Univerzita Palackého v Olomouci

Prirodovédecka fakulta

Katedra fyzikalni chemie

Interakce nanostrukturnich material s Zivymi buiikami

Disertacni prace

Autor: Mgr. Lucie Hochvaldova
Skolitel: doc. RNDr. Ales Panacek, Ph.D.
Studijni program: N 1407 Chemie

Studijni obor: Fyzikalni chemie

Forma studia: Prezenc¢ni

Olomouc 2023



Prohlasuji, ze jsem tuto disertacni praci vypracovala samostatné pod vedenim doc. RNDr.
Alese Panacka, Ph.D. Vesker¢ literarni prameny a informace, které byly v praci vyuzity,

jsou citovany v seznamu pouzité literatury.

VOlomouCi dne ....oovveeeeee e,



Timto bych rdda pod&kovala doc. RNDr. Alesi Panackovi, Ph.D. za cenné rady
a vénovany ¢as, jenz mi poskytl béhem zpracovavani diserta¢ni prace. Rada bych také
podékovala Mgr. Renaté Vecetové, Ph.D., za zaSkoleni v Mikrobiologické laboratofi
a vSeobecné za pomoc a zazemi, jez mi poskytla pii testovani biologickych uc¢inku
nanocastic. Dale bych rdda podékovala za veSkerou finanéni podporu z grantovych
projektt, ktera mi pomohla financovat moje doktorské studium, staze a konference,
jez mi umoznily prezentovat dosazené vysledky a rozvijet mé schopnosti a dovednosti.
V neposledni fadé¢ bych rdda pod€kovala vSem svym koleglim, jez se jakymkoli
zpusobem podileli na kterémkoli z mych ¢lankt, nebo mé ptizvali ke spolupréci na jejich
vyzkumu a dovolili tak vzniku zajimavych védeckych praci, jez jsou citovany a dale

popisovany v ramci této disertacni prace.



Autorka této disertacni prace béhem svého doktorského studia provadéla vlastni vyzkum,

opakovan¢ absolvovala zahrani¢ni staz, fesila ¢i se podilela na feseni grantovych projektt

a jako autor a spoluautor vysledky publikovala v fad¢ védeckych publikaci a prezentovala

je na mezinarodnich konferencich.

Odborné védecké publikace:

1.

Hochvaldova L, Vecetova R, Kolar M, Prucek R, Kvitek L, Lapcik L, et al. Antibacterial
nanomaterials: Upcoming hope to overcome antibiotic resistance crisis. Nanotechnol Rev
2022;11:1115-42.

Hochvaldova L, Panacek D, Valkova L, Prucek R, Kohlova V, Vecefova R, et al. Restoration
of antibacterial activity of inactive antibiotics via combined treatment with
a cyanographene/Ag nanohybrid. Sci Rep 2022;12.

Mistrik M, Skrott Z, Muller P, Panacek A, Hochvaldova L, Chroma K, et al. Microthermal-
induced subcellular-targeted protein damage in cells on plasmonic nanosilver-modified
surfaces evokes a two-phase HSP-p97/VCP response. Nat Commun 2021;12.

Panacek D, Hochvaldova L, Bakandritsos A, Malina T, Langer M, Belza J, et al. Silver
Covalently Bound to Cyanographene Overcomes Bacterial Resistance to Silver Nanoparticles
and Antibiotics. Advanced Science 2021;2003090:3-10.

Svoboda L, Bednar J, Dvorsky R, Panacek A, Hochvaldova L, Kvitek L, et al. Crucial
cytotoxic and antimicrobial activity changes driven by amount of doped silver in
biocompatible carbon nitride nanosheets. Colloids and Surfaces B-Biointerfaces 2021;202.
Bazhina ES, Bovkunova AA, Shmelev MA, Korlyukov AA, Pavlov AA, Hochvaldova L, et
al. Zinc(11) and copper(ll) complexes with N-substituted imines derived from 4-amino-1,2,4-
triazole: Synthesis, crystal structure, and biological activity. Inorganica Chim Acta 2023;547.
Loubalova I, Zahradnikova E, Masaryk L, Nemec I, Hochvaldova L, Panacek A, et al.
Antibacterial study on nickel and copper dicarboxylate complexes. Inorganica Chim Acta
2023;545.



