WTW (inoLab, Weilheim, Germany).
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2.2 Fabrication of 3D microfluidic chip

The microfluidic chip was 3D processed in Blender 2.65
(Blender foundation, Amsterdam, the Netherlands) and
further edited in NetFabb (Netfabb, Parsberg, Germany).
The model was opened in the program G3D maker (DO-IT,
Straznice Czech Republic) and printed by Easy 3D maker
(DO-IT). Chip was printed with an accuracy of [x, y, Z]
0.1/0.1/0.08 mm under the following conditions: the size
of the chip was [x, y, z] 40/40/35 mm. Acrylonitrile butadiene
styrene was used as a material (DO-IT), and every printed chip
was fitted with five input tubes with a diameter of 0.5 mm,
one output tube with diameter 0.5 mm, two electromagnets
and thermostatic system.

2.3 SPE design and fabrication

Electrode system was designed and fabricated as a disposable
planar three-electrode sensor in LabSensNano laboratories
(Brno University of Technology, Czech Republic). The prop-
erties of design and optimization can be found in the fol-
lowing papers [42,43]. The working electrode was fabricated
using a special carbon paste for electrodes of electrochemical
sensors BQ221 (DuPont, Wilmington, USA), reference and
auxiliary electrodes were printed using the Ag/AgCl (65:35)
paste 5874 (DuPont) and Pt-based paste 5545 (Electroscience,
King of Prussia, USA), respectively.

2.4 Microfluidic analysis with differential pulse
voltammetric detection

The flow cell for SPE was designed in the shape of a cuboid
with sides of 1 cm (width) x 1.5 cm (height) x 3 cm (length).
The reaction zone was dimensioned for 20 pL of analyte
with 0.7 mm wide inlet and outlet channel. The sample was
injected using a peristaltic pump (Amersham Biosciences,
Uppsala, Sweden). After optimization of the automated
flow system additionally a peristaltic pump Minipuls®3
(Gilson, Middleton, USA) and a stirred water bath WB-4MS
(Biosan, Riga, Latvia) were used. Changes of reduction signals
were measured with a potentiostat PGSTAT 101 (Metrohm,
Herisau, Switzerland) and the results were evaluated by the
Software NOVA 1.8 (Metrohm). Settings of the potentiostat
were as follows: initial potential —0.2 V, end potential +0.5 V,
step potential 0.005 V, modulation amplitude 0.1 V, modula-
tion time 0.004 s, interval time 0.1 s, deposition time 60 s, and
equilibration time 5 s. For ALP detection 50 mM carbonate
buffer (32 mM Na,CO; and 68 mM NaHCO;) pH 9.9 with
1 mM 1-naphthyl phosphate was used [44].

2.5 Preparation of modified MPs

Maghemite nanoparticles (MPs) were prepared accord-
ing to the following approach [45, 46]. Shortly, 10 g of
FeCl;.6H,0 was dissolved in 800 mL of MilliQ grade wa-
ter under vigorous stirring at room temperature. 2 g of
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NaBH, solution in ammonia (3.5% v/v, 100 mL) was then
quickly added to the mixture. In a short time after the
reduction reaction occurrence, the temperature of the sys-
tem was increased to 100°C and kept constant for 2 h. After
12 h at room temperature, this magnetic product was sepa-
rated by application of an external magnet and washed several
times with water. The step of solution heating to boiling is
very important, because it leads to stabilization of particles
and oxidizing of Fe?* to Fe**. Graphite oxide (GPO) was pre-
pared from graphite flakes (Sigma-Aldrich) by the Hummers
method [47]. Graphene (GR) was prepared by reduction of
GPO by hydrazine [48]. MPs were modified with the follow-
ing chemicals: graphene (GR), hyaluronic acid (HA), gold
(GO), glucose (GL), collagen (CO), graphene (GR) and glu-
cose (GL), graphene (GR), and gold (GO). The experimental
details can be found in Supporting Information 1.

2.6 Cultivation of S. aureus

S. aureus (NCTC 8511) was obtained from the Czech Collec-
tion of Microorganisms, Faculty of Science, Masaryk Univer-
sity, Brno, Czech Republic. Strains were stored in the form
of a spore suspension in 20% v/v glycerol at —20°C. Prior to
use, the strains were thawed and the glycerol was removed by
washing with distilled water in this study. More details about
their cultivation are shown in Supporting Information 4.

2.7 Preparation of S. aureus samples with modified
MPs and microbiological determination of
growth curves

A 2.5 mg of each type of modified MPs was weighted and
these particles were diluted in 0.5 mL of water in ACS purity.
These solutions were resuspended in ultrasonic bath Sonorex
digital 10p (Bandelin, Berlin, Germany) for 5 min at 25°C
and then added to 0.5 mL of the S. aureus bacterial culture
(3.7 x 107 CFU/mL) and incubated in the thermomixer Com-
fort (Eppendorf, Hamburg, Germany) at 37°C, 600 rpm for
1 h. After incubation, MPs were separated and washed three
times with 1000 wL of phosphate buffer (pH 7) tempered at
37°C. To the washed particles, 1000 wL of cultivation LBM
(Himedia, Mumbai, India) containing tryptone 10 g/L, yeast
extract 5 g/L, and NaCl 5 g/L was added at 37°C. Parti-
cles with LBM were incubated in the thermomixer Comfort
(Eppendorf) for 1 h at 37°C and 600 rpm. After cultivation the
solution was pipetted off and the MPs with adhered bacteria
were three times washed with phosphate buffer (pH 7). To the
washed particles 1 mL of the LBM was added and the solution
was incubated at the same conditions as mentioned above.
The inoculum with released bacteria was then pipetted to the
microplate and the absorbance using Multiskan EX (Thermo
Fisher Scientific, Bremen, Germany) was measured, and the
analysis of the growth curves was used to assess the amount
and growth ability of the isolated bacteria. Then the growth
curves were measured. Measurements were carried out at
time 0, and then in 30 min intervals for 10 h at 37°C, at

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Microfluidics and Miniaturization 2335

the wavelength 600 nm. The obtained data were analyzed in
graphical form of growth curves for each modification of the
MPs.

2.8 UV/Vis spectrophotometry

Absorption spectra were recorded using a SPECORD
210 spectrophotometer (Analytik Jena, Jena, Germany)in A =
405 nm and N = 600 nm. Automated spectrophotometric
measurements were carried out using chemical analyzer
BS-400 (Mindray, Schenzen, China). Alkaline phosphatase
was determined in the suspensions of bacteria with culture
medium of appropriate cell density (ODgoonm = 1.5 AU). In
a reaction catalyzed by ALP the substrate p-nitrophenyl phos-
phate is split to p-nitrophenol and inorganic phosphate. ALP
activity is determined kinetically and is based on the rate of
p-nitrophenol concentration increase during reaction. Exper-
imental details are in Supporting Information 5.

2.9 Mathematical treatment of data and estimation
of detection limits

Mathematical analysis of the data and their graphical interpre-
tation was realized by software Matlab (version 7.11., Math-
Works, USA). Results are expressed as mean £+ SD unless
noted otherwise (EXCEL®, Microsoft, USA). Limits of detec-
tion S/N = 3, were calculated, whereas N was expressed as
SD of noise determined in the signal domain unless stated
otherwise [49].

3 Results
3.1 Bacterial activity of ALP

The whole concept of electrochemical detection is based on
the capturing of bacteria producing ALP on modified MPs [50]
and the subsequent multiplication of bacteria in a culture
chamber (Fig. 1A). ALP produced by bacteria cleaves the
1-naphthyl phosphate (electrochemically inactive) to the elec-
trochemically active product 1-naphthol (Fig. 1B), which can
be easily detected by voltammetry (Fig. 1C). ALP activity was
measured in two bacterial species; Gram-positive S. aureus
and Gram-negative E. coli, with cell count of (2 x 10 cells
per mL). S. aureus showed 2.3 times higher ALP activity in
comparison with E. coli (Fig. 1D). Due to this fact, the fur-
ther experiments were performed with S. aureus as a model
microorganism. It was found that S. aureus ALP activity was
linear within the range from 1x 10° to 420 x 10° per mL with
R? = 0.9989 (Fig. 1E). Reaction kinetics of the ALP was also
studied (Fig. 1F). Michaelis Menten constant of bacterial ALP
was determined as 2.3 mM. Finally, the dependence of the
S. aureus (2 x 107 cells per mL) growth was monitored pho-
tometrically (A = 600 nm) in the time interval 0-140 min
simultaneously with the formation of the p-nitrophenol
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Figure 1. (A) The mechanism, which enables electrochemical detection of S. aureus. Alkaline phosphatase (ALP) released by S. aureus,
which has been captured by magnetic particles (MPs), cleaves 1-naphthyl phosphate in naphthol and phosphate. (B) Chemical reaction,
which is the principle of S. aureus electrochemical detection. (C) The electrochemical signal of 1-naphthol. (D) Spectrophotometrically
measured activity of ALP released by E. coli compared with S. aureus. (E) The dependence of ALP activity on count of S. aureus. (F)
Reaction kinetics of ALP. (G) The dependence of p-nitrophenol (A =405 nm) and S. aureus (A = 600 nm) absorbance on mixture of alkaline
phosphatase photometric substrate and S. aureus (2 x 107 cells) cultivation time.

(A = 405 nm), a product of the ALP reaction with the photo- s was lower than SPE RSD, so accumulation time 60 s was
metric ALP substrate (p-nitrophenyl phosphate) (Fig. 1G). chosen as the best. The calibration curve of 1-naphthol with
regression coefficient R? = 0.999 was measured (Fig. 2C-c3)

and the LOD and LOQ were calculated (Table 1).
3.2 Optimization of 1-naphthol detection

Screen printed electrodes were characterized by cyclic voltam- 3.3 Characterization of MPs

metry (CV) in 50 mM carbonate buffer (pH 9.9). Primar-

ily, the dependence of the CV signals of 10 mM 1-naphthol Between various magnetic metal oxides, the cubic spinel
on the changes of scan rate (5-500 mV/s) was investigated structured maghemite is technologically important and is
(Fig. 2A-al). The growing trend of electrochemical signal and widely used for the production of permanent magnetic
peak potentials (Ep) was observed as the scan rate (v) was in- materials [51, 52]. In this experiment variously modified
creased (Fig. 2A-a2). There is no peak in reverse scan, which maghemite MPs were characterized. MPs without surface
means that electrode reaction is totally irreversible, which modification are shown in the first SEM photo (Fig. 3A). The
is consistent with Ep shift. A graph of cathodic peak cur- different structures of MPs with modified surface can be rec-
rents (Ip, c) versus square root of scan rate (v'/2) was plotted ognized in other SEM micrographs (Figs. 3C, E, G, [, K, M,
(Fig. 2A-a3). This relationship indicates that diffusion mecha- and O). It can be seen that maghemite nanoparticles form
nisms are involved in the electrochemical reaction. The same clusters unequally deployed on each carrier surface and thus
characterization of SPE was done by flow analysis under provide perfect paramagnetic properties. The average current
500 pL/min (Fig. 2B-bl). When the scan rate (v) was in- of unmodified MPs is 70 nA. The presence of Fe in MPs with
creased, the electrochemical signal of naphthol was increas- typical Ska a SkP signals corresponding to positions of Fe
ing in the same way as without flow (Fig. 2B-b3). Peak cur- was proved by X-ray fluorescence (XRF) analysis (Fig. 3B).
rents exhibit logarithmic dependence on v!/2, which suggests Taking into account that all MPs have y-Fe,O; core, all X-ray
that flow of analyte affects diffusion mechanism of its reduc- spectra are nearly the same. The peak positions are always
tion and partly some adsorption-controlled mechanism can the same and only their intensity is changing (Figs. 3D, F,
run. This was confirmed by the slope of logIp dependence on H, J, L, N, and P). MPs modified by tetrachlorauric acid are
logv (not shown). The substrate temperature was optimized the only exception, because gold nanoparticles are presented
by DPV of 2 pM naphthol. From the range of 5-40°C, the after reduction (trisodium citrate dihydrate) on the surface
optimal temperature of 35 £ 2°C for 1-naphthol detection (zoomed part of Fig. 3P).

was selected (Fig. 2C-c1). Accumulation time was the next For scanned current level of collagen modified MPs there
parameter, which we were interested in. The difference be- are typical transitions between recorded current levels of
tween the peak height with accumulation time 60 and 120 40 nA. It means that distribution and the amount of
© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Figure 2. (A) Characterization of 1-naphthol analysis using SPEs. (a1) Cyclic voltammograms measured at different scan rates (mV/s),
a=5,b=10,¢c=25 d=50e=100, and f = 500. (a2) The dependence of the peak height on applied scan rate (5-500 mV/s). (a3) The
dependence of the peak height on square root of scan rate. (B) Characterization of 1-naphthol analysis in flow using SPEs. (b1) Cyclic
voltammograms measured at different scan rates same as a1. (b2) The dependence of peak height on applied flow rate (0-1300 p.L/min).
(b3) The dependence peak height on square root of scan rate the flow 500 pL/min. (C) Optimization of measurement by DPV. (c1) The
dependence of peak height on temperature (5, 10, 15, 20, 25, 30, 35, and 40°C). (c2) The dependence of peak height on accumulation time
(0-120 s). (c3) Calibration curve of 1-naphthol obtained by DPV under the optimized conditions (measurement temperature 35°C, flow

rate 500 pL/min, accumulation time 60 s). In all cases the electrochemical response of 10 mM 1-naphthol was studied.

Table 1. Analytical parameters of electrochemical determination of 1-naphthol

Substance Regression equation

Linear dynamic range (M)

R2a) LoD (nM) Loa® (nM) RSD (%)

1-naphthol y=10.1643x 4 0.0103 0.079-6.25

0.999 20 79 6.5

a) Regression coefficients.
b) LOD of detector (S/N = 3).
c) LOQ of detector (S/N = 10).

electrochemical charge are completely different from the val-
ues of unmodified MPs (Fig. 3D). The significant changes of
electrochemical current levels (30 nA) are shown in Fig. 3E,
and the charge is spreading out of larger area. SECM record
of hyaluronic acid modified MPs shows little units of MP in
current level of 80 nA (Fig. 3H). SECM scan of gold-modified
MPs is depicting unequal precipitation of gold on the surface
of MPs. The higher current level recorded in this case was
70 nA (Fig. 3]). The graphene-modified MPs create greater

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

units with current level of about 70 nA (Fig. 3L). The MPs
modified by graphene and glucose create similar aggregates
as in the previous case. In addition, the electrochemical
charges are overlaying themselves, thus, particular parts of
MPs cannot be recognized (Fig. 3M). The SECM record of
MPs modified by graphene and gold nanoparticles differs
from other records. These MPs bind specifically to macro-
electrode and the difference between gold macroelectrode
and immobilized MPs is 10 nA.
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Figure 3. Characterization of different modifications of MPs. (A, B) Maghemite electron microscope image, 3D SECM image (range
of current levels 10-80 nA) and XRF spectrum (with typical signals Ska and SkB) of magnetic particles (MPs) without modification or
modified with (C, D) 1% collagen, (E, F) 12.5 mg/mL glucose, (G, H) 12.5 mg/mL glucose and 1.25 mg/mL graphene, (I, J) gold nanoparticles
(1 mM HAuCly), (K, L) 1.25 mg/mL graphene, (M, N) 20 mg/mL hyaluronic acid, and/or (O, P) 1.25 mg/mL graphene with gold nanoparticles

(1 mM HAuCly).

3.4 Optimization of S. aureus isolation using
modified MPs

The scheme of the sample preparation used for the analysis
of growth curves is shown in Fig. 4A. Bacterial culture was
isolated using magnetic separation. After separation of MPs
from inoculated medium, incurred inoculum was measured
under optimal conditions for 10 h (see Section 2.7). The ab-
sorbance values for S. aureus growth (volume 300 L, amount
of bacteria 3.7 x 10’ CFU/mL) after application of 2.5 mg of
MPs (1:1) modified in eight different ways were recorded
(Fig. 4B-i). Stacked bar chart (Fig. 4]) shows the quantitative
growth (CFU/mL) of S. aureus bacteria after cultivation on
MPs, which differ by its modification. Recording of the CFU
was conducted in the tenth hour of bacterial growth after
cultivation with MPs according to scheme in Fig. 4A. Cul-
tivation with MPs was run on a thermomixer at 20°C or at
37°C for 1 or 2 h at 600 rpm. The last suitable option for all
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modifications of MPs has proved application of the temper-
ature of 20°C with the duration of the 1 h, when the num-
ber of bacteria in all MPs except MPs modified by graphene
with glucose (1.3 x 10® CFU/mL) ranged from 6.7 x 10 to
8.6 x 107 CFU/mL. Another possibility was to apply tempera-
ture of 37°C, again with a shaking period of 1 h with the num-
ber of bacteria in the range of 7.5 x 107 t0 12.3 x 10’ CFU/mL.
Increasing CFU at the temperature of 20°C with a shaking
period of 2 h confirmed us the fact that for capturing the bac-
teria on MPs the duration of shaking period plays more im-
portantrole than temperature. In the case of MPs modified by
graphene and gold, number of bacteria is significantly lower
(6.3 x 107 CFU/mL™1), but in other modifications of MPs bac-
terial counts ranged from 8.7 x 107 to 12.6 x 10’ CFU/mL.
However, the highest number of bacteria was captured by the
MPs at application of the temperature of 37°C with a shak-
ing period of 2 h. MPs modified by graphene and gold again
showed the lowest value (4.3 x 10’ CFU/mL), but for other
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Figure 4. (A) The treatment of S. aureus with magnetic particles (MPs) before measurement of growth curves. (B) Dependence of washing
buffer temperature and incubation time on S. aureus attached to MPs without modification, (C) collagen, (D) glucose, (E) graphene
with gold nanoparticles, (F) gold nanoparticles, (G) graphene, (H) hyaluronic acid, (I) graphene with glucose. (J) Spectrophotometric
determination of CFU 107 per microliter of S. aureus obtained by condition changes for different modified MPs (CO - collagen, GL —
glucose, GO - gold nanoparticles, GR - graphene, HA — hyaluronic acid). (K) Spectrophotometric determination of CFU 107 per microliter
of S. aureus affected by MPs modified with graphene and glucose after action of different intensity of rotation (300, 600, 900, and
1200 rpm).

modifications, the bacterial count was within the range from bacterial count values were higher for all applied tempera-
9.8 x 107 to 14.6 x 10’ CFU/mL. Best particles were deter- tures and time conditions. This variant was then used for the
mined as MPs modified by graphene with glucose, when the next steps of the study and was further tested for determina-
number of bacteria was determined as 1.46 x 10 CFU/mL tion of the optimal number of rotation to achieve the highest
after cultivation at 37°C for 2 h. By such modified MPs the yield in terms of the growth of S. aureus (Fig. 4K).
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(violet line) and 2 h (red line). (C) The counts of S. aureus measured spectrometrically (A = 600 nm) after 1 (blue line) and 2 h (orange
line) of particular bacterial cell culture cultivation. (D) Scheme of the measuring system at laboratory conditions, d1 = stock solutions of
S. aureus and 1 mM 1-naphthyl phosphate, d2 = mixing chamber, d3 = flow cell with screen printed electrode, d4 = in particular time
part of growing S. aureus culture was mixed with 1-naphthyl phosphate and incubated for 10 and 60 min (d5).

3.5 Flow analysis of S. aureus using an automatic
system

At first, the interaction time (5-120 min, 37°C) of 1 mM
1-naphthyl phosphate in 50 mM carbonate buffer (the sub-
strate) and constant S. aureus concentration (18.5 x 10° per
ml) was studied by electrochemistry. The electrochemical
signal of 1-naphthol was increasing with the interaction time
(Fig. 5A). One and/or 2 h long interaction (37°C) of different
bacterial concentration (0-18.5 x 10° mL) with the substrate
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was investigated. More than 100% increase in electrochemi-
cal signal after 2 h of interaction was revealed (Fig. 5B), which
corresponds to the reproducing S. aureus cells (Fig. 5C).

The optimization of the automatic flow system for
S. aureus detection was performed. The scheme of this system
is shown in Fig. 5D. S. aureus bacteria were attached to MPs
modified with graphene and glucose according to previous
optimization and were mixed with 19 mL of LBM (Fig. 5D-
d1). LBM heated at 37°C in water bath and stirred by magnetic
stirrer to aerate the medium. MPs were also attached by the
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Table 2. Analytical parameters of electrochemical determination of bacteria

Substance Regression equation

Linear dynamic range (bacteria)

R22 LODY (bacteria/wl)  LOQ® (bacteria/ul)  RSD (%)

Bacteria— ALP y=10.1788x—0.1481 120-18.5 x 106

0.9828 30 120 85

a) Regression coefficients.
b) LOD of detector (S/N = 3).
c) LOQ of detector (S/N = 10).

stirrer so that MPs could not affect the electroanalysis. The
substrate (37°C) together with bacterial culture was pumped
to the reaction chamber (Fig. 5D-d2) by peristaltic pump.
The multichannel peristaltic pump was used and tubes of
the same length and diameter were dosing the substrate and
analyte precisely (1:1). The mixture of uncleaved substrate,
S. aureus, LBM, and finally 1-naphthol was pumped to flow
detection cell by another peristaltic pump at flow rate of 500
pL/min (Fig. 5D-d3). After 10 (Fig. 5D-d4) and 60 min long
interaction (Fig. 5D-d5) the signal of 1-naphthol was analyzed.
The LOD and LOQ was estimated as 3 S/N (Table 2).