Ucast na grantovych projektech:

2019-2021 GACR 19-22720S ,Nové nanostrukturni materialy pro eliminaci vysoce
rezistentnich a multirezistentnich bakterii a pro pfekonani antibiotické rezistence*
2020-2023, MZO/NU NU20-05-00165 Moznosti nanocasticemi stéibra potencované
antibioterapie v 1é¢bé zavaznych bakterialnich infekci — studie in vitro a in vivo

2021, MSMT, Podpora mobility na UP II., Pracovni pobyty vyzkumnych pracovnikii —
juniori v zahranié¢i (Paris Lodron Univerzita Salzburg, zafi-prosinec 2021)

2022, DSGC-2021-0120 Light-assisted in vitro therapy using plasmonic materials
(IGRACEK, UP)

2023, AKTION — Cesko-Rakouska spoluprace, ,,Enhancing the effect of antibiotic therapy
using innovative nanostructured materials based on silver nanoparticles to eliminate

infections and inflammatory reactions caused by gastrointestinal pathogens* (unor 2023)

Uc¢ast na konferencich a seminarich

Konference ,,Antibiotics, Antimicrobials & Resistance* (poster) - ,,Bacterial resistence
to silver nanoparticles“ (10/2019, Rim, IT)

Kurz infracervené spektroskopie ,,Méfeni vibraénich spekter” (01/2020, Praha)

Kurz ,,Zaklady FT-IR spektroskopie a prace s programem Omnic* (03/2020, Praha)
Konference a letni $kola ,,Nanotexnology 2020 (poster) — ,,Potential of silver nanoparticles
in biological applications* (07/2020, Solun, GR)

XXIX International Materials Research Congress (prezentace) — ,,Silver nanoparticles
in antibacterial therapy and other medical applications” (08/2021, Cancun, MEX)
NanoBioTech konference (poster, snap prezentace) — ,,Plasmonic nanosilver-modified
surfaces for microthermal-induced protein damage in cells (11/2021, Montreux, CH)
NanolnBio konference a letni $kola (poster) — ,,Silver modified surfaces as a platform
for basic research and other medical applications* (05/2022, Guadeloupe, FR)

IUVSTA workshop (poster) — ,,Synthesis of silver and gold nanoparticles with tunable
plasmonic properties and their deposition on cultivation plates* (06/2022, Guimaraes, PT)
Mezinarodni Sjezd chemikl (poster) — ,,Plasmonic nanosilver-modified surfaces for
photothermal therapy* (09/2022, Olomouc, CR)

NanoMed (poster) — ,,Nanofabrication of tuneable plasmonic noble metal nanoparticles and
their subsequent formation onto cultivation plates used in photothermal therapy* (10/2022,
Atény, GR)

NanoBioMed (poster) — ,.Silver modified surfaces for photothermal therapy* (11/2022,

Barcelona, ES)



Bibliograficka identifikace

Autor

Nazev prace

Typ prace
Pracovisté

Vedouci prace

Rok obhajoby prace

Abstrakt

Kli¢ova slova
Pocet stran

Jazyk

Lucie Hochvaldova

Interakce nanostrukturnich materialii s zivymi bunkami
Disertaéni

Katedra fyzikalni chemie

doc. RNDr. Ales Panacek, Ph.D.

2023

Cilem této disertacni prace byla syntéza nanostrukturnich
materidld s potencidlnim vyuzitim v biologickych aplikacich.
Pozornost byla zaméfena pifevazné na nanocastice stiibra,
kompozity s riznymi nanostrukturnimi materialy na bazi sttibra
a sledovani jejich interakce s bakteridlnimi a sav¢imi bunikami.
S ohledem na nartistajici problém vzniku bakteridlni rezistence
vici  béZné  vyuzivanym antibiotikim byla studovéana
antibakterialni aktivita nanomateriald a jejich mechanismy
ucinku, a to 1 v kombinaci s antibiotiky, jez vi¢i danym
bakteridlnim kmenim ztraceji schopnost 1é€it jimi zplsobené
bakterialni infekce. JelikoZ jsou si bakterie schopny vytvofit
rizné mechanismy obrany vuci Siroké skale antibiotik, byla tato
schopnost studovana i u nékterych vybranych nanomateriali.
Sohledem na dal§i vyuziti nanocastic stiibra byly rovnéz
studovany 1 jejich cytotoxické Gcinky vici zvifecim i lidskym
bunkam, diky kterym byly ziskany dals$i poznatky 0 mozném

pouziti nanocastic stfibra v antibakterialni terapii.
nanocastice stfibra, antibiotika, rezistence, bakterialni infekce
197

Cesky



Bibliographic identification
Author

Title

Type of thesis

Department

Supervisor

The year of presentation

Abstract

Keywords

Number of pages

Language

Lucie Hochvaldova

Interaction of nanomaterials with biological systems
Dissertation

Department of Physical Chemistry

doc. RNDr. Ales Panacek, Ph.D.

2023

The main objective of this work was the synthesis
of nanostructured materials with potential use in biological
applications. The work is mainly focused on silver
nanoparticles, silver-based composites and monitoring their
interaction with bacterial cells. In the light of the growing
problem of bacterial resistance to commonly used
antibiotics, the antibacterial activity of nanomaterials and
their mechanisms of action were studied alone and in
combination with antibiotics that are currently losing their
ability totreat bacterial infections related to resistant
bacterial strains. Bacteria are known for the development of
different defense mechanisms against a wide range
of antibiotics, therefore the ability to build up resistance
towards selected nanomaterials was also tested.
Considering further use of silver nanoparticles, their
negative effects against animal and human cells were
studied to provide information about their toxicity and

possible use of silver nanoparticles in antibacterial therapy.

silver nanoparticles, antibiotics, resistance, bacteria

197

Czech



TEORETICKA CAST ooeoeeeeeeeeeeeeeee et ee e ee e e e et et et et et et et et et et eteteteseteseseessssesesaseeeasesensseeeseeeeenns 11

L. NANOMALETIALY ...t nr e nr e nrennes 11
1.1 PEIPTava NANOCASLIC ...evveuvirerieeiresreeie st sre e sre e sr et s e ne e nenne e nneenes 12

1.2 Stabilizace NANOCASLIC ....vivviieiiiiiiiiie i 15

2. Nanocastice stiibra pro bio-medicinské apliKace..........cocvvvviiiiiiiiiiiniiii e 18
3.1 Antibakterialni UCinky NanOCASLIC . ......vivererireeiireese e 21
3.1.1 Antibakteridlni terapie€ dnes .......ocvcviiuiiiiieiiiie i 21

3.1.2 Antibakterialni terapie budOUCNOStT .....vevvviiiiiieiiii i 25

3.1.2.1 Antibakterialni aktivita nanoCastic Stribra...........c.ccovvvieriiieeiiniecene e 27

3.1.2.2 Synergické ucinky nanocastic a antibiotiK .........ccccvvverierinieniineciene e 32

3.1.2.3 Bakteridlni rezistence vic¢i UCINkim StHbra.........cccoovvveiiiiniiccn 34

3.2 Cytotoxicke UCINKY NANOCASIIC ....vvivververieesierieeieesie e 37
EXPERIMENTALNI CAST ..ot 50
4. Chemikalie & Bakteridlni KMeny.........cccccveiieiiiiiiiiiieeese s 50
5. PEIPIrava NANOCASTIC ....eevuveiutiiitieteestee sttt ettt sbe e sttt et e b e sbe e b e e sbeeesneenneesnee e 52
5.1 Piiprava nanoCastic SDTA .........oicvrieiiiiee et 52