3.6. ORPHEUS-HOPE

ORPHEUS-HOPE is a rugged robotic system designed to
measure bacterial contamination in field conditions and can
be easily equipped with additional devices, such as radiation
and biological sensors. The robot is able to go across obsta-
cles up to 20 cm high and work well during night or in bad
visibility conditions, because it has sensitive full user control.
The maximum ascension angle is 31° and is limited only by
adhesion. Robot performs well in mud and snow, but it is
also fully capable of indoor operation. Even the control of
the robot is ready for narrow space operations, the operator
can reverse the control of the robot, thus it can switch the
meaning of forward and backward. The robot itself is made
to be easy-to-decontaminate. The whole robot is waterproof,
with three-layers resistive paintings and the whole mechani-
cal construction is made to repel or at least not keep liquids.
Only few parts of the robot are marked as nondecontaminable
and have to be replaced (tires, antennas, and two cables). The
robot may be operated wirelessly or by wire. Designed for
compliance with various MIL-STD-810F environmental and
MIL-STD-461E EMI/EMC standards, the ORPHEUS-HOPE
robotic system offers exceptional low-temperature operation
and resistance to shock and vibration profiles experienced
by jet and terrestrial transport. The robot is equipped with
two cameras: the first pan/tilt color camera with both manual
and automatic parameter settings, and the second rigid high
resolution color camera for precise analyte placement and
measurement. The robot has one degree of freedom (DOF)
manipulator with suction device, while other sensors can be
either rigidly connected to the robot body or also placed on
the manipulator. The maximum payload on the end of the
manipulator is 0.85 kg.

The robot may be controlled with the help of so-called
visual telepresence. The operator wears head mounted
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display (HMD) with inertial measurement unit (IMU) as
shown in Fig. 6A. The head-movement data from the IMU
are mathematically transformed and sent to the robot. The
robot has a camera manipulator with two DOFs (left-to-right
and up-to-down). The camera manipulator basically copies
movements of the operator’s head, while the image from the
camera is transmitted to the operator’s station and displayed
to the operator. Therefore, the operator should feel to be in
the robot’s place and can intuitively control the main camera
movements.

One of the key issues of ORPHEUS-HOPE project is
precise “manipulation” with the suction device (Fig. 6B). Po-
sitioning of the suction device is performed in four DOFs. In
general we are able to move on the Earth’s surface and con-
trol the “deepness” of the suction device penetration to the
liquid. All of these movements have to be precise to be able
to achieve precise detection in various conditions. The neces-
sary precision is in the order of millimetres. The control of the
robot is currently provided by an operator. Thus, the feedback
control loop consists of mechanical parts (motors, gearboxes,
and wheels), and electronics, but also human-to-robot user
interface and the operator itself.

Rugged operator’s station (Fig. 6A-d) was made to con-
trol the robot in tactical conditions. The operator’s station
is battery operated, but may work also continuously when
connected to DC power. It is made to allow easy and intu-
itive operation control of the robot. The movements of robot
body are controlled by a joystick, and the other functions are
controlled by a series of buttons.

The electronics system of ORPEHUS-HOPE is dis-
tributed, and all communication is done via Ethernet or RS-
485. Freescale Coldfire microcontroller is responsible for mo-
tor control and accelerometer data acquisition, Rabbit micro-
controller communicates to the chemical analysis sensors.
The cameras and microphone are connected to axis frame-
grabber. All the main processors, as well as the wireless mod-
ule are connected to the 5-port miniature Ethernet switch.

3.7 Remote controlled detection of S. aureus

Automated analysis of sample containing S. aureus bacteria
is performed by ORPHEUS-HOPE robotic platform, which
is equipped with a flow detection device (Fig. 7A) including
the MPs within a chip. The detection flow device consists
of a movable robotic arm (Fig. 7A-a), which enables to dip
a suction tube (Fig. 7A-b) into the liquid. The resistance de-
tector is responsible for a precise suction tube immersion
to analyte. The depth of suction tube immersion can also
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Figure 6. (A) Remote control of ORPHEUS-HOPE (robot dimensions: 881 x 590 x 426 mm, wheel diameter: 426 mm, weight: 42 kg,
battery operation: 90 min to 4 h, operating temperatures: —32 to 78°C, charging voltage: 18-32 V, max. charging current: 5 A, max. speed:
3.6 km/h, max. obstacle height: 20 cm, climb ability: 31°, max. reach of cable: 100 m, wireless max. reach: 1 km). Person (a) with joystick
and HMD with IMU, which receives signal from camera (b) with two degrees of freedom via wireless transmitter (c). Rugged operator’s
station (b), which enables to control the robot in tactical conditions. (B) Sensor arm (a) with video camera (b), suction device and submerge
detector (c).
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Figure 7. (A) Manipulator (a) with suction device (b) collects the samples of potentially contaminated water with S. aureus. It goes through
peristaltic pump (c) in tube to cultivation chamber (d) with magnetic particles (MPs) inside, where S. aureus is attached to particles. Excess
of water is pumped from cultivation chamber to the waste collector (e) by peristaltic pump, which receives instructions from control unit
with integrated potentiostat (f) via communication wires (g). Then, LBM is pumped to cultivation chamber (d) from waste collector (e),
which serves also as a reagent stock. After several hours of S. aureus reproducing, culture is mixed with 1-naphthyl phosphate in a mixing
chamber (h). After particular time of alkaline phosphatase (ALP) cleaving of 1-naphthyl phosphate to 1-naphthol, mixture is pumped to
flow cell (i), where 1-naphthol can be detected by potentiostat (f). The waste goes through tube (j) to the waste collector (e). The control
unit with an integrated potentiostat (Fig. 7AB/a-f) controls actions of peristaltic pump, heating of the chip and magnetic stirring within
the chip. The control unit is thus responsible for the alternate turning off and the turning on of the electromagnets. (B) Scheme of the
cultivation chip: (a) Lower part of the chip. Places for electromagnets (aa), cultivation chamber (ab), holes for attaching with the cover
(ac), the hole for temperature symbol (ad), holes for heating elements (ae) and the outflow canal (af). (b) Upper part of the chip. Hole
for injection needles (ba) and holes for attaching to lower part of the chip (bb). (C) DPV signal of 1-naphthol, confirming the presence of
bacteria in the sample.

be controlled visually by robotic arm camera. The peri-
staltic pump (Fig. 7A-c) doses stock solution of the substrate
(1-naphthyl phosphate in 50 mM carbonate buffer, pH 9.9)
to a cultivation chip (Fig. 7A-d). The control unit with an in-
tegrated potentiostat (Fig. 7A-f) controls actions of peristaltic
pump, heating of the chip, and magnetic stirring within the
chip. All electronic devices are connected via communication
cables (Fig. 7A-g). The analyzed sample is mixed with sub-
strate (1:1) in the reaction chamber (Fig. 7A-h) and the mix-
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ture is cultivated there for 1 h, then it is pumped with a speed
of 500 pL/min to a flow electrode cell (Fig. 7A-i), where elec-
trochemical detection takes place at accumulation time of
60 s.

Cultivation chip consists of two parts (Fig. 7B-a and B-b).
Lower part of the chip includes two opposite holes, where
two electromagnets are placed (Fig. 7B-aa) next to cultiva-
tion chamber of 500 pL volume (Fig. 7B-ab). Every cor-
ner has hole to merge upper and lower part of the chip
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(Fig. 7B-ac). A thermistor is placed under the cultivation
chamber to control the temperature of the chip, which was set
to 37°C (Fig. 7B-ad), and the heating elements on the sides
of chip (Fig. 7B-ae). The outflow canal is placed in the lower
part of the chip (Fig. 7B-af). The upper part of the chip has
hole for inflow tube (Fig. 7B-ba) and also holes for the lower
part attachment (Fig. 7B-bDb).

Robotic remote controlled analysis of S. aureus sam-
ple (30 cells/nL) was performed automatically. The sample
(500 pL) was pumped via suction device to the cultivation
chamber, where S. aureus was attached to MPs. After attach-
ing period, the excess of solution was pumped to waste collec-
tor and LBM (600 pL) was pumped there. During cultivation
time (2 h) the sample was stirred. Then, the sample was
mixed with substrate for 1 h in mixing chamber. Finally, the
sample was pumped (500 wL/min) to flow cell with electrode
and electrochemical signal, which detected the presence of
bacteria, was recorded at accumulation time of 60 s (Fig. 7C).

4 Discussion

In this study, the remote detection of the bacterial contami-
nation using a microfluidic chip is showed. Automatic detec-
tion of microorganisms on the mobile unit allows sampling
and determination of the presence of microorganisms in the
hardly accessible environment. Mobile unit with a detection
device controlled remotely by human is demanding on simple
and reliable samples processing and detection itself [53, 54].
Detection of bacterial contamination by classic methods is
generally time-consuming and hardly automated, as well as
immuno- and PCR-based techniques. Alkaline phosphatase
is a thermostable enzyme, which is active in extreme tem-
peratures, even at 308°C [19]. It is produced by wide range
of bacteria and archaebacteria [55] and it has been shown
that the phosphatases can be used as a marker of life in ex-
treme conditions [55]. Electrochemical detection of ALP using
a l-naphthyl-phosphate is a commonly used and elaborated
detection step in electrochemical sensors and immunoas-
says [44,50].

The detection limit of 30 bacterial cells per microliter
was obtained, which is approximately 50 times higher than
beads-based immunoextraction technique for S. aureus detec-
tion, but the detection limit in this work was obtained after
2 h of cultivation, while in work from Krizkova et al. the
enrichment cultivation was performed for 5 h [14]. Whole
protocol was possible to realize by remote-controlled robot,
which makes it usable for monitoring of distant areas without
contamination. Moreover, the process can be easily modified
by addition of a specific substrate or an inhibition agent.
There are two possibilities how to improve our system for
handling several samples. The first possibility is to use a rins-
ing mechanism with ethanol. The second possibility is to
involve several chambers (ca. 10) and each chamber would be
used only once.

Wagstaffe et al. developed determination of S. aureusin a
liquid medium by method based on fluorescence immunoas-

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Microfluidics and Miniaturization 2343

say, which allows the detection of thermonuclease enzyme
produced by S. aureus and thus provides confirmation of the
presence of S. aureus in vitro [57]. The work of Valeriani et al.
dealt with methods for the rapid control of the aquatic envi-
ronment intended for recreational purposes. Their goal was
to find a rapid and reliable method for identification of low
concentrations of the bacteria S. aureus. Using traditional cul-
ture microbiological methods is time consuming and there-
fore molecular techniques are a better choice. Approach of
these authors is based on the specific amplification of ge-
nomic DNA using the universal primers (23S rDNA), and
specific real-time PCR amplification. This procedure refers
to the high sensitivity and specificity, which is typical for nu-
cleic acids. The method is suitable for monitoring hygiene
and detection of indicators of bacterial pollution [58].

Sensitive method based on fluorescence of car-
boxymethyl chitosan with cadmium nanoparticles (CMC-
CD QDS) was developed by Wang et al. for the specific de-
tection of S. aureus in foods and the environment. After a
certain period of cultivation of CMC-Cd QDs with S. aureus
and after removal of the free fluorescent QDs, the bacteria
were observed by fluorescence microscopy. The cells of S.
aureus were recognized as being applicable bioprobes. Using
this method, the authors also managed to identify E. coli and
Bacillus subtilis [59].

LaGier et al. aimed at studying the purity and water qual-
ity. They decided to develop a biosensor to achieve rapid iden-
tification of on-site sampling. The sensor device can simul-
taneously detect harmful algae, indicators of faecal pollution,
and human pathogens in water. The sensor is capable of
electrochemical detection of the presence of nucleic acids
for matching parameters such as the size, low cost, and low
power requirements [60].

In the above mentioned methods, tedious sample prepa-
ration procedures are used and a lot of expensive chemicals
are required, whereas the capture of bacteria on the MPs and
their subsequent proliferation in culture medium and electro-
chemical detection represents another way, which is unique
in its simplicity, versatility, and feasibility.

In summary, due to the availability of technologies, and
even more sophisticated detection techniques (lab-on-a-chip)
that are compatible with different types of robotic platforms
(lab-on-a-robot), it can be expected that the development of
remote-controlled robotic systems will be of interest for more
and more research teams. In this study, we develop a robotic
platform ORPHEUS-HOPE, which can carry different types
of detectors. The robot is manufactured as a highly reliable
device and meets the requirements of military standards. For
this reason robotic platform was designed and printed by a 3D
printer. A flow chip was used for electrochemical detection
of bacteria. The low chip was completed with the modified
MPs that allow capturing and cultivating bacteria inside the
chip. In addition, we automated detection system for remote
detection of bacteria.
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5.3 3D tistény ¢ip pro detekci meticilin-rezistentni bakterie S. aureus

znacené zlatymi nanocasticemi

5.3.1 Védecky ¢lanek I1I
CHUDOBOVA, D.; CIHALOVA, K.; SKALICKOVA, S.; ZITKA, J.; MERLOS
RODRIGO, M. A.; MILOSAVLIEVIC, V.; HYNEK, D.; KOPEL, P.; VESELY, R.;
ADAM, V.; KIZEK, R. 3D-printed chip for detection of methicillin-resistant
Staphylococcus aureus labeled with gold nanoparticles. Electrophoresis, 2015, ro¢. 36.
¢. 3,s.457-466. ISSN 0173-0835.

Dalsi prace se zabyvala detekci jiz cilenou na bakteri S. aureus s rezistenci vaci -
laktamovym antibiotkim, meticilin-rezistentni S. aureus. MRSA je nebezpetny
patogen pifedevSim v nemocnicnim prostfedi, kde zplsobuje zavazné zdravotni
problémy, a to po celém svéte¢ (Fridkin, Hageman, Morrison, Sanza, Como-Sabetti,
Jernigan, Harriman, Harrison, Lynfield, Farleya Active Bacterial Core, 2005; Klevens
a kol., 2007). V soucasné¢ dobé¢ je diskuze o problematice zvySujici se rezistence a
rychlé diagnostice rezstentnich bakteridlnich kmenii stile cCast¢jSi a vyhledavana
(Weigel a kol., 2007). Proto bylo cilem této studie vytvofit konstrukci u¢inné platformy
pro detekci patogenni bakterie MRSA. Princip detekce spociva v molekularne-
biologickém stanoveni piitomnosti genu rezistence vici [-laktamovym antibiotiktim
mecA, ktery je pitomny ve stafylokokové chromozomahi kazet¢ mec pravé u MRSA
(Shore a kol., 2005).

Vtéto studii byl pomoci 3D tisku zkonstruovan cCip, ktery spliuje podminky pro
kultivaci  bakterii, izolaci DNA, polymerazovou fetézovou reakci a detekci
amplifkovaného genu za pouziti Zatych nanocéstic jako indikatorovych sond
pfitomnosti genu mecA, tedy pfitomnosti MRSA. Konfirmace piitomnosti MRSA ve
vzorcich byla zalozena na specifické interakci mezi mecA genem a zlatou nanocastici
modifikovanou komplementarnim oligonukleotidem (AuNPs sonda) a kolorimetrické
detekci této reakce. Pfi kolorimetrické detekci dochdzi k agregaci zlatych nanocastic
v pifpad¢ nepiitomnosti komplementarniho fragmentu DNA k AuNPs sondé¢.

Byly analyzovany redlné vzorky, znichz dva byly pozitivni na pifitomnost mecA genu.

Vzorky obsahujici bakteri MRSA poukdzaly na ptitomnost mecA genu barevnou
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zménou, kterd byla ziejmd na prvni pohled v porovnani s kontrolnimi vzorky
neobsahujicimi geny mecA. Agregace AuNPs sond se projevuje 75% poklesem
absorbance (A = 530 nm) a zménou velikosti nanocCastic zlata z 3 + 0,05 na 4 + 0,05 nm
(n=5).

NaSe studie poskytuyje jednokrokovou identifkaci mecA genu pomoci platformy
vyuzivajici  rychlou, finanén€¢ nendkladnou a snadno powztelnou kolorimetrickou

detekci MRSA z rliznych vzorkd.
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1 Introduction
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Research Article

3D-printed chip for detection of
methicillin-resistant Staphylococcus
aureus labeled with gold nanoparticles

Methicillin-resistant Staphylococcus aureus (MRSA) is a dangerous pathogen occurring not
only in hospitals but also in foodstuff. Currently, discussions on the issue of the increas-
ing resistance, and timely and rapid diagnostic of resistance strains have become more
frequent and sought. Therefore, the aim of this study was to design an effective platform
for DNA isolation from different species of microorganisms as well as the amplification of
mecA gene that encodes the resistance to B-lactam antibiotic formation and is contained
in MRSA. For this purpose, we fabricated 3D-printed chip that was suitable for bacterial
cultivation, DNA isolation, PCR, and detection of amplified gene using gold nanoparticle
(AuNP) probes as an indicator of MRSA. Confirmation of the MRSA presence in the sam-
ples was based on a specific interaction between mecA gene with the AuNP probes and
a colorimetric detection, which utilized the noncross-linking aggregation phenomenon
of DNA-functionalized AuNPs. To test the whole system, we analyzed several real refrac-
tive indexes, in which two of them were positively scanned to find the presence of mecA
gene. The aggregation of AuNP probes were reflected by 75% decrease of absorbance
(N = 530 nm) and change in AuNPs size from 3 + 0.05 to 4 + 0.05 nm (n = 5). We
provide the one-step identification of mecA gene using the unique platform that employs
the rapid, low-cost, and easy-to-use colorimetric method for MRSA detection in various
samples.

Keywords:

3D-printed chip / Gold nanoparticles / Methicillin resistant / Pathogen detection /
Staphylococcus aureus DOI 10.1002/elps.201400321

cal environment, and this epidemiological change is impor-
tant in distribution of infections caused by this pathogen

Staphylococcus aureus is a Gram-positive abundantly occur-
ring bacterium, while methicillin-resistant S. aureus (MRSA)
is a live-threatening pathogen occurring mainly in hospi-
tals [1, 2]. In the period between 2011 and 2012, MRSA
was reported in 41.2% of S. aureus isolated and typed in
healthcare-associated infections in European hospitals [3].
From this it is clear that MRSA was and still is primarily con-
sidered as a healthcare-associated pathogen, however, later
on, these bacteria were also detected in food products, espe-
cially in meats [4]. Therefore, these bacteria can be isolated
both from inpatients as well as people not related to medi-
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gold nanoparticle; CV, cyclic voltammetry; MRSA, methicillin-
resistant Staphylococcus aureus; SECM, scanning electro-
chemical microscopy

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[5].

The design and fabrication of new diagnostic systems
necessitates working in collaboration between different dis-
ciplines. Recent PCR-based assays for MRSA identification
have significantly reduced the time needed to find a diagno-
sis for a patient [6, 7]. Most importantly, small, field-capable
analysis portable systems are critical for timely detection and
prevention efforts even in the case of MRSA. Thus, rapid
and inexpensive diagnostic systems with high sensitivity and
specificity are essential to prevent MRSA to be an emerging
public health threat. There are different techniques such as
optical, mechanical, magnetic, and electrochemical, and their
combinations in detection of biologically related analytes.
In labeling strategies, fluorescent dye molecules, quantum
dot labels, and metal colloid labels are generally used [8-10].
Recent results show that combining the advantages of micro-
electromechanical system technology and molecular meth-
ods is promising for detection of MRSA [11]. The integra-
tion of magnetic bead based detection with loop-mediated

Colour Online: See the article online to view Figs. 1-4 in colour.
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isothermal amplification process was recently studied by
Wang et al. The hybridization was conducted using magnetic
bead conjugated complementary probes. Cell lysis, DNA iso-
lation, and amplification using loop-mediated isothermal am-
plification technique were performed in the microfluidic de-
vice only [12]. From these mentioned facts, it follows that
there is a great development in the field of manufacturing
well portable devices for medical purposes.

Thus, the main objective of this study was to suggest and
construct a novel integrated microfluidic platform for rapid
and accurate detection of MRSA strain. This platform is ca-
pable of colorimetric determination of the target analyte in
a microfluidic reactor, rendering its usefulness for in vitro
diagnostics. Confirmation of the MRSA presence in the sam-
ples is based on isolation of DNA, amplification of mecA
gene encoding the resistance to B-lactam antibiotics, and
specific interaction between mecA gene with the gold
nanoparticle (AuNP) probes and a colorimetric detec-
tion, which utilized the noncross-linking aggregation phe-
nomenon of DNA-functionalized AuNPs.

2 Materials and methods

2.1 Chemicals, preparation of DI water, and pH
measurement

Chemicals used in this study were purchased from Sigma-
Aldrich (St. Louis, USA) in ACS purity unless noted oth-
erwise. The DI water was prepared using reverse osmosis
equipment Aqual 25 (Czech Republic). The DI water was fur-
ther purified using apparatus MiliQ Direct QUV equipped
with the UV lamp. The resistance was 18 M. The pH
was measured using pH meter WTW inoLab (Weilheim,
Germany).