5.2 Ptiprava anizotropnich CAStiC StHDTA ........cccovviieiiiiieiiree e 52

5.3 Priprava grafenového derivatu GCN/AEZ......ccveiiiiiiiiiiiee et 53

5.4 Ptiprava kompozitu nitridu uhliku se stiibrem (g-CsNa/AQ)......ccccevviviiiiiiiiiiiniiciens 54

5.5 Piprava stiibIMYCh VISIEV ...c..veviiiiiiiiiiee e 54

6. Charakterizace nanocastic & pristrojove vybaveni..........ccovveiiiiieiininieniiene e 54

7. StabiliZace NANOCASIIC .....eiuviiuriiieetie ittt et bbbt sn e b e e 56

8. Antibakterialni aktivita testovanych NanOCASHIC. ........evvrieririeiie e 57

9. INCAUKCE FBZISTENCE ......cuiiieeee e 59
10. TeStOVANT CYLOTOXICIEY 1.vveeuveetiertieriie sttt sttt et ettt sttt ettt sbe e she e s sib e s b e be e beesbeesnne s 60
VYSLEDKY A DISKUSE ....ccooovtuuiimiiiminimniinsiisesisses s esssssssssesssses s 62
11. Piiprava a stabiliZace NANOCASTIC. .......eevirieieiitiriieiii sttt sttt sne s 62
12 Antibakterialni aktivita testovanych NanoCaStIC........covvrvviriireeriiice e 67
13. Indukce rezistence a jeji MEChaniSIMY ........cccceriiieiiiiicee s 70
14. Testovani SpoleCnEho UCINKU .......cc.iiieiiiiiie e 79
15. Nanocastice stiibra ve fototermalni terapii .......c.ceervrverririreerirece e 87
16. CytotoXiCita NANOCASLIC ....eveeureireereererieeeesres e sre e sre e nr e nrennes 90
ZAVER ..ottt 93
SUMMARY L.ttt et h bbb bbbt R bR bbbt 96
LITERATURA L ettt b b nn e n e nn e n et e e e nre s 99



UvVoD

V soucasné dob¢ je vyzkum v oblasti pfipravy nanomaterialti, studia jejich
vlastnosti a jejich nésledné aplikaci v Siroké Skale védnich disciplin 1 kazdodennich
produktii na vzestupu. Vlastnosti pfipravenych nanocastic nezavisi pouze na typu castic
¢i jejich velikosti, ale na spousté dalSich charakteristik, které 1ze v ramci syntézy fidit
zménou fady parametri. Diky své malé velikosti a S tim souvisejici velké ploSe povrchu
tyto nanomaterialy ziskavaji unikatni fyzikalné-chemické a tim i biologické vlastnosti,

jichz Ize nasledné vyuzit v Siroké skale aplikaci.

V ramci této prace bude pozornost zaméiena pievdzné na vyuziti nanocéstic
Vv biologickych a medicinskych aplikacich. S ohledem na obrovské mnozstvi
nanomaterialti, a tedy velmi Sirokou paletu nastroji vyuzivanych v této oblasti, budou
dale podrobné;ji diskutovany pouze nanocastice stiibra (AgNPS) a nanokompozity na bazi
stiibra. V teoretické Casti disertacni prace je zminéna fada aplikaci, jez vyuziva
unikatnich vlastnosti nanocastic stfibra, avSak nejvice prostoru je vénovano vyuziti

biologickych Ui€inkl nanocéstic stiibra v antibakterialni a ve fototermalni terapii.

V soucasné dobé predstavuje nartst poctu bakteridlnich infekci vyvolanych
bakteriemi rezistentnimi vu¢i bé€zné vyuzivanym antibiotikim velky terapeuticky
problém. Pokud bude vznik a $iteni bakterialni rezistence narustat stejnou rychlosti jako
doposud, tak se mohou tyto obtizn¢ I1é¢itelné infekce v budoucnu celosvétove stat jednou
z nejcastéjSich piicin tmrti. Do té doby je tedy zapotiebi pfijit s novymi alternativami
antimikrobialnich latek ¢i s novymi léCebnymi postupy, které¢ by pokud mozno na
bakteridlni buiiku plsobily jinym mechanismem, neZ dosavadni terapeutika a nebyly tak
nachylné ke vzniku Dbakteridlni rezistence. Jednou z moznych alternativnich
antimikrobidlnich latek jsou nanocastice stfibra, které pii nizkych koncentracich, jez
nejsou toxické pro savei bunky, efektivné usmrcuji bakterie. Kromé vysoké, a navic
nespecifické antibakteridlni ucinnosti (vicetroviiovy mechanismus ucinku) maji
nanocastice stiibra také schopnost posilovat G¢inek antibiotik vici bakteriim vcetné
vysoce rezistentnich kment vii¢i antibiotikiim. Na druhou stranu musi byt také soubézné
vénovana dostateCnd pozornost moznosti tvorby rezistence bakterii k novym
antibakteridlnim latkdm vcetn€ nanocastic stfibra, a to S ohledem na vysokou miru

pfizpusobivosti bakterii k pro né€ nepfiznivym podminkam.



Vedle ptimého biologického efektu nanocastic stiibra lze také vyuzit jejich
biologické aktivity prostfednictvim fototermalniho efektu, tedy za vyuziti absorbované
svételné energie a nasledné transformace na tepelnou, ktera v disledku zvySeni teploty

vede k usmrceni napf. nadorovych bunék.