2.2 Cultivation of bacteria strains

Nonresistant strains (S. aureus, Escherichia coli, Salmonella
typhimurium, and Lactobacillus rhamnosus and resistant
strains of S. aureus (MRSA) were obtained from the
Czech Collection of Microorganisms, Faculty of Science,
Masaryk University, Brno, Czech Republic. The strains
were stored as a spore suspension in 20% v/v glycerol
at —20°C. Prior to use in this study, the strains were
thawed and the glycerol was removed by washing with
distilled water. The composition of cultivation medium
was as follows: tryptone 10 g/L, yeast extract 5 g/L, NaCl
5 g/L, pH of the cultivation medium was adjusted at 7.4 be-
fore sterilization. The sterilization of the media was carried
out at 121°C for 30 min in sterilizer (Tuttnauer 2450EL, Beit
Shemesh, Israel). The prepared cultivation media were inoc-
ulated with bacterial culture into 25 mL Erlenmeyer flasks.
After inoculation, the bacterial cultures were cultivated for
24 h in a shaker at 600 rpm and 37°C.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.3 Preparation of hospital samples and their
cultivation

2.3.1 Wound swabs of patients with bacterial
infections

Clinical specimens including wound swabs were obtained
from Trauma Hospital of Brno, Czech Republic. There were
selected patients aged less than 60 years without diagnosis
of diabetes mellitus, peripheral arterial disease, nonsmoker,
not under corticosteroid treatment or immunosuppressant
in regular medication. The smears were taken from infected
wounds with the consent of patients. Particularly, smear was
made from a patient with perianal abscess before the medi-
cal treatment, during treatment using Biseptol (Pabianickie
Zaklady Farmaceutyzcne Polfa S.A., Pabianice, Poland), and
at regular intervals after completion of the treatment. Smear
was done by rolling motion at the site of skin puncture using
a sterile swab sampling. The swab was then placed into a tube
with a semisolid transport medium and carefully sealed and
labeled. Marked tubes were immediately microbiologically ex-
amined. The swab sample was left in the transport medium
intended for the storage of the sample before culturing in the
appropriate medium.

2.3.2 Cultivation of clinical specimens

The isolation of bacterial strains from hospital samples was
performed using selective blood agar. The swab sample was
cultivated on blood agar with 10% of NaCl, blood agar with-
out other compounds [13], Endo agar [14], and blood agar
with amikacin [15]. These Petri dishes were cultivated for
24-48 h in 37°C. The identification of bacterial strains iso-
lated from hospital samples was done using MALDI-TOF
MS [16]. The MS experiments were performed on a MALDI-
TOF/TOF mass spectrometer Bruker Ultraflextreme (Bruker,
Bremen, Germany) equipped with a laser (Bruker) operat-
ing at wavelength of 355 nm with an accelerating voltage
of 25 kV, cooled with nitrogen, and a maximum energy of
43.2 nJ with repetition rate 2000 Hz in linear and positive
mode, and with software for data acquisition and process-
ing of mass spectra flexControl version 3.4 and flexAnaly-
sis version 2.2. A sample of 500 pL S. aureus (0.1 OD) cul-
ture cultivated overnight was centrifuged at 14000 x g for
2 min. After that, supernatant was discarded and the pellet
was suspended in 300 p.L of DI water. Then, 900 L of ethanol
was added. After centrifugation at 14 000 x gfor 2 min, super-
natant was discarded and obtained pellet was air-dried. The
pellet was then dissolved in 25 wL of 70% formic acid v/v and
25 L of ACN, and was mixed. The samples were centrifuged
at 14 000 x g for 2 min and 1 pL of the clear supernatant was
spotted in duplicate onto the MALDI target (M TP 384 target
polished steel plate; Bruker Daltonics, Bremen, Germany)
and air-dried at a room temperature. Then, each spot was
overlaid with 1 pL of a-cyano-4-hydroxycinnamic acid matrix
solution saturated with organic solvent (50% ACN and 2.5%
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TFA, both v/v) and air-dried completely prior to MALDI-TOF
MS measurement. Spectra were taken in the m/z range of
2000-20000 Da, and each was a result of the accumulation
of at least 1000 laser shots obtained from ten different re-
gions of the same sample spot. Prior to analysis, the mass
spectrometer was externally calibrated with a peptide mix
of bombesin, angiotensin I, glu-fibrinopeptide B, adrenocor-
ticotropic hormone, ubiquitine, and cytochrome c. Spectra
with peaks outside the allowed average were not considered.
Modified spectra were loaded into the MALDI BioTyper™
3.1 Version (Bruker Daltonik, Bremen, Germany).

2.4 Synthesis of AuNPs and gold magnetic
nanoparticles (AuMNPs)

Water-soluble AuNPs were synthesized as follows. Ten
milliliters of 1 mM HAuCl,-3H,0 was added to a 50 mL
beaker under magnetic stirring. Aqueous solution of sodium
citrate tribasic dihydrate (0.5 mL, 40 mM) was added to
HAuCl;-3H,0 solution. The color of the solution slowly
changed from yellow to violet. Mixture was left for stirring
overnight.

The AuMNPs were prepared according to the following
procedure. Two different solutions were prepared separately:
(i) 1.5 g of Fe(NO3)3-9H,0 was dissolved in 80 mL of water in
a 250 mL beaker and (ii) 1.4 mL of 25% NHj3 v/v solution was
mixed with 8.6 mL of water in a screw-capped tube and poured
in a separate beaker. A total of 0.2 g of NaBH, was mixed with
the second solution. A magnetic rotor was used to mix them
properly. After 10 min of mixing, the solution was added
to the first solution. The color of the solution became black
with an initial frothing. Then, it was heated at 100°C for 2 h.
The mixture was stirred overnight. Next day, the magnetic
particles were separated from the solution by an external
magnet and washed several times with DI water. Maghemite
nanoparticles were prepared from 1.5 g Fe(NOs);-9H,0, as a
source of iron was suspended in 80 mL of water and PVP (10k,
1.5 g in 20 mL of water) was added with stirring. After 3 h of
stirring, a solution of HAuCl, (25 mL, 1 mM) was added. The
solution was stirred for 1 h and a solution of trisodium citrate
dihydrate (0.75 mL, 0.265 g/10 mL) was added. The solution
was stirred overnight, separated by magnet, washed with DI
water, and dried at 40°C. Finally, the magnetic AuNPs were
air-dried and stored in a glass container.

2.5 Characterization of AuMNPs and AuNPs by SEM

Structure of 3 mM AuMNPs and 1 mM AuNPs was char-
acterized by SEM. For documentation of the nanoparticle
structures, a MIRA3 LMU (Tescan, Brno, Czech Republic)
was used. This model is equipped with a high brightness
Schottky field emitter for low noise imaging at fast scanning
rates. The SEM was fitted with in-beam SE detector. Samples
were coated by 5 nm of platinum to prevent sample charging.
For automated acquisition of selected areas, a TESCAN pro-

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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prietary software tool called Image Snapper was used. The
software enabled automatic acquisition of selected areas with
defined resolution. An accelerating voltage of 15 kV and beam
currents about 1 nA gave satisfactory results regarding maxi-
mum throughput. Magnification for AuMNPs 40 kX, AuNPs
40.9 kX, and aggregated AuNPs 64.6 kX were used.

2.6 Nanoparticles’ surface characterization by
scanning electrochemical microscope

Surface of AuMNPs and AuNPs was measured by scanning
electrochemical microscope (SECM) Model 920C (CH Instru-
ments, Austin, TX, USA). The electrochemical microscope
consisted of a 10 pm platinum disc probe electrode, which
was controlled by piezoelectric motors driven by all three
axes. Electrochemical measurements were performed in a
three-electrode configuration using platinum wire as a coun-
terelectrode and Ag/AgCl/ 3 M KCl as a reference electrode.
During scanning, the particles were attached on the substrate
platinum electrode by magnetic force from neodymium mag-
net, situated below the electrode. The surfaces were charac-
terized by cyclic voltammetry (CV) in 3 M KCl and 1 mM
FcCH,0H using following parameters—initial potential:
0.2 V, high potential: 0.5 V, and low potential: —0.2 V. Initial
scan polarity was positive with scan rate 0.02 V/s. Quiet time
was 10 s. Electrochemical scanning method was carried out
with potential of working microelectrode of 0.2 V. Gold disc
electrodes with an O-ring as the conducting substrate used
potential of 0.3 V. Speed of scanning was 250 wm/s. The
platinum-measuring electrode moved at least 50 wm above
the surface.

2.7 X-ray fluorescence analysis

Qualitative analysis of AuNPs and AuMNPs was measured
on Spectro Xepos (Spectro Analytical Instruments, Kleve,
Germany). The sample was measured on a Pd anode X-ray
tube working at a voltage of 47.63 kV and a current of 0.5 mA,
and detected with Barkla scatter aluminum oxide. Measure-
ment time was 300 s. For excitation, an Mo secondary target
was used. The excitation geometry was 90°. The AuNPs were
measured through the PE bottle side wall 20 mm above the
bottom. The Spectro Xepos software and TurboQuant method
were applied for data treatment.

2.8 Characterization of nanoparticles’ size

The average nanoparticles’ size and size distribution were de-
termined by quasielastic laser light scattering with a Malvern
Zetasizer (NANO-ZS, Malvern Instruments, Worcester-
shire, UK). Nanoparticle distilled water solution of 1.5 mL
(1 mg/mL) was put into a polystyrene latex cell and measured
at detector angle of 173°, wavelength of 633 nm, refractive
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index of 0.30, real refractive index of 1.59, and temperature
of 25°C.

2.9 Labeling of nanoparticles

The AuNPs and AuMNPs were labeled with thiolated
mecA primers 5-[ThiC6]CCCAATTTGTCTGCCAGTTT-3
in the case of AuNPS and 5'-[ThiC6)]TGGCAATATTAACG
CACCTC-3 in the case of AuMNPs. The protocol was as fol-
lows. Ninety microliters of AuNPs was mixed with 10 pL of
100 puM thiolated mecA primers and incubated for 24 h in
4°C.

2.10 Reverse transcription and amplification of
mecA gene

2.10.1 Thermolysis of bacteria and reverse
transcription of mRNA

The lysis of the bacteria was done by heat treatment (99°C)
during 30 min. The mRNA was converted to cDNA using
PrimeScript One Step RT-PCR Kit (TaKaRa, Mountain View,
CA, USA). The reaction profile was as follows: initial denatu-
ration at 94°C for 2 min, 30 cycles of 94°C for 30 s, 50°C for
30 s, and 72°C for 1.5 min.

2.10.2 Binding of DNA with magnetic AuNPs

Ten microliters of paramagnetic particles were washed three
times with phosphate buffer (0.1 M NaCl, 0.05 M Na,HPOy,
and 0.05 M NaH,PO,). After that, 10 pL of cDNA and 10 pL
of immobilization buffer were added (0.1 M Na,HPO,, 0.1 M
NaH,POy, 0.6 M guanidinium thiocyanate, 0.15 M Tris-HCl
(pH7.5),and 2.5 M CsCl). This solution was kept for next 1.5h
at 20°C with shaking to bind DNA with magnetic AuNPs.
Further, the solution was removed and magnetic AuNPs were
washed two times with 20 wL of 5 M NaCl. The obtained
magnetic AuNPs with DNA were resuspended in DI water.

2.10.3 PCR and electrophoresis in agarose gel

Taq PCR kit and cDNA (New England Bio-Labs, USA) were
used for amplification of MRSA mecA gene DNA fragment.
The sequences of forward and reverse primers selected
from the nucleotide database of NCBI website were 5-CCC
AATTTGTCTGCCAGTTT-3 and 5-TGGCAATATTAACGC
ACCTC-3 (Sigma-Aldrich), respectively. Briefly to the exper-
imental protocol, 25 wL of reaction mixture was composed
of 1x standard Taq reaction buffer, 0.2 mM dNTPs, 0.2 uM
primers, 1.25 U Tag DNA polymerase, and 10 wL of DNA.
PCR was carried out in a thermocycler Mastercycler ep real-
plex 4S (Eppendorf, Hamburg, Germany) with the following
temperature program: initial denaturation at 95°C for 120 s,
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25 cycles of denaturation at 95°C for 15 s, annealing at 55°C
for 30 s, extension at 72°C for 45 s, and a final extension at
72°C for 5 min. The resulting DNA fragment (113 bp) was
electrophoresed in 1.8% m/v agarose gel (Mercury, USA) in
1x TAE buffer (40 mM Trizma-base, 20 mM acetic acid, and
1mM EDTA, pH 8.0). A DNA ladder (New England BioLabs,
USA), within the range from 0.1 to 1.5 kbp, was used as a stan-
dard to monitor the size of the analyzed fragments of DNA.
The electrophoresis (Bio-Rad, USA) was run at 70 V and 6°C
for 135 min. After electrophoresis, the gel was stained with
ethidium bromide (31.3 ng/L) in 1x TAE buffer. Bands were
visualized using a transilluminator at a wavelength of 312 nm
(Vilber-Lourmat, Marne-la-Valle’e, France). Visualized image
was recorded by a digital camera Canon G10 (Canon, Japan).

2.11 Confirmation of mecA gene in nonresistant and
resistant bacterial strains

2.11.1 Isolation of DNA

For analysis of mecA gene, 2 mL each of the tested strains
(S. aureus, MRSA, E. coli, S. typhimurium, and L. rhamnosus)
were centrifuged (5000 x g, 20°C, 10 min). Lysis was done for
1 h in 400 L of lysis solution (6 M guanidine hydrochloride
and 0.1 M sodium acetate) at 20°C. The isolation of genomic
DNA was performed using MagNA Pure Compact (Roche,
Germany).

2.11.2 Amplification of DNA for mecA gene

The 16S rRNA and mecA genes were amplified using mul-
tiplex PCR. The sequences of forward and reverse primers
of 16S rRNA gene were 5-GAGTTTGATCCTGGCTCAG-
3" and 5-GGTTACCTTGTTACGACTT-3’; respectively, and
mecA primers were 5'-CCCAATTTGTCTGCCAGTTT-3' and
5" TGGCAATATTAACGCACCTC-3, respectively. The final
volume of the PCR reaction mixture was 25 wL. The reaction
profile was as follows: 94°C for 4 min, 30 cycles of 94°C for
30 s, 52°C for 30 s, and 68°C for 90 s, and a final extension at
68°C for 7 min. The amplification was carried out using Mas-
tercycler ep realplex 4S (Eppendorf) and 1498 bp fragment
for 16S rRNA gene and 223 bp fragment for mecA gene.

2.11.3 Visualization of the amplified genes

DNA was mixed with loading buffer and then pipetted
into the wells, and run in 1.5% agarose gel electrophore-
sis in 1x TAE buffer with ethidium bromide for 90 min at
90 V. The bands were visualized by UV transilluminator at
312 nm (Vilber-Lourmat) and band intensities were quanti-
fied and analyzed by Carestream Molecular Imaging Software
(Carestream, Carestream In vivo Xtreme Imaging System,
Rochester, USA) and normalized to mecA gene control.
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2.12 Detection of mecA gene fragment or bacterial
DNA using AuNPs probe

Absorbance spectra were acquired by multifunctional
microplate reader Tecan Infinite 200 PRO (TECAN,
Switzerland). The absorbance scan was measured within the
range from 230 to 1000 nm per 5 nm steps. Each absorbance
value was an average of three measurements. The detector
gain was set to 100. The sample (2 wL) was placed in 16-
well nanoplate by Tecan NanoQuant plate (TECAN). All mea-
surements were performed at 25°C controlled by Tecan Infi-
nite 200 PRO (TECAN). Ten microliters of AuNPs probe and
10 pL of AuMNPs probe were mixed with 5 L of PCR prod-
uct (26 wM). Afterwards the mixture was heated for 5 min at
95°C and slowly cooled to 25°C. For the mecA gene detection,
10 nL of 5 M NaCl was added into the cooled mixture (to final
concentration of 2 M).

2.13 3D-printed chip design and fabrication

For bacterial cultivation, lysis, DNA isolation, PCR, and
detection the 3D-printed chip was fabricated using 3D
printer (Profi3dDmaker, Aroja, Czech Republic) controlled
by G3Dmaker v1.0 software (Aroja). The reaction cham-
ber was made from acrylonitrile butadiene styrene (Print-
plus, Aroja), which is sufficiently rigid and wiry for the
final application of the product. The material had also
the following properties such as small water absorption
and resistance to oils, acids, alkalis, and hydrocarbons.
The sample was injected into the chip using programmed
syringe pump (Model eVol, SGE Analytical Science,
Australia), three-way two-position selector valve (made from
six-way valve, Valco, Instruments, USA), and dosing capil-
lary, which was moved into the reaction chamber. To prepare
a fully automated system, switching valve enabling switch-
ing between the off-waste and sample flow was placed into
the system. The sample (10-500 wL) was injected by au-
tomated syringe (SGE Analytical Science, Australia) using
maximal applied speed of 1.66 wL/s. Mobility and stirring
of sample inside chip was arranged using multiturn mag-
net regulated on working current 200 mA, voltage 12 V, and
1 Hz pulse/frequency. The entire chip is enclosed in a ther-
mostatic box equipped with fan, heater element, and tem-
perature sensor. The heating element was driven by tem-
perature sensors feedback (Instrumentation Temperature
Controller, Valco, Instruments). The temperature was auto-
matically operated by control unit Arduino Due (Atmel, USA).
Flow measurement chamber in volume of 750 L fitted with
a spectrophotometric detector was used for the final sample
absorbance measurement. The detector consists of LED bulb
(Roithner Laser, Austria), band-pass filter (Semrock, USA)
for 530 nm, and photodiode (Hamamatsu, Japan). All mea-
surements were controlled by Arduino board Due (Atmel)
and Arduino IDE (Atmel).
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2.14 Descriptive statistics

Mathematical analysis of the data and their graphical interpre-
tation were realized by Microsoft Excel®, Microsoft Word®,
Microsoft PowerPoint® (USA), and STATISTICA.CZ (Czech
Republic). Results are expressed as mean + SD unless noted
otherwise (EXCEL®).

3 Results and discussion

3.1 Characterization of AuMNPs and nonaggregated
or aggregated AuNPs

The used nanoparticles play the crucial role for analysis in-
side the chip. Using the AuMNPs, the mobility and stirring
of solution are ensured. Afterwards the AuNPs provide the
spectrophotometric detection of mecA gene employing their
aggregation in the presence of NaCl [17]. For our experiments,
we characterized our fabricated AuMNPs, AuNPs, as well as
AuNPs in NaCl presence from the point of view of surface
analysis [18], electrochemical properties of particles [19, 20],
qualitative analysis [21,22], and measurement of size and zeta
potential [23, 24].

At first, we characterized the AuMNPs by SEM. Iron ox-
ide nanoparticles formed clusters of irregular shape in neutral
pH (Fig. 1A, i). In order to image the reduction and oxidation
properties of AuMNPs, CV of AuMNPs and surface scans
were measured by SECM and the resulting maps are shown
in Fig. 1A, ii. The CV scan of AuMNPs provided the low-
est reduction signal in comparison to other studied particles.
The oxidation potential was determined as 0.3 V, whereas the
reduction potential as 0.15 V. From SECM map, it is obvi-
ous that the surface current is within the range from 0.6 to
0.9 nA. The qualitative analysis and impurities determination
confirm the purity of AuMNPs, which contained bulk of Au™
and Fe*" ions (data not shown). Finally, we characterized size
and zeta potential of magnetic particles. Itis shown in Fig. 1A,
iii that the size of these particles was found to be 15 £ 3 nm.
To confirm that these magnetic nanoparticles carry negative
charges, measurement of the zeta potential (or charge den-
sity) of samples was done providing important information
for predicting their binding capacity. The zeta potential of
magnetic nanoparticles covered with gold (19 mV) was found
to be higher than that of AuNPs (—25 mV). This indicates
that part of citrate on gold surface, which was used for reduc-
tion and protection of AuNPs from aggregation, was bounded
with iron oxide by covalent bond resulting in increasing of
zeta potential and decreasing of free citrate on gold surface.

The SEM characterization of AuNPs is demonstrated in
Fig. 1B, i. It follows from the results obtained that AuNPs
were spherical and cuboid in shape. CV scan of AuNPs sur-
face shows the oxidation potential at 0.4 V and reduction
potentialat0.25 V. In addition, SECM map revealed us AuNPs
current within the range from —0.2 to —0.4 nA (Fig. 1B, ii).
The qualitative analysis of AuNPs confirmed the presence of
trace amount of chloride ions present due to its preparation
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(data not shown). Moreover, the size of AuNPs was found to
be 2 £ 0.5 nm and zeta potential —25 mV (Fig. 1B, iii).

Using the SEM it was found that the AuNPs in the pres-
ence of NaCl formed irregular clusters in comparison with
AuNPs (Fig. 1C, i). The observation of oxidation or reduc-
tion properties of AuNPs in the presence of NaCl demon-
strated the oxidation potential as 0.25 V and reduction poten-
tial as 1.4 V. Particularly, CV analysis showed higher reduc-
tion/oxidation properties in comparison with AuNPs, which
could be caused by the increase of particle surface due to par-
ticles aggregation. SECM scanning map of AuNPs illustrated
the change of surface current within the range from 0.1 to
0.3 nA probably associated with AuNPs aggregation, which
is in agreement with CV results (Fig. 1C, ii). Characteriza-
tion proved that the AuNPs agglomeration and size of these
particles were found to be 65 £ 35 nm. Summarization of
zeta potential values showed that AuNPs had the lowest zeta
potential at —26 mV due to its permanent negative charges
(Fig. 1C, iii). Based on all characterizing results obtained,
it can be concluded that the particles have the ability to be
used for DNA binding and colorimetric detection as other
commercial nanoparticles.

3.2 Confirmation of resistance gene presence in
different bacterial strains

Scheme in Fig. 2A shows the isolation and confirmation of
mecA resistance gene expression present in MRSA. mRNA
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from bacterial culture proliferating for 24 h under constant
conditions was transcribed using reverse transcription into
cDNA and isolated using magnetic particles. The mecA gene
encoding the resistance to the B-lactam antibiotics was ampli-
fied and amplicon in response to the absorbance of bacterial
culture before isolation (expressed in absorbance values (A =
600 nm) 0.0005, 0.005, 0.01, 0.05, 0.1, 0.5, 1 AU) is shown in
gels (Fig. 2B). The decreasing intensity of bands (mecA frag-
ment, 223 bp) in the gel with the decreasing concentration of
MRSA was demonstrated (Fig. 2C).

To confirm the 16S rRNA gene expression, which is natu-
rally present in all bacterial strains, and mecA resistance gene,
there were selected different bacterial strains of nonresistant
S. aureus, MRSA, E. coli, S. typhimurium, L. rhamnosus (sam-
ple numbers 1-5), and three bacterial strains isolated from
the clinical specimens from patients with bacterial infections
identified as S. aureus (sample numbers 6-8, Fig. 2D). 16S
gene expression was expectedly confirmed in all the tested
bacterial strains. In the studies [25, 26], the 16S rRNA gene
for classification and identification of bacteria was used, while
the suitability of this approach was discussed. The expression
of the 16S rRNA gene demonstrated ribosome formation in
cells, thus the presence of live bacterial cultures was found in
our samples. The expression of mecA gene, which is respon-
sible for the emerging of resistance to B-lactam antibiotics,
was demonstrated in two samples from eight. The expected
result was to confirm the expression of this gene in commer-
cially supplied MRSA, and further to confirm the presence
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Figure 2. (A) General scheme of steps for cultivation of microor-
ganisms, cell lysis, isolation of DNA by paramagnetic particles,
and amplification of mecA gene for identification of MRSA inside
of the 3D-printed chip using primers modified by gold nanoparti-
cles (AuNPs). (B) Amplification of MRSA mecA gene by PCR with
specific primers and its detection (\goo). The numbers 1, 2, 3,4, 5,
6, and 7 correspond to absorbance (\ggo) 0.0005, 0.005, 0.01, 0.05,
0.1, 0.5, 1 AU, respectively. C—, negative control (S. aureus with-
out mecA gene); C+, positive control (MRSA with mecA gene).
The reverse transcription in mecA gene for the confirmation of
mecA gene expression in MRSA bacterial culture was made. (C)
Dependence of MRSA concentration (0.0005, 0.005, 0.01, 0.05,
0.1, 0.5, 1 AU) on fluorescence intensity determined from gel
electrophoresis. (D) The amplification of 16S and mecA genes by
multiplex PCR with 16S and mecA primers in various PCR prod-
ucts of bacterial strains: (1) S. aureus, (2) MRSA, (3) E. coli, (4)
S. typhimurium, (5) L. rhamnosus and three clinical specimens,
where the presence of S. aureus was confirmed (sample numbers
6-8) and C— as a negative control. In all samples, the expression
of 16S control gene was confirmed. In samples 2 and 8 the expres-
sion of mecA gene was also confirmed. The confirmation of the
expression of 16S control gene and mecA gene was performed
using multiplex PCR.

of such gene in the sample isolated from the hospital sam-
ple, which was identified as an S. aureus. Both assumptions
were confirmed and the resistance to B-lactam antibiotics
was found in MRSA obtained from the collection and also
in clinical samples (Fig. 2D). In the other tested bacterial
strains the mecA gene was not confirmed, therefore con-
stituted nonmethicillin-resistant strains (Fig. 2D). Moussa
and Shibl also used 16S rRNA and mecA genes for identifi-
cation of MRSA [27]. Their study was expanded to include
the presence of Panton-Valentine Leucocidin, which is a cy-
totoxin produced by community-associated MRSA bacterial
strain [27], and are in good agreement with those found in our
study.
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3.3 Identification of mecA gene fragment to the
AuNPs probe

The identification of mecA gene fragment is based on
noncross-linking DNA hybridization method using the
AuNPs probe and its ability to aggregate induced by an
increasing salt concentration in the presence of complemen-
tary oligonucleotides of the same size [28]. The experimental
scheme (Fig. 3A) shows that the mecA gene is bound to the
AuNPs probe based on the bases complementarity. After the
NaCl addition, the unbounded AuNPs probes aggregate. The
colloidal solution of AuNPs exhibits a red color and their ag-
gregation is driven by the London-van der Waals attractive
force between the nanoparticles, and the color turns to pur-
ple red [28]. Based on these facts, we focused on the color
change of AuNPs in the presence of MRSA mecA gene us-
ing the absorbance spectra measurement. Using the agarose
gel electrophoresis, it was found that AuNPs probe contained
mecA primers. Functionality of AuNPs probe bound to the
mecA gene was proved by multiplex PCR visualized by elec-
trophoresis on agarose gel (Fig. 3B). It is evident from the
results shown in Fig. 3B that two bands of approximately
same molecular weight of mecA gene were found in samples
2 and 8. These results confirmed the suitability of AuNPs
probe for mecA gene detection because they are in perfect
agreement with those shown in Fig. 2D.

Subsequently, we characterized the absorbance proper-
ties of AuNPs under various concentrations of NaCl (0-2 M).
The AuNPs showed the immediate color change in low con-
centrations of NaCl. It follows from titration curve (Fig. 3C)
that the rapid decrease of AuNPs absorbance in 530 nm in
the presence of 0.125 M NaCl occurred and this decreasing
trend progressed also with higher NaCl concentration.

Further, we used the described methods to analyze vari-
ous PCR products of bacterial strains: (1) S. aureus, (2) MRSA,
(3) E. coli, (4) S. typhimurium, (5) L. rhamnosus and three
clinical specimens, where S. aureus presence (sample num-
bers 6-8) was confirmed. First, the isolation of DNA from
the bacterial culture and subsequent PCR was carried out.
Obtained PCR products were mixed with AuNPs probe func-
tionalized with complementary sequence to mecA gene and
after hybridization the 10 pL of 5 M NaCl was added into the
mixture. We estimated that the color change in the case of
AuNPs (0) turned transparent while the samples with non-
complementary DNA to AuNPs probe turned to purple red
(samples 1 and 3-7). In the case of MRSA PCR products (2,
8), the mixture showed the stable pink color (Fig. 3D). The
typical absorbance spectrum of AuNPs with absorbance max-
imum at 530 nm is shown in Fig. 3E. In the case of S. aureus
PCR product, the addition of NaCl into the reaction mixture
caused the rapid decrease of absorbance measured at 530 nm.
On the other hand, the absorbance spectra of MRSA reaction
mixture after NaCl addition shows almost 75% decrease of
AuNPs absorbance maximum at 530 nm compared to AuNPs
(100%). We analyzed the other bacterial strains in the same
way. The absorbance decrease at 530 nm was observed in (3)
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Figure 3. (A) Experimental scheme of mecA
gene detection. (B) Amplification of mecA
genes by PCR with AuNPs probe contain-
ing mecA primers in various PCR products
of bacterial strains: (1) S. aureus, (2) MRSA,
(3) E. coli, (4) S. typhimurium, (5) L. rhamno-

sus and three clinical specimens, where the
presence of S. aureus was confirmed (sam-
ple numbers 6-8). In samples 2 and 8, the
expression of mecA gene was confirmed.
(C) Titration curve of AuNPs with addition
of 0-2 M NaCl. The results are expressed as
mean + SD. (D) The color change of reac-
tion mixtures before 2 M NaCl addition and
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E. coli, (4) S. typhimurium, and (5) L. rhamnosus. For S. au-
reus (1; 6-7), nearly 90% decrease was observed (Fig. 3F). It
follows from the results shown in Fig. 3G that there is a mod-
erate increase in size of aggregated AuNPs in the presence
of mecA gene to 3 and 4 nm in the case of negative control
(S. aureus PCR product). Considerable change was visible in
zeta potential results. Although the zeta potential of AuNPs
in the presence of mecA gene was —20 mV, the zeta potential
obtained from negative control increased to —34 mV. These
results suggest that the AuNPs with sample mixture were
weakly aggregated, and simultaneously stabilized the solution
electrochemically.

3.4 Characterization of 3D-printed chip device and
confirmation of detection inside the chip

Three-dimensional (3D) printed chips are among the new
molecular techniques that rapidly monitor the presence of
pathogen microorganisms [29, 30], which was demonstrated
on detection of the bacterial strains in environment [31]. Their
specificity, speed, and the ability to recognize a very low con-
centration of target molecules belong to the most important
features of these chips [32].

In our study, individual steps preceding the detection
were included to reaction chamber that was heated allowing
the cultivation of microorganisms in Luria Bertani medium
under constant conditions of 37°C and stirring. From these
cultures, the DNA can be isolated using AuMNPs, and after
this procedure the specific gene can be amplified using target
primers whose presence can be spectrophotometrically de-
tected by mixing with AuNPs probe and NaCl as an indicator
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after NaCl addition into sample: (0) AuNPs,
(1) S. aureus, (2) MRSA, (3) E. coli, (4) S.
typhimurium, (5) L. rhamnosus and three
clinical specimens, where the presence of
S. aureus was confirmed (sample numbers
6-8). (E) The absorbance spectra of reac-
tion mixtures: AuNPs, AuNPs in 2M NaCl,
MRSA, and E. coli. (F) Comparison of reac-
tion mixtures relative absorbance: various
PCR products of bacterial strains 1-8. The
results are expressed as percentage of the
AuNPs signal (100%). (G) Size distribution
of AuNPs in mixture with MRSA (pink line)
and S. aureus PCR products.
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Figure 4. (A) Scheme of 3D-printed chip for detection and con-
firmation of MRSA presence using binding of MRSA to the
gold nanoparticles with specific primers in the chip, (B) sys-
tem for the identification of MRSA in the sample, and (C) reac-
tion chamber of 3D-printed chip: 1—spectrophotometric detector,
2—pump with the valves, 3—outlet, 4—the first inlet hose, 5—
thermoregulatory system, 6 —cultivation chip, 7—electromagnet,
8—thermoisolating box, 9—the second inlet hose, 10—the third
inlet hose, and 11—the fourth inlet hose. (D) Comparison of reac-
tion mixtures relative absorbance obtained from 3D-printed chip:
various PCR products of bacterial strains: (1) S. aureus, (2) MRSA,
(3) E. coli, (4) S. typhimurium, (5) L. rhamnosus and three clini-
cal specimens, where the presence of S. aureus was confirmed
(sample numbers 6-8). The results are expressed as percentage
of the AuNPs signal (100%).
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of MRSA presence (Fig. 4A and B). The mixing and stir-
ring during the bacterial cultivation was enabled using DNA-
functionalized AuMNPs, which stirred up the liquids inside
the chip. Electromagnets, visible from the picture (Fig. 4C),
alternately changed its magnetic field, which resulted in
movement of magnetic AuNPs. The magnetic field of
electromagnets must be homogenous throughout the chip
area, because magnetic particles are not concentrated only
in the axis cores of electromagnets. The strength of the mag-
netic field must be sufficiently large and the time of the pulse,
which controls the magnets, must be kept to a minimum.
Magnetic particles must pulsate for the longest path. Using
the control unit and electromagnets, it is possible to control
magnetic particles movement in terms of speed and setting
of different intervals of regular and irregular movements. For
bacterial cultivation, the period of voltage on magnet connec-
tors was set to 1 Hz. The whole cultivation process in the
chip is maintained at a constant temperature of 37°C using a
thermostatic box. At the end of the process, the control unit
terminates the pulse of the electromagnets and maintains a
constant direct current voltage on the terminals. Thus, the
magnetic particles are at the right place and the lysis buffer
is injected to the reaction chamber. The lysis inside the chip
was carried out according to the protocol mentioned in Sec-
tion 2.10.1. After the bacterial lysis, the purification of isolated
DNA was done by rinsing the reaction chamber with water,
while the AuMNPs probes functionalized by DNA were at-
tached in magnetic field.

PCR as a second step was performed according to Sec-
tion 2.10.3. The detection of PCR product inside the chip
consisted, as in the case of absorbance detection using multi-
functional reader, in the binding of the amplified PCR prod-
uct (mecA gene) to AuNPs labeled by thiol oligonucleotide
with specific affinity to gold and complementary sequence to
mecA gene. The tested samples (1) S. aureus, (2) MRSA, (3)
E. coli, (4) S. typhimurium, (5) L. rhamnosus, and three clini-
cal specimens, which confirmed S. aureus presence (sample
numbers 6-8), were subjected to analysis using our fabricated
3D-printed chip. The bacterial cultivation, PCR, and spec-
trophotometric detection were done by optimized protocols
mentioned above. Spectrophotometric signal of tested sam-
ples at A = 530 nm was expressed as percentage of the AuNPs
signal (100%). It clearly follows from the results shown in
Fig. 4D that the presence of MRSA was confirmed in samples
2 and 8, where 80% decrease of AuNPs absorbance compared
to AuNPs was observed. In other samples, the absorbance de-
crease was almost 100% indicating the mecA gene absence.
These results are in good agreement with our previous exam-
ination and proved our fabricated chip as a powerful tool for
confirming the presence of MRSA.

4 Concluding remarks
Function of 3D-printed chip was tested on detection of mecA

gene, which occurs in MRSA only. This colorimetric detec-
tion was based on specific binding of mecA gene to the AuNPs
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labeled with thiol oligonucleotides with complementary se-
quence. Due to this fact, we were able to prove the presence
of two positive samples from eight. These samples probably
contained the sequence of mecA gene, a gene encoding in
MRSA strain, the resistance to B-lactam antibiotics. There-
fore, we can assume that this platform may be used for rapid
detection of a range of other microorganisms, in case, via
labeling of AuNPs by thiol oligonucleotides with sequence
complementary to specific genes in tested bacterial strains.
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5.4 Imunochemicka separace meticilin-rezistentniho S. aureus zaloZena
na casticich s nepfimou elektrochemickou detekci znacenymi

oligonukleotidy

5.4.1 Védecky ¢lanek 1V
CIHALOVA, K.; HEGEROVA, D.; DOSTALOVA, S.; JELINKOVA, P,
KREJCOVA, L.; MILOSAVLIEVIC, V.; KRIZKOVA, S.; KOPEL, P.; ADAM, V.
Particle-based immunochemical separation of methicillin resistant Staphylococcus
aureus with indirect electrochemical detection of labeling oligonucleotides. Analytical
Methods, 2016, ro¢. 8. ¢. 25, s. 5123-5128. ISSN 5123-5128.

Dalsi védecky cClanek se zabyval stanovenim MRSA pomoci principt testu biobarcode
(Muller, 2006) s neptimou elektrochemickou detekci detekéniho oligonuklotidu (Wang
a kol.,, 2003). Vzhledem k tomu, Ze klasické mikrobiologické kultivaéni metody jsou
Casové narocné (Juvonen a kol., 1999), rozhodli jsme se vytvoiit rychlou, citlivou a
pfesnou metodu pro stanoveni této nebezpecné bakterie.

Vtéto studii byla navrzena metoda pro detekci, kterd je zaloZzena na selektivni
sendviCové imunomagnetické separaci MRSA. Byly nasyntetizovany
superparamagnetické Castice a nemagnetické zlat¢ nanocCastice s naslednou modifikaci
povrchu streptavidinem, které slouzily jako nosie protilaitek a oligonukleotidii pro
magnetickou separaci. Tyto Castice byly charakterizovany pomoci skenovaciho
elektronového mikroskopu SEM MIRA2 LMU (Tescan, Brno, Ceska republika)
a velikost byla stanovena pomoci Malvern Zetasizer (NANO-ZS, Malvern Instruments
Ltd., Worcestershire, Velka Britdnie). V metodé¢ bylo vyuzivaino protilatek
munoglobulinu G (IgG) imobilizovanych na superparamagnetickych cCasticich pies
afinitni  interakci streptavidiu  a biotmu a Zatych nemagnetickych nanocastic
znacenych specifickymi protilatkami anti-Pls  specifickych k plasmin-sensitive  surface
proteinu, ktery je pfitomny na povrchu bunééné stény MRSA. Tyto zlaté nemagnetické
nanocastice jsou navic modifikovany 1 oligonukleotidem, ktery slouzi k detekci po
zachyceni MRSA. Vznikly sendvic je promyt a uvolnény oligonukleotid je po

denaturaci detekovan elektrochemickou metodou square wave voltametrie.
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Velikost superparamagnetickych ¢astic byla 2,3 um a u nemagnetickych zlatych
nanocastic se velkost pohybovala od 1,3 do 2,3 nm. Pfi vybranych koncentracich
bakterii, které se pohybovaly od 4 x 107 do 2 x 10* KTJ bylo stanoveno, 7 metoda je
dostatecné citlivd pro detekci bakterii v redlném vzorku stéru napt. z klinickych izolath
od pacientii s infkovanymi poranénimi, u nichZz je infekce zasaZena bakteriemi MRSA.
Vtéto studii bylo dosazeno zivéru, Ze¢ metoda je vhodnid jako rychlé a cithvé

munochemické stanoveni s nepifmou elektrochemickou detekci.
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Early detection of antibiotic-resistant bacteria causing inflammation in patients is a key for an appropriate
and timely treatment. Classical microbiological cultivation methods are time-consuming and therefore it
is necessary to discover a quick and effective method. The method used in this study is based on
a sandwich immunoreaction of bacteria with IgG immobilized on streptavidin-coated polystyrene super-
paramagnetic particles and MRSA-specific antibody immobilized on gold non-magnetic nanoparticles
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the adsorptive transfer technique. The assay is suitable for selective detection of methicillin-resistant

DOI- 10.1039/c6ay01296e Staphylococcus aureus in samples even at a concentration of 2 x 10* CFU mL™. The method can be
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1 Introduction

Staphylococci are Gram-positive bacteria that cause serious skin
and wound infections. Most staphylococcal infections are
caused by Staphylococcus aureus, which has shown emerging
antibiotic resistance.® Over 60% of staphylococcal infections in
hospitals are currently caused by methicillin-resistant S. aureus
(MRSA), which is resistant to B-lactam antibiotics.>* Rapid and
reliable identification of bacteria is a key for early detection of
bacteria in patients suffering from those infections. Moreover,
the detection of drug-resistant bacteria, such as MRSA, resistant
Pseudomonas  aeruginosa, extended-spectrum f-lactamase
producing Enterobacteriaceae, and vancomycin-resistant
Enterococcus, is even more urgent. Among others, MRSA is the
most widespread resistant human pathogen and colonization
with this organism can lead to localized or systemic infections,
which may be fatal.*

The classical selective incubation with biochemical confir-
mation,” polymerase chain reaction,® identification by mass
spectrometric methods” or immunochemical detection® are the
most commonly used microbiological methods for the detec-
tion of bacteria. However, these methods have considerable
disadvantages including expensive instrumentation and/or
duration of the analysis. Nowadays, also application of

“Department of Chemistry and Biochemistry, Mendel University in Brno, Zemedelska 1,
CZ-613 00 Brno, Czech Republic

*Central European Institute of Technology, Brno University of Technology, Purkynova
123, CZ-612 00 Brno, Czech Republic. E-mail: vojtech.adam@mendelu.cz

This journal is © The Royal Society of Chemistry 2016

flexibly modified for any other bacteria, depending on the antibodies used.

microarrays®'® as well as nanoparticle-based detection'*** are
attracting significant attention. Especially magnetic nano-
particles are extremely valuable due to the possibility to be used
for magnetic immunoseparation of bacteria from the complex
sample mixtures.">* In contrast, non-magnetic nanoparticles
are often used as signaling tags'> with a great advantage of the
multiplexing possibility.*

For rapid detection of bacteria capture using appropriate
surface antigens is beneficial. In the case of Staphylococcus
aureus (S. aureus), several well-characterized surface molecules
including protein A, fibrinogen-binding protein and proteins
that binding to the extracellular-matrix components fibro-
nectin, laminin and collagen can be employed for such
purposes. It has been suggested that these surface proteins
mediate the adherence of S. aureus to eukaryotic cells and
tissues, which is an important initial event in bacterial infec-
tion. The surface superantigenic protein A, which is able to bind
all mammalian immunoglobulins, was employed for fluores-
cent labeling of S. aureus'® in rapid assays, for indirect
chemiluminescence detection of S. aureus,’® and for simulta-
neous immobilization and labeling of S. aureus present in
milk.* Another application included immunomagnetic sepa-
ration of staphylococci with consequent detection by surface
plasmon resonance,® cultivation** or amperometry.>>

The immunoseparation methods employing magnetic
particles are beneficial due to the variability of targeted bacteria
based on the selection of antibodies used; however, the cross-
reactivity of the antibodies as well as their unavailability for
certain targets are the main disadvantages of this technique.
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For detection of MRSA at the whole-bacteria level it is
necessary to use specific surface proteins such as antibiotic-
binding proteins'®* or a specific virulence factor. Certain MRSA
strains contain a 230 kDa plasmin-sensitive (Pls) cell-wall protein
which is not present on the surface of other staphylococci* and
therefore can be employed for specific detection of MRSA.>® To
our knowledge, until now this protein has not been used for the
construction of a bead-based assay. Pls is a part of the staphy-
lococcal cassette mec, which carries the mecA gene encoding
bacterial resistance to antibiotics. This protein is associated with
poor bacterial adherence and attenuates the bacterial binding to
immobilized fibronectin and immunoglobulin G.>¢

The aim of this study was to design a rapid and reliable
method for resistant bacteria detection. The method can be
used to determine all species of bacteria and viruses with
known specific antigen and the relevant antibodies.