Cilem diserta¢ni prace je tedy pfiprava nanocastic stiibra pozadovanych velikosti
a tvart, studium jejich biologickych ucinkd a jejich vyuziti jak v antibakterialni, tak
fototermélni terapii. Céstice byly pfipravovany fizenou chemickou redukci z roztoku
sttibrnych soli na zdkladé¢ zmény koncentrace a typu reak¢nich komponent. Nejvetsi
pozornost byla zaméfena na testovani antibakterialni aktivity pfipravenych nanoc¢astic
stiibra a jejich spole¢ného uc¢inku s vybranymi antibiotiky vi¢i rezistentnim kmentim.
Nakonec byla studovana schopnost bakterii vytvofit si rezistenci vac¢i témto
nanomaterialim a také jejich toxicita k jinym nez k bakteridlnim bunkdm, coz jsou
nezbytné informace k ptipadné preklinické studii a nasledné translaci tohoto 1é¢ebného

pristupu bakterialnich infekci do medicinalni praxe.
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TEORETICKA CAST

1. Nanomaterialy

Nanomaterialy jsou v poslednich desetiletich intenzivné studovanou oblasti
auvadi se, ze jsou "materidlem 21. stoleti“. Spousta védeckych tymia z riznych
védeckych odvétvi, veetné biologie, chemie a materialovych véd se v soucasnosti vénuje
vyzkumu, ktery se soustied’uje at’ uz piimo na syntézu nanomateriald, tedy materialt
s alespon jednim rozmérem v rozmezi 1 nm az 100 nm, nebo na nasledné studium jejich
riznorodych fyzikalné-chemickych vlastnosti a jejich aplikaci v Siroké skale
vyzkumnych oblasti. [1] Takovéto nanomaterialy jsou ve srovnani s béznymi,
makroskopickymi materidly, velmi odlisné, ato diky svym unikitnim fyzikalng-
chemickym vlastnostem vychazejicim z velké plochy povrchu ¢astic a z velkého poméru
povrchovych ku objemovym atomtim. Velka plocha povrchu ¢astic souvisi mimo jiné
I svelkym pocétem aktivnich mist na jejich povrchu, jez zvySuji interakce cCastic
s okolnimi chemickymi individui a biologickymi systémy. [2,3] Ve srovnani s jinymi
materidly tedy nanocastice piedstavuji velky potencidl v oblasti povrchové chemie,
V ramci niZ, mohou byt na jejich povrch navazany rtizné funkcni skupiny, které mohou
cilit na dalsi molekuly, jez jsou predmétem zajmu. [4] V piipadé interakci s dal$imi
latkami Castice tedy vynikaji svou velkou reaktivitou a katalytickou aktivitou, pficemz
velka plocha povrchu pfi interakci sbunikami vede k vys$Sim, a nékdy casto
k neocekavanym, biologickym u¢inkdm, at’ uz vuci prokaryotnim, tak eukaryotnim
bunkam, coz muze byt v n€kterych piipadech Zzadouci, v nékterych naopak ne. [5]
Pro dalsi aplikace pak tedy musi byt zajist€né potfebné podminky a musi byt naleznut
takovy material, jehoz toxické ucinky budou vyssi pfi mnohem nizSich koncentracich
Vv piipadé¢ patogennich organismii ¢i nadorovych bunék nez v ptipad€¢ zdravych

eukaryotnich bun¢k.

V soucasné dobé existuje spousta riznych nanomaterialti, které se déli podle jejich
chemického slozeni, tvari a pozadovanych aplika¢nich ucinkii. Velkd pozornost se
zamétuje na uhlikové nanomaterialy (grafeny, nanotrubicky, derivaty fulerenu), kovové
nanocastice pfipravované zkovi jako jsou stfibro, Zelezo, méd’, zinek, titan, oxid
kemicity a hlinity, a také pfipravu velkého mnozstvi nanokompozitti. [6] Pomérné velka
pozornost je v soucasnosti v oblasti elektroniky, [7] katalyzy, [8] superkondenzator, [9],
baterii  [10,11], senzord [12,13] ananomediciny [14,15] ubirana pravé