2 Experimental
2.1 Chemicals

All chemicals of ACS (American Chemical Society) purity were
obtained from Sigma-Aldrich (St. Louis, MO, USA) unless stated
otherwise.

2.2 Modification of magnetic particles (MPs) with human
IgG

Before modification of magnetic particles with IgG, the IgG
antibodies were modified with biotin. 500 uyL bio-
tinamidohexanoyl-6-aminohexanoic acid N-hydroxysuccinimide
ester (1 mg mL ') was added to 100 uL of IgG antibodies (10
mg mL ") and the solution was stirred in a heating block for 2
hours. The solution was stirred in a heating block for 1.5 hour
and then washing with 1 mL of phosphate buffer saline (PBS,
137 mM NaCl, 2.7 mM KCl, 1.4 mM NaH,PO,, 4.3 mM Na,HPO,,
pH 7.4) was performed three times. The surface of the magnetic
particles was modified with biotinylated human IgG according
to the protocol for the modification of Dynabeads M-280 Strep-
tavidin.”” The particle surface was blocked with 1% bovine
serum albumin (BSA).

2.3 Synthesis of gold nanoparticles (AuNPs)

Generally, 10 mL of 1 mM HAuCl,-3H,0 was stirred and heated
at 120 °C. Then a solution of sodium citrate dihydrate (40 mM,
0.5 mL) was added. The mixture was stirred overnight. Gold
nanoparticles (1250 pL) were modified with streptavidin (30 pL,
5 mg mL™") and stirred in a heating block for 1.5 hour.

2.4 Modification of gold nanoparticles with anti-Pls
antibody and oligonucleotide (20 bp)

AuNPs were modified with biotinylated anti-plasminogen anti-
body (anti-Pls/plasmin/plasminogen (biotin), Baria s.r.o., Czech
Republic). 1 mM AuNPs were incubated at 20 °C overnight with
the antibody diluted in 0.05 M carbonate buffer (pH 9.6) in ratio
of 1: 3000 (v/v). The unreacted components were washed out by
filtration through Amicon Ultra centrifugal filters (Sigma
Aldrich, St. Louis, USA) at 14 000 g for 5 min.

5124 | Anal. Methods, 2016, 8, 5123-5128
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The thiolated oligonucleotide (ODN) 5-[ThiC6]CATA-
TCACGCGCGCACTATG-3’ (Sigma-Aldrich, USA) was bound to
the gold nanoparticles by sulfur-gold affinity interaction. 2 mM
AuNPs were incubated overnight with 10 uM thiolated ODN at
45 °C and 300 rpm. Free ODNs were separated during the
washing by magnetic separation.

2.5 Characterization of the particles by scanning electron
microscopy (SEM)

The structure of the particles (3 mM solution of Dynabeads M-
280 and 1 mM AuNPs in the presence of 2 M NaCl) was char-
acterized by using a SEM MIRA2 LMU (Tescan, Brno, Czech
Republic). The SEM was fitted with an In-Beam SE detector. For
automated acquisition of the selected area, a TESCAN proprie-
tary software tool Image Snapper was used. An accelerating
voltage of 15 kV provided satisfactory results regarding the
maximum throughput. Zoom was 40 kX for Dynabeads® M-280
Streptavidin and 40.9 kX for aggregated AuNPs.

2.6 Characterization the of particle size

The average particle size and size distribution were determined
by quasielastic dynamic light scattering with a Malvern Zetasizer
(NANO-ZS, Malvern Instruments Ltd., Worcestershire, U.K.). A
suspension of nanoparticles in distilled water (1.5 mL, 1 mg
mL~") was placed into a polystyrene latex cell and measured at
a detector angle of 173°, wavelength of 633 nm, refractive index
of 0.30, real refractive index of 1.59, and temperature of 25 °C.

2.7 ELISA

The capacity of the magnetic particles for IgG capture was
verified by ELISA. Magnetic particles (50 pug) were washed three
times with PBS prior to use and resuspended in 100 pL of PBS.
Subsequently, the biotinylated human IgG antibodies (Sigma
Aldrich, St. Louis, USA) at different concentrations (0, 1, 2, 4,
and 8 uM), dissolved in 0.05 M carbonate buffer (pH 9.6) were
added and the mixture was incubated for 1 hour at 37 °C and
300 rpm. The unreacted IgG molecules were removed by
washing 5-times with 500 pL of PBS with 0.05% (v/v) Tween-20
(PBST). The surface was subsequently blocked by incubation
with 0.1% (m/v) solution of bovine serum albumin in PBS (1
hour at 37 °C) to eliminate the unspecific interactions. After
washing with PBST (5x), the particles were incubated with
a goat anti-human secondary antibody (goat anti-human anti-
body labeled with horseradish peroxidase (HRP), Sigma Aldrich,
St. Louis, USA) diluted 1 : 30 000 with PBS for 1 hour at 37 °C
and 300 rpm. The unbound secondary antibody was removed by
washing 5-times with 500 pL of PBST. In order to visualize the
interaction of the antibodies, 100 pL of HRP substrate buffer
was added (0.001% (w/v) of 3,3,5,5'-tetramethylbenzidine,
10 pL of hydrogen peroxide (30%, v/v), 0.5 mL of 2 M sodium
acetate adjusted to pH 5.8 with 1 M citric acid and 10 mL of
Milli-Q water) to magnetic particles in a microplate. After
sufficient coloring (30 min at 37 °C), the reaction was stopped
with 50 pL of 0.5 M H,SO,. The absorbance of the yellow
product was measured at 450 nm using a TECAN Sunrise
microplate reader (Switzerland).

This journal is © The Royal Society of Chemistry 2016
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2.8 Cultivation of bacteria

Methicillin-resistant  Staphylococcus aureus (NCTC 8511),
Escherichia coli (NCTC 13216) and Proteus mirabilis (NCTC
11938) were obtained from the Czech Collection of Microor-
ganisms, Faculty of Science, Masaryk University, Brno, Czech
Republic. Strains were stored in the form of a spore suspension
in 20% (v/v) glycerol at —20 °C. Prior to use, the strains were
thawed and the glycerol was removed by washing with distilled
water. The composition of cultivation medium was: tryptone
10 g L™ !, yeast extract 5 g L™, NaCl 5 g L™, (Himedia, Mumbai,
India), and sterilized Milli-Q water. pH of the cultivation
medium was adjusted to 7.4 before sterilization. The steriliza-
tion of the medium was carried out at 121 °C for 30 min in
a sterilizer (Tuttnauer 2450EL, New York, USA). The prepared
cultivation medium was inoculated with the bacterial culture in
a 25 mL Erlenmeyer flask and cultivated for 24 h on an Envi-
ronmental Shaker-Incubator ES-20 (Biosan, Riga, Latvia) at 600
rpm and 37 °C. Bacterial cultures were subsequently diluted by
using the cultivation medium to ODgy, = 0.1 (determined using
a Specord spectrophotometer 210 (Analytik, Jena, Germany))
and used in the following experiments.

2.9 Electrochemical analysis of the specific oligonucleotide
(detection of the CA peak)

A reduction signal of cytosine and adenine (CA peak) was
measured at a potential of —1.41 £+ 0.03 V by square wave vol-
tammetry (SWV) coupled with the adsorptive transfer technique
(AdTS). The measurements were carried out using a 663 VA
Stand, an 800 Dosino, an 846 Dosing Interface (Metrohm,
Herissau, Switzerland) and a standard electrochemical cell with
a three-electrode set up. A hanging mercury drop electrode with
a drop area of 0.4 mm® was used as the working electrode. An
Ag/AgCl/3 M KCI electrode was used as the reference and
a platinum wire was used as the auxiliary electrode. Parameters
of AdTS SWV were the following: initial potential of 0 V, end
potential of —1.8 V, potential step of 0.005 V, amplitude of
0.025 V, frequency of 280 Hz, and accumulation time of 120 s.
Prior to the measurements, the samples were deoxygenated
using argon (99.999%). An acetate buffer pH 5.0 (0.2 M CHj;-
COONa, CH3;COOH) was used as a supporting electrolyte. For
curve smoothing and baseline correction, the software GPES 4.9
supplied by EcoChemie was employed.

3 Results and discussion
3.1 Characterization of the particles

3.1.1 Magnetic particles. The commercial magnetic nano-
particles Dynabeads M-280 Streptavidin were used as the key
component of the procedure. According to the manufacturer's
specifications, the nanoparticle size was 2.8 um in diameter,
which was confirmed by the dynamic light scattering
measurement that revealed the majority of the nanoparticles to
be 2.3 um in diameter (Fig. 1A). Moreover, the SEM analysis
showed the spherical and uniform shape of the particles
(Fig. 1B).

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Characterization of the magnetic particles. (A) Hydrodynamic
diameter characterization determined by the dynamic light scattering
measurement of Dynabeads M-280 Streptavidin. (B) SEM micrograph
of magnetic particles Dynabeads M-280 Streptavidin.

The magnetic particles were modified with IgG antibodies
and the binding capacity to IgG was investigated. Different
concentrations of antibodies were prepared and conjugated to
the magnetic particles. Subsequently, the quantitative deter-
mination was performed using ELISA by the measurement of
the absorbance intensity at 450 nm. The highest absorbance
was determined at 8 puM concentration of IgG per mg of
magnetic particles (the value of absorbance intensity was 1.04
AU, Fig. 2A).

To demonstrate the immunoreactivity towards various
bacterial strains, the immunoseparation was carried out (1 hour
incubation of magnetic particles with bacteria) and the isolated
bacteria at the particle surface were cultivated overnight. After
24 hours, the magnetic particles were removed and the absor-
bance of the newly grown bacteria was measured. As shown in
Fig. 2B, in the case of all tested bacterial strains (MRSA, E. coli
and P. mirabilis), a significant signal was detected demon-
strating the growth of the isolated bacteria. To visualize the
interaction between magnetic particles and bacteria, the SEM
micrographs were taken. The typical image revealing the MRSA
conjugated to the particle is shown in Fig. 2C. From the SEM
micrographs, it was found out that up to four bacteria were
captured on the surface of one particle.

3.1.2 Nonmagnetic gold nanoparticles (AuNPs). After
synthesis and modification with streptavidin, the AuNPs were
characterized by dynamic light scattering and SEM. It was found
out that the majority of the particles were in the size range of

B BMRSA WE coli ®P.mirabilis
12 12 ]
S10 % { S 1.0
o Sos -
g g &
206 3 2 06 -
£ 04 £ 04 -
Z 0.2 d _'Z 0.2 -
2, ;
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0 10 20
Concentration of IgG (uM) Bacterial strains
Fig. 2 Interaction of magnetic particles. (A) The binding capacity of

magnetic particles was determined by measuring the absorbance
intensity of the ELISA reaction (for conditions see Experimental), (B)
spectrophotometric signal of the overnight grown bacteria isolated by
IgG-modified magnetic particles, and (C) SEM micrograph of the
magnetic particle with captured MRSA.

87 Anal. Methods, 2016, 8, 5123-5128 | 5125


K1PC2
Typewritten Text
87


Analytical Methods

A
30
3
< 20
z2
£ 10
2
0 T I|I T 5T %
(== s T Sl o o
— - - R
Size (nm)
100nm
Fig. 3 (A) Hydrodynamic diameter characterization of AuNPs deter-

mined by the dynamic light scattering measurement, and (B) micro-
graph of AuNPs measured using a scanning electron microscope.

1.3-2.3 nm (Fig. 3A). However, as shown in the Fig. 3B, the
nanoparticles tended to aggregate and formed clusters.

These AuNPs were surface modified by two components - (1)
anti-Pls, which is the specific antibody against the plasmin
sensitive surface protein expressed on the surface of MRSA and
(2) double-stranded detection ODN. The interaction between
the nanoparticles and the anti-Pls was confirmed spectropho-
tometrically by the presence of the two specific absorption
maxima (260 nm for anti-Pls and 510 nm for AuNPs) in the
mixture of the AuNPs with anti-Pls. The conjugate was purified
by filtration through the centrifugation filters to remove the
unreacted components. The absorption spectra of the pure anti-
Pls, AuNPs and the conjugate are shown in Fig. 4A.

The interaction between AuNPs and SH-ODN was demon-
strated by the SWV measurement. The signal of free denatured
ODNs was observed at a potential of —1.42 + 0.02 V, which is
characteristic of adenine and cytosine reduction at the hanging
mercury drop electrode.”® After mixing with AuNPs, the signal
was significantly negatively shifted to —1.45 £ 0.02 V, see Fig. 4B.

3.2 Composition of an immunosandwich for MRSA
detection

In the present study, the particle-based immunoseparation
method with electrochemical detection was proposed. The
scheme of the method is shown in Fig. 5.

A AuNPs B
AuNPs+Anti-Pls — ODN-SH
~— ODN-SH + AuNPs

0.4
=) i
<03 ¢ Anti-Pls H
b | AuNPs T
%0_2 100 nA
<
Z01
<

0 b
230 430 630 830 -1.25 -1.35 -1.45 -1.55

Wavelength (nm)

Potential (V)

Fig. 4 Confirmation of antibody and oligonucleotide binding to
AuNPs. (A) Absorbance spectra of AuNPs (blue) with an absorbance
maximum of 510 nm. Absorbance spectra of anti-Pls (66 uM, green)
with characteristic absorbance maximum for proteins (260 nm).
Absorbance spectra of gold nanoparticles bound to antibodies (red).
(B) Electrochemical detection of thiolated oligonucleotide ODN-SH
(blue) and ODN-SH on AuNPs (red) by square wave voltammetry (for
conditions see Experimental section 2.9).
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Fig. 5 Scheme of MRSA detection using magnetic separation and
electrochemical detection of oligonucleotides. Magnetic particles
modified by human IgG (1) incubated with the bacterial culture/sample
(2) for nonspecific capture (3). Gold nanoparticles modified by anti-Pls
and detection ODNSs (4) for specific conjugation to MRSA (5). Removal
of the untargeted bacteria and unreacted AuNPs by magnetic sepa-
ration (6). Thermal denaturation of the double-stranded ODNs from
the AuNPs (7) and detection of the released ODNs by SWV (8).

At first, the magnetic nanoparticles were modified with IgG
to capture all bacteria expressing immunoglobulin-binding
superantigenic proteins. These proteins are expressed on the
surface of Staphylococcus ssp. (protein A), G-group Streptococcus
ssp. (protein G), and Peptostreptococcus ssp. (protein L).*° This
step simplifies significantly the bacterial mixture, which may be
potentially very complex, leading to the immunoseparation of
this group of pathogenic bacteria only. After the magnetic
separation ensuring the removal of the unreacted components
and careful washing with PBS, the non-magnetic AuNPs labeled
by specific antibodies against MRSA (anti-Pls) were added to the
mixture forming a sandwich with MRSA captured on the
magnetic particles. These AuNPs were simultaneously labeled
by the short, double-stranded ODNs. All unreacted components
were removed by the magnetic separation and washed with PBS.
Subsequently, the mixture was heated to thermally release the
single-stranded ODNs from the complex. These ODNs were
electrochemically detected by AdTS SWV.

The sensor was tested for the detection of 4 x 10" CFU mL "
of MRSA, E. coli and P. mirabilis using 0.2 pM concentration of
the labeling ODN. As shown in Fig. 6, one peak at the position of
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Fig. 6 Detection of MRSA using various concentrations of ODNs
bound to AuNPs (0.2, 2 and 10 puM) using SWV. E. coli and P. mirabilis
were used as negative controls (10 pM ODN) (for conditions of the
AdTS SWV method see Experimental section 2.9). (A) Voltammograms
obtained by the AdTS SWV. (B) Quantification of the voltammetric
signals.
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Fig. 7 Detection of MRSA. (A) Dependence of the electrochemical
signal (nA) on applied MRSA concentration (CFU), MRSA was isolated
and detected by the presented method (key components — 8 uM IgG,
10 uM ODN, 66 uM anti-Pls). (B) Real SWV voltammograms obtained
for MRSA detection. E. coli and P. mirabilis were used as negative
controls (dashed line corresponds to the signal of the background
electrolyte). The adsorptive transfer stripping technique was used, for
conditions see Experimental section 2.9.

—1.45 V was observed for S. aureus. In order to increase the
signal and investigate the dependence of the signal on the
amount of the detection ODN present on the AuNPs, nano-
particles with three different concentrations of the ODN (0.2, 2
and 10 uM) were prepared and compared for the detection of 4 x
10”7 CFU mL™" of MRSA, E. coli and P. mirabilis (Fig. 6A). The
denatured ODNs were determined by SWV at a potential of
—1.45 £ 0.02 V, which is consistent with results obtained in
Section 3.1.2. As expected, with decreasing concentration of the
ODN on the AuNP surface (0.2-2 uM), the electrochemical signal
decreased linearly. As shown in Fig. 6, the negative controls E.
coli and P. mirabilis did not provide any electrochemical signal
even at the highest ODN concentration. The quantification of the
electrochemical signals is shown in Fig. 6B. This indicated that
the ODNs attached on the AuNP surface were not present in the
sample due to the fact that they were not captured in the
immunosandwich with bacteria and magnetic particles.

3.3 MRSA detection

Finally, the investigation of the response of the method to the
MRSA concentration was carried out. It was found out that the
electrochemical signal depends on MRSA concentration in the
sample (Fig. 7). It was possible to determine MRSA qualitatively
and quantitatively in the sample in the range from 4 x 10” to 2
x 10* CFU mL " (Fig. 7A). The sensitivity of the method is high
due to the peak presence in the lowest used concentration (2 x
10* CFU mL ') (Fig. 7B), which is sufficient for detection in real
samples, such as clinical isolates or skin smears.**>* In the case
of negative controls E. coli and P. mirabilis, no signal was
detected (Fig. 7B), which proves this method to be selective. The
principle of the detection mechanism could be used as a plat-
form for the determination of the MRSA presence in clinical
infections, in wounds or pus.** Our data could be also utilized as
a platform for compilation of the detection device for rapid
detection of resistant bacteria in a clinical environment.

4 Conclusions

Early detection of bacteria is an important factor in diagnostics
of inflammatory diseases in patients. Especially in resistant

This journal is © The Royal Society of Chemistry 2016
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bacteria, early identification of inflammatory disease plays
a significant role in the introduction of an appropriate and
timely treatment. In this study, the immunochemical assay for
MRSA detection using magnetic particles, gold nanoparticles
and oligonucleotide-based labels for electrochemical detection
was proposed and tested.
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5.5 Detekce infekénich bakterii pomocibarcode assay za pouziti

kvantovych tecek bez ucasti protilatek

5.5.1 Védecky ¢lanek V
CIHALOVA, K., HEGEROVA, D.; JIMENEZ JIMENEZ, A, M,
MILOSAVLIJEVIC, V.; KUDR, J.; SKALICKOVA, S.; HYNEK, D.; KOPEL, P
ADAM, V. Antbody-fiee detection of infectious bacteria using quantum dots-based

barcode assay. Journal of Pharmaceutical and Biomedical Analysis. Odeslano.

S. aureus, MRSA a Klebsiella pneumoniae (K. pneumoniae) jsou nejzastoupengjsi
bakterie zpisobuyjici infek¢ni onemocnéni. Vzhledem ke zvySenému uzivani antibiotik,
bakteridlni rezistence u uvedenych bakteridlnich druhii roste a zplsobuje zivazné
mfekce, které komplikuji lécbu, prodluzuji tak jeji trvani a hrozi riziko Siteni nakazy.
Pittomnost zminénych bakterii zptisobyjicich nosokomidlni infekce v nemocnicich roste
a predstavuji pro pacienta jist¢ nebezpeci Citlivé a rychlé stanoveni téchto patogenil je
rozhodujici pro G¢innou lécbu.

Cilem této studie bylo navrhnout G¢innou multiplexni metodu pro stanoveni S. aureus,
MRSA a K. pneumoniae ve vzorku souasné za pouziti magnetické separace pomoci
magnetickych Castic s nepfimou detekci kvantovych teCek. Detekce jednotlivych
bakterii byla zalozena na identifikaci specifického fragmentu genu pomoci
oligonukleotidi vdzanych k magnetickym ¢asticim a kvantovym teckdm (CdTe).
Kvantové tecky byly modifikovany 3° koncem specifického oligonukleotidu pro
hybridizaci a detekci PCR produktu. Pro detekci S. aureus byl pouzt fragment genu
fnbA, kodujici tvorbu proteinu vazajici se na fibronektin, pro MRSA to byl mecA gen,
kodujici rezistenci vici B-laktamovym antibiotikim a pro K. pneumoniae wcaG gen,
kodyjici tvorbu enzymu  guanosindifosfat-L-fukoza syntazy. Detekce byla zalozena na
riznych emisnich maximech kvantovych tecek, coz zajistilo provedeni multiplexniho
stanoveni. Limit detekce pro tuto metodu byl stanoven na 10* KTJ/ml vzorku.

Tato platforma mize byt pouzita pro detekci celé fady mikroorganismi. Barcode
technka mize byt provedena jak v laboratornich podminkdch a stejné tak mize byt

zavedena do miniaturizovanych analytickych pfiistroji. Navrhovany systém je vhodny
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pro implementaci do malovyroby ¢i dokonce do pienosnych zafizeni Tyto platformy
jsou obvykle navrzeny a vytvofeny 3D tiskem (Park a kol.) a pracuji na principu
fluorescence, elektrochemické a spektrofotometrické detekce (Pinkowitz a kol.; Ming a
kol., 2015).
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Abstract

Staphylococcus aureus, methicillin-resistant ~ Staphylococcus aureus and Klebsiella
pneumoniae are the most representative bacteria causing infectious diseases. Due to the
increased application of antibiotics, the bacterial resistance is growing causing severe
complications. Therefore, a sensitive determination of these pathogens is crucial for effective
treatment.

The aim of this study was design an effective method for multiplex detection of
Staphylococcus aureus, methicillin-resistant ~ Staphylococcus aureus and Klebsiella
pneumoniae taking advantage from properties of magnetic particles as well as fluorescent
nanoparticles (quantum dots). The method was able to detect as low concentrations of bacteria

as 10> CFU/mL using the bacteria-specific genes (fnbA, mecA and wcaG ).

Keywords: Staphylococcus aureus; Methicillin-resistant Staphylococcus aureus; Klebsiella

pneumoniae; magnetic particles; barcode; quantum dots
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1 Introduction

Microbial antibiotics resistance is one of the biggest threats as well as challenge for numerous
scientists [1]. The most attention is paid to such bacteria endangering human health [2-4], ie.
those occurring in hospitals such as Staphylococcus aureus (S. aureus) [5-8], from which
methicillin-resistant S. aureus (MRSA) bacteria evolved. MRSA is carryng a penicillin
binding protem 2a (PBP2a) encoded by mecA gene giving it the ability to be resistant against
B-lactam antbiotics [9,10]. Another such resistant specie is gram-negative Klebsiella
pneumoniae (K. pneumoniae) [11-17] causing nosocomial infections occurring in oropharynx
[18,19], gastrointestinal tract [20] and eventually on the skin [21], where strains resistant to
antibiotics occur very frequently [22]. The presence of all these strains has been increasing in
hospitals representing a threat to a patient. Therefore, fast, robust, simultaneous and easy
identification of these bacteria is crucial [23].

Traditional methods of diagnostics of bacterial mnfections are complex and time-consuming
and delay the implementation of the required treatment. Equally important for the speed of
analysis is the ability to detect all of these pathogens simultaneously in the pooled sample. For
such detection, multiplex polymerase chain reaction (mPCR) is necessary. The mPCR assays
have already been featured in a number of reports, but most of these assays have targeted
specific bacterial species only [24-26]. Taking into account the abovementioned requirements,
barcode assay can be considered effective alternative for these purposes [27,28]. Nowadays,
magnetic and non-magnetic micro- and nanoparticles present a suitable platform for barcode
assay [29,30]. The particles are used as carriers for molecules detecting a target component. A
specific affinity between the capturing molecules immobilized on particles and the target
component of the bacteria must be assured for the formation of specific binding [31,32]. The
capturing molecules belong mainly to the family of antibodies or nucleic acids in the form of

oligonucleotides. In case of bacteria, barcode assay based on oligonucleotides is preferable
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due to high costs of antibodies as well as their unavailability [33,34]. To visualize the specific
mteraction of the capturing oligonucleotide, various forms of labelling can be used [35-38].
For the fluorescence detection, quantum dots have been recently successfully reported
[39,40]. In the case of the identification of individual species, quantum dots can be used for
confirmation of their presence [41]. With regard to detection of microorganisms in a sample
mixture, so-called multiplex analysis containing quantum dots of different color and size
giving different fluorescent signals is highly preferable [42,43].

Based on the previously mentioned facts, the aim of this study was to select magnetic
particles suitable for isolation of S. aureus, MRSA and K. pneumoniae. Further, we selected
specific genes (fnbA for S. aureus [44], mecA for MRSA [45] and wcaG for K. pneumoniae
[46]), prepared complementary oligonucleotides and optimized their labelling for the

simultaneous detection. The resulted biobarcode protocol was tested on bacterial mixture

sample.

2 Materials and methods

2.1  Chemicals and pH measurement

Chemicals used in this study were purchased from Sigma-Aldrich (St. Louis, USA) m ACS
purity unless noted otherwise. The deionized water was prepared using reverse O0SMoOSis
equipment Aqual 25 (Czech Republic). The deionized water was further purified by using
apparatus MilliQ Direct QUV equipped with the UV lamp. The resistance was 18 MQ. The

pH was measured using pH meter WTW inoLab (Weiheim, Germany).
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2.2  Cultivation of bacteria strains

Bacteria causing infections (Staphylococcus aureus, methicillin-resistant Staphylococcus
aureus, Klebsiella pneumoniae) were obtained from the Czech Collection of Microorganisms,
Faculty of Science, Masaryk University, Brno, Czech Republic. The strains were stored as a
frozen stock suspension in 20% (V/v) glycerol at -20 °C until their use. Prior to use, the strains
were thawed and the glycerol was removed by washing with distilled water. The composition
of GTK cultivation medium was as follows: tryptone 5 g/L, yeast extract 2.5 g/L, glucose
1 g/lL. pH of the cultivation medium was adjusted at 7.4 before sterilization. The sterilization
of the media was carried out at 121 °C for 30 min in an autoclave (Tuttnauer 2450EL, Beit
Shemesh, Israel). The prepared cultivation media were noculated with the bacterial culture in
25 mL Erlenmeyer flasks. After noculation, the bacterial cultures were grown for 24 h on a

shaker at 600 rpm and 37 °C.

2.3 Synthesis and modification of magnetic particles for bacteria isolation

Maghemite particles were prepared according to published method [47,48]. In this study, we
prepared three types called MAN-124, MAN-125 and MAN-132a differmg mn the
experimental conditions of preparation and their properties.

Briefly, Fe(NO3);-9H,O (1.5 g) was dissolved by water (80 mL) and solution of NaBH4
(0.2 g0 m ammonia (10 mL, 3.5%) was added followed by heating at 100 °C for 2 h. After
cooling, the product was left overnight, separated by magnet, washed several times with
water. In case of MAN-124, a water solution of polyethylene glycol (PEG) 8 kDa (3 mL,
40 %) was added during stiring and mn case of MAN-125, water solution of
polyvinylpyrrolidone (0.2 g, PVP 10 kDa) was added under stirring.

MAN-132a were surface modified by water solution of PEG 4 kDa (0.5 g) and glucose (0.5 g)

added under stiring. Subsequently, the mixture was suspended in water and a solution of 1
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mM HAuCly (25 mL) was added and stirred for 1 h. Solution of trisodium citrate (0.75 mL,
0.0265 g/mL) was poured and stirred overnight.
To finalize the preparation, all suspensions were stirred overnight, separated by external

magnetic field, washed several times with water and dried at 40 °C.

2.4  Preparation of CdTe QDs covered with mercaptosuccinic acid (MSA)

CdTe QDs were prepared according to previously published protocol [49,50]. Briefly,
solution of CdTe QDs was prepared by reaction of cadmium acetate dihydrate (0.053 g in
76 mL of water) with MSA (60 mg/mL) followed by addition of 1 M NH3 (1.8 mL). Finally, a
solution of Na,TeOs; (0.0066 g/mL) was added and after few minutes 40 mg of NaBH4 was
poured to the stired solution. Solution was stirred for 1 h, volume was adjusted to 100 mL
with addition of water and after that, it was heated in vials filled with 2 mL of the solution in
microwave oven Multiwave 300 (Anton Paar, Graz, Austria) under 300 W for 10 min. For the
preparation of green QDs temperature was set to 70 °C, for orange ones to 100 °C and for red

ones to 120 °C.

2.4.1 CdTe-orange-PEG

SH-mecA Rv (50 pL, 10 uM) was added to CdTe QDs (orange, 500 pL) and shaken for 1h at
22 °C). 2 uL of 1,1'-Carbonyldimidazole (CDI, 1 mg/mL in DMSO) and 2 pL of N,N'’-
Dicyclohexylcarbodiimide (DCC, 1 mg/mL in DMSO) were added followed by addition of
5 uL of Poly(ethylene glycol) 2-aminoethyl ether acetic acid (PEG-NH,, 0.5 mg/mL). The
sample was shaken overnight, reduced on Amicon 3k, washed with phosphate buffer saline
(PBS) and finally diluted to 1 mL with PBS. By the same procedure, the QDs were labeled

with SH-fabA Rv (green QDs) and with SH-wcaG Rv (red QDs).
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2.5  Synthesis and modification of magnetic particles for gene isolation

The preparation of gold magnetic particles MAN-53 (AuMNPs) was described in Chudobova
et al. [51]. Further, the particles MAN-53 were labelled with CdTe QDs according to the
following protocols differing in target gene. For detection of S. aureus, the particles were
labeled with thiolated fabA primers 5'-[ThiC6JGCGGAGATCAAAGACAAGTA-3' mn the
case of MAN-53 and with 5'-[ThiC6]CACCATCTATAGCTGTGTGG-3' in the case of QDs.
For MRSA detection, the particles were labeled with thiolated mecA primers 5'-
[ThiC6]CCCAATTTGTCTGCCAGTTT-3' i the case of MAN-53 and with 5'-
[ThiC6JACCGTTATAATTGCGTGGAG-3" in the case of QDs. For detection of K.
pneumoniae, the MAN-53 were labeled with thiolated wcaG primers 5'-
[ThiCOJATTTGAAGAGGTTGCAAACGAT-3'" and QDs  were labeled by 5'-
[ThiC6JAAGTGAGACTTCAAAAGAACACAAG-3'. The labeling was performed in 1 M
KH,PO4 as follows: 10 pL. of MAN-53 (10 mg/mL) was diuted m 1 M KH,;PO4 and
incubated at 45 °C for 1 h under 300 rpm. Further, 90 W of QDs were mixed with 10 pl of

50 uM thiolated fhbA, mecA and wcaG primers, respectively and incubated for 24 h at 4 °C.

2.6  Characterization of particles by scanning electron microscopy (SEM)

Structure of MAN-124, MAN-125 and MAN-132a was visualized by SEM. For
documentation of the particles structure, a MIRA2 LMU (Tescan, Brno, Czech Republic) was
used. The SEM was fitted with In-Beam SE detector. An accelerating voltage of 15 kV and
beam currents about 1 nA provided satisfactory results regarding maximum throughput. For
MAN-124, MAN-127 and MAN-132a, the magnification of 100 kX, 100 kX and 5 kX was

used, respectively.
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2.7  Characterization of particle size

The average particle size and the size distribution were determined by a dynamic light
scattering (DLS) measurement using a Malvern Zetasizer (NANO-ZS, Malvern Instruments
Ltd., Worcestershire, U.K.). Nanoparticle solution (1 mg/L) i 1.5 mL of distilled water was
placed into a polystyrene latex cell and measured at a detector angle of 173°, a wavelength of

633 nm, a refractive index of 0.30, a real refractive index of 1.59, and temperature 25 °C.

2.8 Analysis of growth curves

The ability of magnetic particles to capture bacteria was determined using a growth-curve
method [52]. Bacterial cultures were isolated using the magnetic separation by MAN-124,
MAN-125 and MAN-132a. Incubation of bacteria with various types of magnetic particles
was carried out at 37 °C for 1 hour at 120 rpm in GTK medium. After the incubation, the
magnetic particles were washed by PBS and separated. The magnetic particles with the
captured bacteria were incubated at 37 °C for 1 hour at 120 rpm in GTK medium. After the
removal of the magnetic particles, the supernatants were used for growth-curves
measurement. Growth curves were determmned by measuring the absorbance using an

apparatus Multiskan EX (Thermo Fisher Scientific, Germany) at 600 nm.

2.9  Optimization of multiplex polymerase chain reaction (nPCR)

2.9.1 DNA isolation

For optimization of mPCR, the genes fnbA, mecA and wcaG were used. 2 mL of each of
tested strain (S. aureus, MRSA, Klebsiella pneumoniae) were centrifuged (5000 g, 20 °C,
10 min) and the lysis was done at 20 °C for 1 h mn 400 puL of lysis solution (6 M guanidine
hydrochloride and 0.1 M sodium acetate). Isolation of genomic DNA was performed using

MagNA Pure Compact (Roche, Germany).
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2.9.2 Amplification of fnbA, mecA and wcaG genes

The fnbA, mecA and wcaG genes were amplified using the mPCR. The sequences of primers
for amplification of the fnbA gene (191bp) were 5’-GATACAAACCCAGGTGGTGG-
3’(fabA-fw) and 5’-TGTGCTTGACCATGCTCTTC-3’(fabA-rv). For amplification of the
mecA gene (223bp), the primers 5’-CCCAATTTGTCTGCCAGTTT-3" (mecA-fw) and 5°-
TGGCAATATTAACGCACCTC-3" (mecA-rv) were used. For amplification of the wcaG
gene (133bp), the primers 5’-ATTTGAAGAGGTTGCAAACGAT-3" (wcaG-fw) and 5°-
AAGTGAGACTTCAAAAGAACACAAG-3’ (wcaG-rv) were used.

The PCR mixture from New England Biolabs (Hitchin, United Kingdom) contained the PCR
buffer (10 mM Tris—HC], pH 8.3, and 50 mM KCI with 2.5 mM MgCL), 0.2 mM of dNTPs,
0.2 uM of each pair of primers (fhbA-fw, fmbA-rv, mecA-fw, mecA-rv, wcaG-fw, wcaG-1v),
1.5 units/ul of Taqg DNA polymerase, and 100 ng of each DNA (S. aureus, MRSA, Klebsiella
pneumoniae). The PCR reaction profile was as follows: 94 °C for 4 min, 35 cycles of 94 °C
for 30 s, 45 °C for 30 s and 68 °C for 30 s and a final extension at 68 °C for 7 min. The
amplification was carried out using Mastercycler ep realplex4S (Eppendorf AG, Hamburg,

Germany).

2.9.3 Visualization of amplified genes

The amplified products were analyzed by agarose gel electrophoresis and the conditions were
as follows: 2 % agarose gel (High melt/Medum fragment, Mercury, San Diego, CA, USA)
with IXxTAE buffer, 60 V and 160 min (Bio-Rad, Hercules, CA, USA). The 100 bp DNA
ladder (New England Biolabs, Ispwich, MA, USA) was used as a molecular weight marker.
Bands were visualized via UV transilluminator at 312 nm (Viber-Lourmat, Marne-la- Valle'e

Cedex, France) and band intensities were quantified and analyzed by Carestream Molecular
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Imaging Software (Carestream, Carestream In vivo Xtreme Imaging System, Rochester, NY,

USA) and normalized to fnbA, mecA and wcaG genes control.

2.10 Biobarcoding

Three bacterial strains were prepared together at different concentrations. The concentrations
of bacteria were: 10%, 10%, or 10’ CFU/mL. After the PCR amplification, the PCR products
were denatured and incubated with MAN-53 modified with fnbA, mecA and wcaG forward
primers and CdTe (green, orange, red) modified with fnbA, mecA and wcaG reverse primers
(complementary to 3’ end of PCR amplicons). The hybridization of the PCR products was
performed in 20 mM Tris-HCI, pH 7.4. The fluorescence mtensity of CdTe QDs captured by
the formed constructs was determined by Tecan NanoQuant plate (TECAN, Mannedorf,
Switzerland). For determination of areas and signal intensity, the measured signals were
subjected to deconvolution. Absorbance scan of oligonucleotides for calculation of the

calibration was performed on Tecan NanoQuant plate (TECAN, Mannedorf, Switzerland).

3 Results and Discussion

3.1  Characterization of particles

The superparamagnetic iron oxide particles are very often used for separation of different
kinds of analytes [53,54]. Maghemite (y-Fe,O3) can be prepared in a relatively easy way, it
has perfect magnetic properties and its surface, containing also hydroxide groups, and can be
modified by numerous reagents [55]. In this study, the surface was modified with PEG
(MAN-124), PVP (MAN-125), and PEG followed by addition of tetrachloroauric acid and
reducing agent (MAN-132a). The presence of iron and gold, respectively, were confirmed by
X-ray fluorescence analyses (data not shown).  Primarily, the magnetic particles were

characterized by SEM (Fig. 1A-a, B-a, C-a) to obtain the information about morphology of
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the surface. From the SEM images, it is obvious that modification by PVP led to a better
stabilization of nanoparticles in comparison with nanoparticles covered by PEG. From the
size distribution diagram obtained by the DLS (Fig. 1A-b, 2B-b and 2C-b), it was also visible
that the most abundant particle diameters were within the range from 340 to 825 nm and from
90 to 164 nm for MAN-124 and MAN-125, respectively. In the case of MAN-132a, the
situation was different. The last step of synthesis, reduction of chloroauric acid with citrate,
led to great changes on the surface and probably to a higher agglomeration of already formed
PEG modified maghemite nanoparticles. The surface was not as porous as in previous cases
and the particles were in micrometer dimensions, which was also confirmed by DLS, where
the most abundant particle diameters were within the range from 2.5 to 3.6 pum.

Subsequently, three sizes of CdTe QDs were prepared by microwave heating at 70, 100 and
120 °C. The color was controlled under UV light using illumination by the light with a
wavelength of 312 nm and green, orange and red color, respectively, were observed. These
CdTe QDs were further modified either by PEG-NH, or by thiolated oligonucleotides
followed by addition of PEG-NH,. DLS was used to assess diameters of CdTe QDs (Fig. 1D).
The diameters of green, orange and red CdTe QDs modified by PEG-NH; only were 1.7 +
04, 35 = 0.7 and 4.8 + 0.8 nm, respectively. The modification of CdTe QDs by
oligonucleotides led to formation of bigger nanoparticles ie. 8.7 = 1.2, 13.5 + 1.8 and 15.7 £
2.5 nm, respectively. The QDs labelled by specific primers for bacteria detection were
characterized by fluorescence spectroscopy. Figure 1E-a shows the excitation spectra of
studied QDs (2 puM) within the range from 200 to 500 nm. The common excitation
wavelength of 250 nm was found to be optimal for all QDs. After the excitation wavelength
optimization, the emission spectra of QDs were measured within the range from 400 to

800 nm (Fig. 1E-b). For the primers-modified QDs (green CdTe-fabA, orange CdTe-mecA

103



and red CdTe-wcaG), the emission maxima were determined at 526, 590 and 686 nm,

respectively.
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Figure 1: Characterization of each component. A - C) characterization of different magnetic
particles — MAN-124 A, MAN-125 B, MAN-132 C (SEM (a), the size distribution of particles
(b) and SECM images (c)). Characterization of quantum dots: D) size distribution of CdTe
QDs modified by oligonucleotides. Ea) Excitation maxima of QDs, and E-b) absorption and

emission maxima of QDs.
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3.2 Optimization of bacteria isolation using modified MPs

The scheme of sample preparation used for the analysis of the growth curves is shown in Fig.
2A. Mixture of three tested bacterial strains was used for incubation and measurement of
growth curves. The growth curves were measured after incubation of magnetic particles
(MAN-124, MAN-125 and MAN-132a) with bacteria. The absorbance values for S. aureus,
MRSA and K. pneumoniae growth ware dependent on binding ability of the individual
magnetic particles. The growth curves (Fig. 2B-D) shows the quantitative growth of bacteria
after cultivation on MPs, which differed by its modification. All chosen particles exhibited the
ability to capture bacteria but in the case of MAN-132a, the growth curves showed the highest
absorbance for all chosen bacteria. Therefore, the MAN-132a were chosen for the further
experiments. A similar methodology for binding of bacteria to magnetic particles was
previously suggested for S. aureus binding [47]. The magnetic particles were modified by
graphene and glucose that was determined using biochemical reaction with electrochemical
detection of 1-naphtol. Other studies used for bacterial capture magnetic particles modified by
antibody or enzyme [38,56]. In case of method presented in this study, it is advantageous that
no antbodies are required since these are expensive and may not be available for all targeted

bacteria.
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Figure 2: The selection of MPs for bacterial capture. A) Scheme of the process (1- incubation
of bacteria with MPs for 1 hour, at 37 °C, 600 rpm in GTK medium, 2 — magnetic purification
of the captured bacteria, 3 — cultivation of captured bacteria for 1 hour, at 37 °C, 600 rpm in
GTK medium, 4 — removal of MPs, 5 - measurement of growth curves of bacteria, B) growth

curves of MRSA, C) growth curves of S. aureus, D) growth curves of K. pneumoniae.

3.3 mPCR

For determmation of S. aureus, MRSA and K. pneumoniae, the detection of specific genes
was chosen. For S. aureus, fnbA gene with the size of 191 bp was chosen, MRSA was
monitored by resistance gene mecA in size of 223 bp and K. pneumoniae was determined by
the presence of wcaG gene of size of 133 bp. Primarily, the conditions of mPCR for all three
genes were optimized individually. Optimal conditions for mPCR were determined to be
45 °C for S. aureus, 53 °C for MRSA and 50 °C for K. pneumonia, amplification time was
determined for all genes as 30 s (Fig. 3A). In all cases, 1.2 unit/ul of Taq polymerase was

employed.
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Fig. 3A shows the scheme of the process of individual testing of mPCR as well as the positive
amplification of genes by multiplex PCR. The bacteria capture on the surface of MAN-132a
were lysed and the targeted genes were amplificd. The visualization by gel electrophoresis
proved the successful and specific amplification of the genes with no contaminations. The
position of the bands was in a good agreement with the gene sizes.

Subsequently, the procedure was repeated using a mixture of all three bacterial strains. The
conditions of the mPCR were - 45 °C for 30 s and 1.5 unit/ul of Taq polymerase. It was
confirmed (Fig. 3B) that the genes were amplified even from the mixtures as visualized on the

agarose gel.