ke dvourozmérnym nanomaterialim, jako jsou napiiklad grafen, oxid grafenu (GO),
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redukovany oxid grafenu (rGO), nitrit grafitu (g-C3N4) a spousta dalSich vrstevnatych
material. Jako jedny z nejtencich materidlti maji 2D nanomaterialy ze v§ech znamych
materidlti nejvetsi specificky povrch, ¢imz disponuji velkym mnozstvim reaktivnich mist
na jejich povrchu. [16] Tenkost téchto materiald navic umoznuje rychle reagovat na
vng&jsi signaly, jako je napiiklad svétlo, coz vede k jejich vyuziti v optickych aplikacich
vSeho druhu, v€etné zobrazovani, fototermalni (PTT) a fotodynamické terapie (PDT).
[17,18] Uhlikaté nanomaterialy a kovové, piedevs§im stiibrné, nanocastice, se pro své
zajimavé vlastnosti a slibné pouziti v fadé aplikacich staly jednémi z nejvice zkoumanych
a prozkoumanych nanostruktur, a krom vyse zminénych aplikaci je lze vyuzit i v Siroké
Skale lékarskych aplikacich a biomedicinskych oborech, které jsou naSemu vyzkumu

nejblizsi, a proto budou v nasledujicich odstavcich a kapitolach podrobné&ji diskutovany.

1.1 Pfiprava nanocastic
Metody syntézy nanomaterialti se obecné déli na metody ,,top-down* a ,,bottom

up®, kde v ptipadé ,,top-down‘ metod dochézi k rozruSovani objemového materialu do
pozadovanych nanostruktur, zatimco Castéji vyuzivana ,,bottom-up* technika sestavuje
jednotlivé atomy a molekuly do vétSich struktur v nano rozmérech, ¢imz lze snadnéji
ovliviovat velikost, morfologii, polydisperzitu, povrchovy naboj a stabilitu pfipravenych
nanocastic. Tyto charakteristiky lze ovliviiovat koncentraci jednotlivych reak¢nich
slozek, iontovou silou roztoku, hodnotou pH, teplotou, a v piipadé redukénich metod
syntézy hlavné volbou redukéniho Cinidla. [19] V zavislosti na jejich aplikaci 1ze zménou
reak¢énich podminek optimalizovat syntézu nanocastic tak, aby byly Castice piipraveny
s pozadovanou velikosti, morfologii, povrchovou chemii a elektrickymi ¢i optickymi
vlastnostmi, a tim tak ziskaly pozadované fyzikalné-chemické ¢i biologické vlastnosti

a funkénost.

Metody pripravy nanocastic stiibra

Nanocéstice stiibra jsou vyuZzivany v Siroké Skale aplikaci, jeZ maji riizné naroky
na fyzikalni, chemické a optické vlastnosti, a proto je potfeba metodu piipravy
optimalizovat tak, aby vznikl, pokud mozno nizko polydisperzni systém 0 pozadovaném

slozeni a morfologii ¢astic (Obrazek 1).
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Obriazek 1. Reprezentativni snimky nanoc¢astic sti'ibra z elektronové mikroskopie zobrazujici riznou velikost
a morfologii pFipravenych nanoéastic. [20]

Nejcastéji jsou nanocastice stiibra ptipravovany redukci sttibrné soli vhodnym
redukénim c¢inidlem, piiniz dochazi k tvorbé nové faze ve formé zarodki, které
po dosazeni kritické velikosti dorustaji do stabilnich koloidnich ¢astic. [21,22] Redoxni
potencial a molekularni struktura redukéniho ¢inidla ovliviiuji rychlost tvorby zarodkt
nové faze, schopnost a rychlost adsorpce na povrch rostouci ¢astice, ktera v tomto ptipadé
katalyzuje pienos elektronu mezi redukénim c¢inidlem a stiibrnym iontem. Timto
zptisobem redukéni latka ovlivituje rychlost redukce stfibrného iontu a tim 1 vyslednou
velikost Castic. Silné redukéni Cinidlo (napf. tetrahydridoboritan sodny) ma vysokou
redukéni rychlost, ¢imz dochazi k velkému stupni presyceni a tvorbé velkého mnozstvi
zarodkd a tvorbé mensich c¢astic. [23] Pii vyuziti slabého redukéniho Einidla
(napf. citronan sodny) jsou pak ziskavany ponékud vétsi nanocastice s Sirsi velikostni
distribuci. [24] Kromé vySe zminénych redukénich latek jsou vyuzivavany naptiklad
kyselina askorbova, hydrazin, a redukujici cukry. [25-28] Panacek a kol. Kk ptipravé
nanocastic vyuzivali Tollensovu metodu, jez je zalozena na pfipravé amoniakalniho
komplexu a jeho redukci za pomoci redukujicich cukrii. Ve zminéné praci syntetizovali
Sirokou $kalu stfibrnych nanocastic s rtiznou velikosti, a to redukei pomoci riiznych
monosacharidi (glukoza, galaktoza) a disacharidd (maltoza, laktoza), pricemz mimo jiné
vybér redukéniho c¢inidla vyrazné ovliviioval velikost Castic a Stim souvisejici