A
B
; 200bp
whihs
’ K pneumoniae ) MRSA A S. aureus $ g
133 bp 223 bp 191 bp * " Lysed cells

Figure 3: Multiplex PCR for detection of bacteria (S. aureus, MRSA, K. pneumoniae): A)
Optimal conditions for individual bacterial genes, 1.2 unit/ul. Taq 100 ng each bacteria,
annealing conditions: fnbA — S. aureus 53 °C, 30 sec, mecA — MRSA 45 °C, 30 sec, wcaG —
K. pneumoniae 50 °C, 30 sec); B) Multiplex PCR (45 °C, 30 sec, 100 ng of each bacteria

DNA.
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3.4 Biobarcoding using MP-based isolation and QD-based detection

Finally, the whole biobarcoding method was tested. The workflow of the entire process is
shown in the Fig. 4. First, selected bacteria ware captured on the surface of magnetic particles
enabling their isolation from the biological matrix. Subsequently, the captured bacterial cells
ware lysed and the mPCR was carried out to amplify the specific genes as described in the
previous chapter. Subsequently, the PCR amplicons were denatured by heating at 95 °C for
3 mn. Then, the magnetic gold nanoparticles (MAN-53) modified with fabA, mecA and
wcaG forward primers for detection of S. aureus, MRSA and K. pneumoniae respectively,
were hybridized with denatured PCR products at 45 °C for 10 mmn. After this first
hybridization, unbound impurities and unreacted components of the PCR reaction were
washed by PBS using magnetic separation. Finally, CdTe QDs modified by oligonucleotides
complementary to the 3° end of the denatured PCR products (fragment of fnbA, mecA, wcaG
gene) were added as shown in Fig 4. These sandwich constructs were washed using magnetic
separation and the signal of CdTe-fnbA, CdTe-mecA and CdTe-wcaG was detected by
measurement of the fluorescence intensity at 530, 598 and 695 nm for S. aureus, MRSA and

K. pneumoniae, respectively.
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Figure 4: Scheme of bacteria determination by multiplex barcoding. 1) mixture of bacteria
(MRSA, S. aureus, K pneumoniae), 2) addition of MPs and nonspecific capture of bacteria, 3)
lysis of bacterial cells dirrectly on the MPs surface, 4) multiplex PCR from the bacterial

lysate, 5) addition of Au-MPs labeled by specific oligonucleotides for amplified fragments, 6)
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magnetic purification from the PCR mixture, 7) addition of QDs labelled with specific
oligonucleotides for amplified fragments captured on Au-MPs, 8) magnetic purification of the

final product from unreacted QDs.

The typical signal of the biobarcode analysis obtained for the bacterial mixture is shown in
Fig. 5A. The determination is taking advantage from the fact that emission wavelength of
QDs is size dependent and therefore the nanoparticle of the same composition may provide
emission with several emission maxima and moreover, all these QDs can be excited by a
single wavelength (e.g. 250 nm). In this way, a flexible platform can be easily prepared to set
up the method upon request by selecting the appropriate oligonucleotide sequences.

To demonstrate the applicability of the method i practice, detection of bacteria at various
concentrations was carried out. As shown in Fig. 5B, the proposed method was capable to
detect selected bacteria already at 10> CFU/ml, which is sufficient even for clinical
applications [57-59]. Moreover, the method exhibited the highest sensitivity for MRSA,
which presents currently one of the biggest problems due to the fact that the increasing
occurrence of these bacteria, resistant to the antibiotics, leads to spread of the nosocomial
nfections, which are extremely hard to treat. Therefore, the early stage sensitive detection of

these resistant bacterial strains is crucial for implementation of the proper treatment.
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Figure 5: Quantification of bacteria. A) Typical emission spectrum of QDs mixture of
isolated bacterial specific genes, B) Dependence of fluorescence mtensity of QDs on

increasing amount of bacteria.

Conclusions

In the presented work, a biobarcode assay using CdTe QDs was suggested and tested for the
detection of presence of S. aureus, MRSA and K. pneumoniae. This detection was based on
various emission maxima of CdTe QDs modified by specific oligonucleotides complementary
to 3’ end of detection PCR product. This platform can be used also for rapid detection of a
range of other microorganisms. Barcode technique can be carried out either under laboratory
conditions and using the classic laboratory equipment and also in a wide range of automated
mstruments, however due to the rapid development of miniaturized analytical devices, the
proposed method is well suitable to be implemented into small-scale or even portable devices.
These platforms are usually designed and formed by 3D printing [60] and operate mostly on
the principle of fluorescence, electrochemical and spectrophotometric detection [61,62] or

acquirng of a barcode using a camera [63].
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5.6 Riist a tvorba biofilmu S. aureus a MRSA po 1écbé antibiotik a
SeNPs

5.6.1 Védecky ¢lanek VI
CIHALOVA, K.; CHUDOBOVA, D.; MICHALEK, P.; MOULICK, A.; GURAN, R.;
KOPEL, P.; ADAM, V.; KIZEK, R. Staphylococcus aureus and MRSA Growth and
Biofilm Formation after Treatment with Antibiotics and SeNPs. International Journal
of Molecular Sciences, 2015, ro¢. 16. ¢. 10, s. 24656-24672. ISSN 1422-0067.

Po rychlé, presné a citlivé diagnostice bakteridlnich druhti v infekénfim onemocnéni
nasleduje nasazeni vhodného lé¢iva v podobé antibiotika, které je vybrano tak, aby bylo
na piitomnou skupinu bakteri vinfekci co nejucinngj$i (Paterson a kol.,, 2005).
Vzhledem k vyskytu aneustdlému vyvoji bakterialni rezistence, je dulezité zvolit
skupinu antibiotik tak, aby obsazené druhy bakterii byly cilem U¢inku téchto antibiotik
(Doern a kol.,, 1997). OvSsem dlouhodobym podavanim jednoho druhu antibiotik je
vmik rezistence u bakterii vinfekci pravdépodobnéjsi, a proto je moznosti tato
antibiotika nahradit alternativou, ktera mize byt v podobé nanocastic kova (Doern,
Brueggemann, Pierce, Holleya Rauch, 1997), anebo jen uc¢inek antibiotk nanocasticemi
podpofit. Jak jiz bylo zminéno, MRSA disponuje rezstenci vi€i -laktamovym
antibiotiklim, mezi které patii penicilin, oxacilin ¢i ampicilin, a tak je jeho IéCba
komplikovana (Baba a kol., 2002; Rand a kol., 2004). V této studii jsme se rozhodli
testovat, jaky UCinek maji tato antibiotka na S. aureus a MRSA v kombinaci
s nano¢asticemi selenu (SeNPs), které samy o sob¢é zplsobuji hibici ristu bakterii
(Chudobova, Cihalova, Dostalova, Ruttkay-Nedecky, Rodrigo, Tmejova, Kopel, Nejdl,
Kudr, Gumulec, Krizkova, Kynicky, Kizeka Adam, 2014).

Cilem této prace bylo sledovani ristovych vlastnosti a schopnosti tvorby biofilmu
uS. aureus a MRSA po aplikaci antibiotik a SeNPs v komplexu s antibiotiky. Vysledky
poukazuji na siny mhibicni G¢inek komplexti SeNPs a antibiotik. Méfenim impedance
bylo pozorovano i vyS$i naruseni biofimu u¢inkem komplexi nez samotnych antibiotik.
Tvorba biofilmu byla pro S. aureus mhibovana o 99 % + 7 % a pro MRSA o 94 % +
4% U¢inkem komplexii SeNPs s antibiotiky, zatimco pro antibiotka samotnd byl
mhibi¢ni u€mek pro S. aureus 79 % + 5 % a pro MRSA jen 16 % + 2 %. Po vystaveni
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pusobeni nizké koncentrace B-laktamovych antibiotk (50 pM) a jejich komplexti se
selenovymi nanoCasticemi byla stanovena mtenzita exprese MECA genu pro S. aureus
a MRSA. Vysledkem byla vysokd exprese tohoto genu u MRSA v piipadé¢ plsobeni
samotnych antibiotik. U komplexi antibiotik a selenovych nanocastic byla exprese
tohoto genu nizsi. V piipadé S. aureus byla exprese jen vnékterych piipadech, a to
nepatrnd. Zmény byly pozorovany 1 vproteinovém slozeni bakteri po aplikaci
antbiotikk a testovanych komplext. Vysledky ziskané touto studii poskytuji zaklad pro
pouziti SeNPs jako nastroje pro lécbu bakteridlnich infekci, které mohou byt vzhledem

ke zvySyjici se bakteridlni rezistenci vii¢i konvenénim Ié¢ivim vysoce komplikovang.
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Abstract: Methicillin-resistant Staphylococcus aureus (MRSA) is a dangerous pathogen
resistant to B-lactam antibiotics. Due to its resistance, it is difficult to manage the infections
caused by this strain. We examined this issue in terms of observation of the growth
properties and ability to form biofilms in sensitive S. aureus and MRSA after the
application of antibiotics (ATBs)—ampicillin, oxacillin and penicillin—and complexes of
selenium nanoparticles (SeNPs) with these ATBs. The results suggest the strong inhibition
effect of SeNPs in complexes with conventional ATBs. Using the impedance method, a
higher disruption of biofilms was observed after the application of ATB complexes with
SeNPs compared to the group exposed to ATBs without SeNPs. The biofilm formation was
intensely inhibited (up to 99% + 7% for S. aureus and up to 94% + 4% for MRSA) after
application of SeNPs in comparison with bacteria without antibacterial compounds whereas
ATBs without SeNPs inhibited S. aureus up to 79% =+ 5% and MRSA up to 16% =+ 2%
only. The obtained results provide a basis for the use of SeNPs as a tool for the treatment
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of bacterial infections, which can be complicated because of increasing resistance of
bacteria to conventional ATB drugs.

Keywords: Staphylococcus aureus; methicillin-resistant Staphylococcus —aureus;
antibiotics; selenium nanoparticles

1. Introduction

The formation of biofilms is a natural property of a wide range of bacterial species [1,2]. These species
can cause many serious bacterial infections initiating serious complications [3—5]. Staphylococci are
recognized as the most frequent causes of biofilm-associated infections [6], dental plaque [7] and this
exceptional status among biofilm-associated pathogens is due to the fact that they are frequent commensal
bacteria on the human skin and mucous surfaces (and those of many other mammals).

Excessive use of methicillin antibiotics (ATBs) led to the formation of methicillin-resistant
S. aureus (MRSA) with adhesion properties. The occurrence of resistant strains of bacteria is a
complication of all medical practices that are commonly encountered in recent time with CA-MRSA
(community-associated methicillin-resistant S. aureus) [8] and HA-MRSA (hospital-acquired
methicillin-resistant S. aureus) [9]. These strains are unlike non-resistant S. aureus resistant to B-lactam
ATBs [10]. All MRSA strains carry an acquired genetic determinant-mecA or mecC- which encodes
low affinity penicillin binding proteins-PBP2a [11]. The mecA gene is present on a Staphylococcal
cassette chromosome mec (SCCmec), which is a genomic island that concentrates B-lactam ATBs
resistance genes and other resistance genes [12]. The majority of MRSA found in clinical testing are
multidrug resistant (MDR) [13]. MRSA may be resistant to other groups of antibiotics such as
aminoglycosids, cefalosporins, penicillins or glycopeptides. Included in the glycopeptides group is
vancomycin, which has long been considered the antibiotic of last resort against serious and
multi-drug-resistant infections caused by Gram-positive bacteria. However, vancomycin resistance has
emerged, first in enterococci [14,15] and, more recently, in Staphylococcus aureus [16].

Because of an increasing resistance of bacterial species to ATBs, it is necessary to develop new
methods for bacterial inhibition. Recently, scientists were increasingly focused on the activity of silver
nanoparticles that exhibit antibacterial, antiviral and antifungal effects [17], as in the case of gold
nanoparticles [18], TiO2 nanoparticles [19], or a mixture of Ag/ZnO nanoparticles [20]. A study [21]
compared the antibacterial effect between silver and selenium nanoparticles; antibacterial effects of
selenium nanoparticles inhibited the bacteria S. aureus surprisingly better than nanoparticles of silver
phosphate. In another study, selenium nanoparticles (SeNPs) showed good properties as antibacterial
drugs. The effect of selenium nanoparticles was confirmed in a study by Tran et al. [22] that showed
that the growth of S. aureus is inhibited after three hours of incubation with SeNPs. The combination
of ATBs drugs, which are aimed at groups of multi-drug resistant bacteria [23], with the metal
nanoparticles can also represent a new alternative as pharmaceutical tools with a high antibacterial
effect on a broad spectrum of both resistant and non-resistant bacteria [24]. Metal nanoparticles
interacting with cellular components (DNA, RNA and ribosomes) deactivate and effectively alter
cellular processes [25]. Metal nanoparticles penetrate the cell membrane to reach the cytosol due to
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their ability to dissolve slowly while releasing ions, but the exact mechanism of the metal
nanoparticles antimicrobial action remains unclear [21].

For determining antibacterial effect to resistant bacteria we compared non-resistant S. aureus and
methicillin-resistant S. aureus. This study examined the changes on the cellular level in cultures of
S. aureus and MRSA after incubation with ATBs and complexes of SeNPs with ATBs. At the same
time, attention was focused on the changes of biofilm formation after ATBs and complexes of SeNPs
with ATBs treatment. Real-time cell analysis (RTCA) on xCELLigence device was used for this
determination [26,27]. The method works on the principle of cell adhesion on the surface of electrodes,
which modulates the resulting impedance [28]. In the case of bacteria adherence of biofilm on the
surface of the electrodes occurs [29] and thereby the change of the relative impedance is observed [30].
The study was supported through monitoring of the activity of the expression process of ATB
resistance genes.

2. Results and Discussion
2.1. Influence of Antibacterial Compounds to Growth Properties

Microbiological determination of the inhibition zone sizes showed evident inhibitory effect
resulting from the application of SeNPs enhanced by forming a complex with ampicillin, oxacillin and
penicillin. The ATBs alone demonstrated antibacterial properties only for sensitive S. aureus with sizes
of the growth inhibition zones within the range of 4-12 mm (Figure 1A). However, the complexes of
SeNPs with ATBs showed the significant antibacterial effect with inhibition zone sizes within the range
of 6-13 mm for sensitive S. aureus (Figure 1(Aa)) and 3—5 mm for MRSA (Figure 1(Ab)). After the
application of ampicillin, the observed sizes of growth inhibition zones were 4 and 6 mm for non-resistant
S. aureus (Figure 1(Aa)) and 0 and 4 mm for MRSA (Figure 1(Ab)). Application of oxacillin provided
the highest growth inhibition zones with sizes of 12 and 13 mm for non-resistant S. aureus (Figure 1(Aa))
and 0 and 5 mm for MRSA (Figure 1(Ab)). In the case of penicillin, the sizes of inhibition zones were
7 and 8 mm for non-resistant S. aureus (Figure 1(Aa)) and 0 and 3 mm for MRSA (Figure 1(Ab)).
Application of other drugs exhibited similar results. Although MRSA did not form inhibition zones
after application of the discs containing ATBs without SeNPs, complexes of SeNPs with ATBs
manifested inhibition zones between 4—6 mm. Application of complex of SeNPs with AMP, OXA,
PNC has about 0%, 25%, 54% higher inhibition effect than SeNPs alone for non-resistant S. aureus,
respectively, and about 25%, 40%, 0% higher inhibition effect than SeNPs alone for MRSA,
respectively. The inhibition effect of SeNPs is about 50% higher for non-resistant S. aureus than for
MRSA. In the case of non-resistant S. aureus, larger inhibition zones were observed after the
application of complexes of SeNPs with ATBs than ATBs alone. In the non-resistant S. aureus case,
ampicillin, oxacillin and penicillin caused higher inhibitory effects (44%, 8% and 13% respectively)
when applied in combination with SeNPs than ATBs alone (Figure 1(Aa)). Application of ATBs in
combination with SeNPs caused 100% higher inhibition effect because ATBs do not cause formation of
the inhibition zones (Figure 1(Ab)). Muhsin et al. [31] reported that the application of silver
nanoparticles caused a 17 mm wide growth inhibition zone for S. aureus. On the other hand, the use
of gentamycin alone could cause a growth inhibition zone of larger size (31 mm). However, the
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modification of silver nanoparticles with gentamycin showed a small increase of the

16

width up to 33 mm [31].
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Figure 1. (A) Determination of inhibition zones after application of circular discs on the

S. aureus (a) and MRSA (b) strains with 100 uM concentration of ampicillin, oxacillin,
penicillin or complexes (100 uM of nanoparticles and 100 uM of ATBs) of SeNPs with
ampicillin, SeNPs with oxacillin and SeNPs with penicillin. Cultivation was carried out at

37 °C for 24 h; (B) Optimization of SeNPs concentration for non-resistant S. aureus (a)

and MRSA (b) for other measurements; (C) Growth curves after application of ATBs

(ampicillin—red line, oxacillin-green line, penicillin—purple line) on S. aureus (a) and
MRSA (¢)—blue line and complexes of SeNPs (100 uM) with the same ATBs (100 uM)
S. aureus (b) and MRSA (d)—blue line. All data represent mean £+ S.D. NS, not
significant, * p < 0.05.
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The antibacterial activity of ATBs or their complexes with SeNPs after 24 h was confirmed by the
method of the growth curves [21]. The 50% inhibitory concentration was determined in the previous
study [21] and for our study, 100 uM concentrations of SeNPs in combination with 100 uM of ATB
(Figure 1(Ba,b)) was used. Concentration of SeNPs that showed inhibitory differences between
non-resistant S. aureus and MRSA were selected for measurements in this paper. ATBs concentrations
were chosen on the basis of previous measurements. For the comparison of ATBs with or without
SeNPs, we used only one concentration (100 uM) of ATBs, and it was found that the ATBs applied in
combination with SeNPs (100 uM) showed a greater antibacterial effect than ATBs alone. The
inhibition effect of ATBs was significant on a non-resistant S. aureus (Figure 1(Ca)). But in the case of
MRSA, ATBs, as expected, were mostly ineffective (Figure 1(Cc)). Only oxacillin showed low
antibacterial activity with MRSA without antibacterial compounds. The application of complexes of
SeNPs with ATBs caused almost complete inhibition of both strains (non-resistant S. aureus and
MRSA) in the case of all 3 types of applied ATBs-ampicillin, oxacillin, penicillin (Figure 1(Cb,d)).

2.2. Influence of Antibacterial Compounds to Biofilm Formation

The assessment of the antimicrobial components was further carried out to test the viability of the
cells. The relative impedance depending on the adherence of cell culture to the gold electrodes in real
time was used for this purpose. Real time xCELLigence analysis system is an impedance-based cell
detection platform that provides a non-invasive, label-free way for continuous cellular monitoring [32—34].
This method has been used in many published research studies [27,35-37]. Junka et al. [28] showed
that xCELLigence system can also be useful for microbiological tests, including (i) measurements of
morphological changes in prokaryotic cells; (ii) measurement of bacterial biofilm formation and
(ii1) impact of antiseptics on the biofilm structure.

Figure 2A depicts the application of SeNPs on the non-resistant S. aureus and MRSA, showing that
the biofilm formation was more hampered in presence of SeNPs than in control (S. aureus or MRSA
without application of antibacterial components). The xXCELLigence suitability for the microbiological
tests was confirmed in the same way as in the study previously conducted by Junka et al. [28]. The
tested bacteria must always be able to adhere on the surface of electrode at the bottom in the measuring
well [7,38]. The ability to destroy the biofilm formation is one of the virulence factors in bacteria with
low sensitivity to ATBs [39].

After application of the antibacterial agents, the biofilm is disrupted and bacterial cells are released
from the surface of electrodes. This trend is measured as an impedance values and depicted in the
graph (Figure 2A,B). The differences in the relative impedance of S. aureus showed decreases in the
values of all components applied in comparison with the control, which is caused by balanced
violation of the biofilm formed on the electrode surface. In the case of non-resistant S. aureus, ATBs
and complexes of SeNPs with ATBs disrupted the bacterial biofilm, and after that a higher effect on
these bacteria could be seen (Figure 2A). The biofilm formed by MRSA (Figure 2(Bb,c)) was more
resistant to ATBs and complexes of SeNPs with ATBs than the biofilm formed by the non-resistant
S. aureus (Figure 2(Ab,c)). Figure 2B shows the percentage decrease of biofilm formation after
application of ATBs and complexes of SeNPs with ATBs in comparison with control. The control
sample of non-resistant S. aureus reached the relative impedance values of 0.29 and the control sample
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of MRSA reached 0.52 after 24-h measurement and from these values the decrease of the relative
impedance after application of ATBs and complexes of SeNPs with ATBs was calculated. The
measurements were performed in triplicates. Low adhesion showed a decreasing trend caused by the
biofilm formation on the electrodes, and from this we can conclude that the application of ATBs and
complexes of SeNPs with ATBs caused disruption of the biofilm on the electrodes. The results are
summarized in Table 1.
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Figure 2. (A) Monitoring of biofilm disruption after application of 100 uM SeNPs on
S. aureus—Dblue line (a) and ATBs (100 uM): ampicillin—red line, oxacillin—green line,
penicillin—purple line on S. aureus—blue line (b) and complexes of SeNPs (100 uM) with
the same ATBs (100 uM) on S. aureus—blue line (c); (B) Monitoring of biofilm disruption
after application of 100 uM SeNPs on MRSA—blue line (a) and ATBs (100 uM)
ampicillin—red line, oxacillin—green line, penicillin—purple line on MRSA—blue line
(b) and complexes of SeNPs (100 uM) with the same ATBs (100 uM) on MRSA—blue
line (¢); (C) Comparison of differences in relative impedance after application of 100 uM
concentration of ATBs or complexes of ATBs with SeNPs (100 uM) and SeNPs alone
(100 uM) on S. aureus (a) and MRSA (b) after 24 h of measurement. All data represent
mean + S.D. from three measurements, NS, not significant, * p < 0.05.
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Table 1. Percentage disruption of biofilm after treatment of antibacterial component
(ATBs, SeNPs + ATBs) after 24 h (Figure 2(Ca,b)).

Biofilm Disruption (%)

Compounds S. aureus MRSA
ATB SeNPs + ATBs ATB SeNPs + ATBs
AMP 74 +2 93 +3 6+5 94 +4
OXA 79+5 96 +2 16 £2 93 +4
PNC 71+2 99+7 0 86+2
SeNPs 81+4 55+3

The application of complex of SeNPs with ATBs (SeNPs with ampicillin, SeNPs with oxacillin,
SeNPs with penicillin) caused a twofold decrease in the relative impedance compared to ATBs only.
For non-resistant S. aureus the significantly higher effect of SeNPs with ATBs was not observed,
however increased inhibition of biofilm formation in case of complexes of SeNPs with ATBs
was confirmed.

2.3. Determination of Expression Intensity of mecA Gene

The mecA gene is responsible for bacterial resistance to P-lactam ATBs and occurs at
staphylococcal chromosome cassette mec (SCCmec), which besides mecA gene contains a number of
other genes causing the resistance [10]. Its expression was monitored after application and also after
24-h cultivation in the presence of ATBs alone (50 uM) or at same concentration of ATBs in
complexes with SeNPs (100 uM). Bacterial strain MRSA even without drugs application always
exhibited the expression of this gene in comparison with the strain of S. aureus, where this expressed
gene was absent.

Expression of the mecA gene in MRSA without antibacterial compounds was higher (by 84%) than
the standard expression of the /65 gene. Fluorescence values of /65 (the housekeeping gene with a
luminescence level 13,098 a.u. (absorbance units) for non-resistant S. aureus and 12,544 a.u. for
MRSA) ware subtracted from the mecA4 (Figure 3A).

For non-resistant S. aureus the expression of mecA gene reached the intensity of fluorescence of
13,059 a.u. while for MRSA was the fluorescence intensity much higher (36 times). S. aureus grew
only in the presence of 50 puM ampicillin and penicillin, but not in the presence of 50 uM
concentration of oxacillin. For ampicillin and penicillin, non-resistant S. aureus reached a very low
expression of mecA gene (17,315 and 15,543 a.u., respectively). MRSA showed higher expression by
14% in the case of using 50 uM concentrations of ampicillin or oxacillin, and low expression of mecA
gene after 24 h cultivation with 50 uM penicillin, when comparing with MRSA without application of
antibacterial compounds (Figure 3A).

In MRSA, the expression of the mecA gene was decreased after application of ATBs with selenium
nanoparticles when compared with expression of the mec4 gene in MRSA without antibacterial
compounds. Higher fluorescence intensity of mecA gene expression was observed in MRSA after
incubation with 50 uM of ATBs (ampicillin, oxacillin and penicillin) alone (Figure 3), as compared to
complexes of SeNPs with ATBs, for which the fluorescence intensities of expression were 48%, 70%
and 90% lower, respectively (Figure 3B).
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In non-resistant S. aureus, mecA gene expression was observed to be 37% higher after incubation
with 50 uM concentration of ampicillin in comparison with control (S. aureus without antibacterial
compounds). Non-resistant S. aureus did not grow after application of oxacillin (50 uM) thus, gene
expression could not be determined (Figure 3B). In the case of ATBs with selenium nanoparticles,
the growth of non-resistant S. aureus was observed only after application of 50 uM concentration of
penicillin (Figure 3B). The expression was measurable only in the case of penicillin. This expression
was by 7% higher compared to non-resistant S. aureus without antibacterial compounds.

MecA gene expression in resistant strains of bacteria was discussed in the study of Rudkin et al. [40],
where the use of different concentrations of oxacillin increased the level of expression of mecA gene
and they detected a higher level of toxicity in CA-MRSA than in HA-MRSA. It was observed, that in
the HA-MRSA, high expression of PBP2a reduced the toxicity by disrupting the agr quorum sensing
system, which controls the expression of virulence.
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Figure 3. Monitoring of mecA gene expression in bacterial strains S. aureus and MRSA
after 24 h of growth with (A) 50 uM ATBs concentration and with (B) 100 puM
concentration of SeNPs with 50 uM ATBs concentration in complexes using PCR and
subsequent gel electrophoresis. Controls are bacterial strains (S. aureus and MRSA)
without application of antibacterial component. All data represent mean + S.D. NS, not
significant, * p < 0.05.

2.4. Determination of Changes in Protein Structure

The significant changes in the protein composition of bacterial strains caused by the effect of
selenium nanoparticles were observed using mass spectrometry. In the mass spectra of non-resistant
S. aureus with different ATBs, three peaks with m/z 4306, 6355 and 6845 were selected as significant
peaks showing the differences between mass spectra (Figure 4A). Similarly, in the mass spectra of
MRSA, peaks with m/z 5303, 6356 and 7567 were selected (Figure 4B). Peaks with the same or similar
m/z value were described in various publications [41,42]. It is obvious that the presence of selenium
nanoparticles causes distinct changes in protein profiles—according to the mass spectra, the most
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efficient were SeNPs with oxacillin in the case of non-resistant S. aureus (Figure 4A) and with
ampicillin and penicillin in the case of MRSA (Figure 4B). These compounds caused the suppressed
expression of almost all proteins compared to the control strain of non-resistant S. aureus and MRSA
without the addition of SeNPs (Figure 4A,B). These results can be a suitable basis for comparison of
the protein representation and their effect on the pathogenicity of bacteria.
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Figure 4. The comparison of MALDI-TOF mass spectra of (A) S. aureus and (B) MRSA
with ampicillin, SeNPs with ampicillin, oxacillin, SeNPs with oxacillin, penicillin and
SeNPs with penicillin. The analysis was performed in linear positive mode. A solution of
2,5-dihydroxybenzoic acid (concentration 20 mg-mL ') in 30% acetonitrile and 0%, 1%
trifluoroacetic acid was used as a matrix. The laser power was set to 75%. The highlighted
peaks show the biggest differences in compared spectra.

These protein changes may affect the pathogenicity of bacteria. Interaction of metal ions with DNA
can affect the protein-DNA interactions [43]. In the case of silver nanoparticles, the interaction with
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DNA or proteins can occur through Ag-N bonding [44] and selenium can assume a similar mechanism
of bonding to DNA. This process in prokaryotes regulates the expression of a number of genes in
virulence and pathogenesis [45]. Similarly, the study of Gopal et al. [46] refers to the changes in the
protein profile of bacteria measured by mass spectrometry in bacterial cultures of S. aureus and
Pseudomonas aeruginosa, which were incubated for 24 h with Ag, ZnO, TiO2, NiO and Pt
nanoparticles. Between 2—6 h of incubation, no change in the signal was observed, while rapid
decrease of signal occurred between 1224 h of incubation with Ag, ZnO and TiO2 nanoparticles in
both tested bacterial strains in comparison with the control. After the application of NiO NPs and Pt
NPs, no changes were observed.

This test determined minimum inhibitory concentration of individual substance for non-resistant
S. aureus and MRSA and from these values were calculated FICI (fractional inhibitory concentration
index) indicating the synergy or antagonism of two substances. For S. aureus, the values of FICI were
for SeNPs with AMP and SeNPs with PNC was partly synergistic and for SeNPs with oxacillin had
additive effect. In the case of MRSA, complexes of SeNPs with AMP and SeNPs with PNC were
determined the FICI as 0.53 and for SeNPs with OXA 0.57 indicating partial synergy between the
SeNPs and ATBs (Table 2). These results are very important for inhibition of resistant bacteria,
because a synergism occurs between the SeNPs and ATBs, due to that bacteria in the sample are
inhibited by the effect of both substances in the complex. The results thus suggest that the
combinations of SeNPs with ATBs exhibited improved inhibition of methicillin-resistant bacteria with
partial synergy or additive effect. Drugs were assayed separately, thus confirming the hypothesis that
antibiotic-resistant inhibitors combined with antibiotics are a potential method for solving the problem

caused by resistant bacteria.

Table 2. Minimum inhibitory concentration and FICI values of SeNPs with antibiotics.

Strain MIC (uM) FICI
AMP OXA PNC SeNPs SeNPs+AMP  SeNPs+ OXA SeNPs+ PNC
S. aureus 50 25 50 10 0.70 0.90 0.70
MRSA 300 150 300 20 0.53 0.57 0.53

3. Experimental Section
3.1. Cultivation of S. aureus and MRSA

S. aureus (NCTC 8511) and MRSA (ST239) were obtained from the Czech Collection of
Microorganisms, Faculty of Science, Masaryk University, Brno, Czech Republic. Cultivation media
(LB = Luria Bertani) were inoculated with bacterial culture and were cultivated for 24 h on a shaker
at 40x g and 37 °C. Bacterial culture was diluted by cultivation medium to ODesoo = 0.1 for the

following experiments.
3.2. Testing of Antibacterial Properties

Inhibition zones and growth curves were used to test of the antibacterial properties. Petri dishes
were covered by 24-h grown culture of non-resistant S. aureus and MRSA with 3 mL of LB medium.
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Circular pieces of fabric (VUP Medical Brno, Brno, Czech Republic) with a diameter of 1 cm were
soaked with solutions of ampicillin, oxacillin and penicillin (100 pM) or complexes of selenium
nanoparticles (SeNPs) with 100 uM concentration of the same ATBs. The Petri dishes were incubated
at 37 °C for 24 h.

The antimicrobial effect of tested compounds was determined by measuring the absorbance using
an apparatus Multiskan EX (Thermo Fisher Scientific, Schwerte, Germany). In a microtitration plate,
S. aureus and MRSA cultures were mixed with ATBs and complexes of SeNPs with ATBs. The total
volume in the microtitration plate wells was always 300 uL [21].

3.3. Preparation of the SeNPs and Complexes of SeNPs with ATBs

Chitosan at 0.1 g was dissolved in 9 mL of water. Then, 0.1 mL of acetic acid was added with 1 mL
of NaxSeO3-5H20 (0.263 g/50 mL) solution. After, the solution was mixed for 1 h. Subsequently,
10 uL of mercaptopropionic acid was added and the solution was stirred for 1 h. Then the pH of the
solution was adjusted to 7 by 1 M NaOH (1.4 mL), and the color of the samples became pale orange.
The samples were stirred vigorously for 3 h at 25 °C. Then the samples were left at 60 °C for 24 h on
magnetic stirrer. After 24 h, the ATBs (ampicillin, oxacillin and penicillin) were added and the final
concentrations of ATBs for each complex of SeNPs with ATBs were 1 mM.

3.4. Measuring the Biofilm Formed by S. aureus and MRSA Followed by Application of ATBs

The xCELLigence system consists of four main components: the Real time cell analyzer dual plate
(RTCA DP), the RTCA DP station, the RTCA computer with integrated software and disposable
E-plate 16. Firstly, the optimal seeding concentration for proliferation and RTCA assay of non-resistant
S. aureus and MRSA were determined. For further measurements, a concentration of 3.7 x 107 CFU/mL
was selected. S. aureus and MRSA with ATBs (ampicillin, oxacillin and penicillin) were put in to
the appropriate wells of E-Plate 16 in concentration of 100 uM in a total volume of 250 uL. The
measuring was conducted at 37 °C for 48 h in 15-min intervals.

3.5. Gene Expression
3.5.1. Isolation of RNA

Bacterial cultures (1 x 10% of cells) were centrifuged at 6000 rpm and 20 °C for 10 min and the
pellets were resuspended in 100 pL of PBS buffer, 100 pL of Tissue Lysis Buffer and 0.1 uL of RNase
inhibitors. This volume was pipetted into the sample tube from MagNA Pure Compact RNA Isolation
Kit (Roche, Basel, Switzerland), and inserted with other instruments on the appropriate place in the
machine. In the second row of the machine, the vials with 20 pL of DNAase were inserted. Next steps
were carried out according to the manufacturer’s instructions (“RNA Cell” protocol MagNA).
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3.5.2. Reverse Transcription and Amplification of cDNA for mecA Gene

The mRNA was converted to cDNA using Transcriptor First Strand cDNA Synthesis Kit (Roche,
Basel, Switzerland), using random hexamers. The reaction profile was as follows: 25 °C for 10 min,
55 °C for 30 min and 85 °C for 5 min.

The mecA gene was amplified using polymerase chain reaction. The sequences of forward and
reverse primers for mecA gene were 5'-CCCAATTTGTCTGCCAGTTT-3', and 5'-TGGCAATATTA
ACGCACCTC-3', respectively. The final volume of the PCR reaction mixture was 25 pL containing
17.3 pL of sterile water, 2.5 pL. of 1x Taq reaction buffer, 0.5 pL of 100 mM dNTP, 1 pL of forward
primer, 1 pL of reverse primer and 0.2 pL of Tag DNA polymerase (Sigma-Aldrich, St. Louis, MO,
USA) and 2.5 pL of cDNA. The reaction profile was as follows: 30 cycles of 94 °C for 3 min, 53 °C
for 30 s and 72 °C for 30 s and a final extension at 72 °C for 4 min. The amplification was carried out
using Mastercycler ep realplex4S (Eppendorf AG, Hamburg, Germany) and a 223 bp fragment for
mecA gene was obtained.

3.5.3. Visualization and Quantification of Gene Expression

cDNA was mixed with loading buffer and then pipetted into the wells of 1.5% agarose gel with
ethidium bromide and the electrophoresis was run in 1x TAE buffer for 90 min at 90 V. The bands
were visualized by UV transilluminator at 312 nm (VilberLourmat, Marne-la-Valle’e Cedex, France)
and band intensities were quantified and analyzed by Carestream Molecular Imaging Software using
In vivo Xtreme Imaging System (Rochester, NY, USA) and normalized to /6S gene.

3.6. Determination of Protein Fingerprints by MALDI-TOF

Overnight culture (500 pL, 0.1 OD) was centrifuged at 14,000x g for 2 min. The supernatant was
discarded and the pellet was suspended in 300 pL of de-ionized water. Then, 900 pL of ethanol was
added. After centrifugation at 14,000x g for 2 min, the supernatant was discarded and the obtained
pellet was air-dried. Then it was dissolved in 25 pL of 70% formic acid (v/v) and 25 pL of acetonitrile.
The samples were centrifuged at 14,000x g for 2 min and 1 pL of the clear supernatant was spotted
in duplicate onto the MALDI target (MTP 384 target polished steel plate; Bruker Daltonics,
Bremen, Germany) and air-dried at a room temperature. Each spot was overlaid with 1 pL of
2,5-dihydroxybenzoic acid matrix solution. The spectra were measured on MALDI-TOF/TOF Bruker
in the m/z range of 2-20 kDa.

3.7. The Checkerboard Dilution Test

The antibacterial effects that resulted from combining the two antimicrobial agents were assessed
by the checkerboard test. The antimicrobial combination we assayed included selenium nanoparticles
and antibiotics (ampicillin, oxacillin, penicillin). The inocula were prepared from colonies that had
been grown in LB overnight. The final bacterial concentration after inoculation was 2 x 10° CFU/mL.
The MIC was determined after 24 h of incubation at 37 °C. The fractional inhibitory concentration
(FIC) index was determined by the formula: FIC index = FIC A + FIC B = [A]/MIC A + [B]/MIC B,
where [A] is the concentration of drug A, MICA is its MIC and FICA is the FIC of drug A for the
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organism, while [B], MICB, and FICB are defined in the same fashion for drug B. The FIC index thus
obtained was interpreted as follows: <0.5, synergy; 0.5 to 0.75, partial synergy; 0.76 to 1.0, additive
effect; >1.0 to 4.0, indifference; and >4.0, antagonism [47]. Finally, the varying rates of synergy
between two agents were determined [48].

3.8. Descriptive Statistics

Data were processed using MICROSOFT EXCEL® (Microsoft, Albuquerque, NM, USA) with the
pair assay for comparison between sensitive S. aureus and methicillin-resistant S. aureus. The results
are expressed as mean = standard deviation (S.D.) unless noted otherwise (EXCEL®).

4. Conclusions

The study was performed to investigate the growth properties and ability to form biofilms in
non-resistant S. aureus and MRSA after the application of ATBs or complexes of SeNPs with ATBs.
Particularly, MRSA, as a common agent of nosocomial infections with resistance to antibiotics, has
been the major focus in our investigations of alternatives for inhibition of its growth and
multiplication. Our results point to significant antimicrobial effects of SeNPs in with ATBs. The
components in the complex can act independently or synergistically and can perform better on a wider
spectrum of bacterial species, including antibiotic-resistant species. By the impedance monitoring of
biofilms formation revealed that SeNPs can cause biofilm disruption compared with controls without
the application of nanoparticles. After the application of nanoparticles or complexes with antibiotics,
gene expression was monitored, and was found to be decreasing with increasing concentration of
ATBs. The reported results can be used for further experiments concerning ATBs resistance, and
especially for the use of selenium nanoparticles as a tool for the treatment of bacterial infection, in the
cases where antibiotics are not effective.
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6 ZAVER

O bémych mikrobiologickych stanovenich bakterii pojednavda mmnoho literatury
a mnoho metod je béné vyuzivanych a stile jsou vyvijeny a objevovany nové, které se
snazi tato stanoveni zpiesnit, urychlit a hlavné zvysit jejich senztivitu. Dulezitd jsou
pfedevS$im rychld stanoveni v prostfedi nemocniCnich zafizeni, kde dochazi k velmi
rychlému Sifeni bakteridlni infekce mezi pacienty.

Neustaly vyvoj rychlych detekénich metod je pro veédce vyzvou a otevienou
kapitolou, ktery vzdy nalezne své uplatnéni v praxi . Do popfedi se dostavaji metody
detekce bakterii zaloZzené na molekularné-biologickych principech, diky kterym se
metody stanoveni stavaji cithvéjSimi  a  pfesnéjSimi. Kombinaci téchto metod
s munologickymi stanovenimi vznika tak novy smér, kterym je mozné¢ se dale ubfrat.
Cilem je ovSem tyto metody co nejvice urychlit a zajistit, aby byla identifikace
nendroCnd a opakovatelnd. Pro =zajisténi selektivni separace je vyhodné pouzivat
magnetickou separaci za pouwziti maghemitovych castic, které jsou modifikovany
afinitni molekulou ke specifickému antigenu.

Tato prace, pojedndvajici o nejzastoupenéjsi bakterii S. aureus a jeji form¢ odolné
vici antibiotiktim, meticilin-rezistentni S. aureus, se zabyva riznymi moznostmi navrhi
detekénich zafizeni, jejichz cilem je efektivnéji stanovovat piftomnost téchto bakterii ve

N 24

vzorku bez predeslé kultivace, kterd je cCasov€ nejnaro¢néjsi zcelého stanoveni
a konfirmace bakteridlnich druha.

Soudasti prace bylo také hledani alternativ 16¢by infekénich onemocnéni. Casté
pouzivani antibiotik vede ke vzniku bakteridini rezistence wvici pouzté skupiné
antibiotika. Vzhledem ke stile cast&Si rezstenci bakterii je nutno vzt vpotaz i toto
riziko. Proto byl posledni experiment celé prace zaméifen na sledovani efektu [-
laktamovych antibiotik a komplexi nanoc¢astic selenu s t€émito antibiotiky na S. aureus
a MRSA, kdy byla u obou bakteridlnich kmeni v pfipadé¢ komplexti nanoc¢astic selenu
s antibiotiky vyrazn€ vyssi mibice ristu nez u antibiotik samotnych.

VcCasna a rychlda diagnostika bakteridlnich druhti v infekci hraje dulezitou roli pii
lécbe, stejné tak jako navrzeni vhodného antibakteridintho Iéciva. Vzhledem ke stile
Cast¢jSimu  vyskytu bakteridlni rezistence je v nanotechnologiich a aplikacich na baz

kombinace antibiotik s nanocéasticemi kovll stile objevovana velkd uplatnitelnost. Vyvoj
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modernich diagnostik a antibakteridlnich 1éciv je tak neustdle otevienou kapitolou a je

tieba se ji nadale vénovat.
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8 SEZNAM OBRAZKU

Obr. 1: Mechanismus rezistence MRSA na B-laktamova antibiotka. Na stafylokokové
chromozomalni kazet¢ mec se nachazi mecA gen kddujici syntézu penicillin-binding
proteinu 2a (PBP2a). PBP2a katalyzuje syntézu bunééné stény a produkci B-laktamazy
dochdzi krozkladu B-laktamového kruhu antibiotika. Pfitomnost p-laktamovych
antibiotik inhibuje funkci transpeptiddz, mezi niz se fadi i PBP2a, buika tak zraci
schopnost vytvaiet bunénou sténu a umird. PBP2a vSak vykazuje vici [-laktamovym

antibiotikiim nizkou afinitu, proto jejich nhibici nepodléha.

Obr. 2: Izolace S. aureus zinfekéni rany hospitalizovaného pacienta v Urazové
nemocnici v Brné, p.o. na krevnim agaru s 10% obsahem NaCl, po 24 hodmnové

kultivaci pti 37 °C.

Obr. 3: Komeréni magnetické ¢astice Dynabeads® M-280 Streptavidin (Sigma-
Aldrich, St. Louis, MO, USA) se zachycenou bakteri MRSA na svém povrchu.
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