antibakterialni Gcinky. [29]
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Dale Ize k pripravé nanocastic vyuzivat dvou-krokovou syntézu, za pouziti dvou
riznych redukénich ¢inidel. Nejcastéji je za pomoci tetrahydridoboritanu sodného
nejprve pripraveno urcité mnozstvi malych zdrodenych castic, které jsou nasledné
V druhém kroku zvétSovany redukci piebytku stfibrnych kationtd slabsim redukcénim
¢inidlem, které zde nemusi slouzit pouze jako redukcni, ale i stabilizacni Cinidlo.
V druhém kroku syntézy musi byt vzdy pouzito slabé reduk¢éni €inidlo (citronan sodny,
hydrazin nebo napiiklad kyselina askorbovd), které =z hlediska reakéni kinetiky
uptfednostnuje redukci kovovych iontl na jiz vzniklém povrchu (heterogenni nukleaci)
nad tvorbou novych zarodkl zroztoku (homogenni nukleaci), coz je dano vyskou
energetické bariéry, ktera ma pro tvorbu nové faze dlouhé reakéni Casy. [30-33]
V ptipad€ pouziti silného redukéniho ¢inidla s nizkou energetickou bariérou by pak
dochazelo k paralelni nukleaci a k tvorbé polydisperzniho systému. [34,35] Kromé
vybéru redukénich Cinidel je pak kinetika nukleace, a tedy vysledna velikost ¢astic,
ovlivitovana koncentraci stfibrnych iontd, pfi¢emz se vzrustajici koncentraci ¢astic jsou
pfipravovany vétsi céastice s absorpénim maximem posunutym k vy$$im vinovym
délkam. Mnozstvi pfipravenych ¢astic v prvnim kroku pak koreluje s vyslednou velikosti
Castic, priCemz vE&tsi mnozstvi zarode¢nych ¢astic vede k piipravé mensich Castic. [36]
K dosazeni co nejuzsi velikostni distribuce je zapotiebi pouzivat velmi zifedéné roztoky,
protoze pii vyuziti vysSich koncentracich redukce trvéa pfili§ dlouho a nedochazi tak
k ukonceni nukleace. [37] Piikladem dvoukrokové syntézy Castic a ptipravy nanocéastic
trojuhelnihového tvaru muze byt redukce stéibrnych ionti kyselinou askorbovou
Vv piitomnosti zarode¢nych ¢astic a polyvinylpyrolidonu (PVP). [38] Parnklang a kol. pak
jako zarodecné Castice vyuZivali jak stabilizované (PVP, citrat), tak nestabilizované
nanocastice stfibra pfipravené redukci ledovym tetrahydridoboritanem sodnym. Tvarova
zména pak byla provedena pfidanim pfedem urc¢eného objemu roztoku peroxidu vodiku
(979 mM, 0-379 ul), pficemz v zavislosti na mnozstvi ptidaného peroxidu byla vizualné
pozorovana tfada barevnych zmén od zluté pies Cervenou, rtizovou, fialovou, modrou
a purpurovou, ke kterym doslo uz po zhruba 2 minutach od pfidavku peroxidu
areprezentovali tim tak vyslednou morfologii a tvar pfipravenych nanocastic. [39]
Nanocastice ruznych velikosti a tvari absorbujici v oblasti 393-738 nm byly ptipraveny
také jednoduchou jednokrokovou syntézou, kde dusi¢nan stiibrny slouzil jako zdroj
stiibra, citrat jako stabiliza¢ni ¢inidlo a polyvinilpyrolidon pak ovliviioval rist a vysledny

tvar nanocastic. V zavislosti na mnozstvi redukéniho cinidla (tetrahydridoboritanu
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sodného) byly pfipraveny castice o riznych morfologiich, a tedy riiznych plasmonickych

vlastnostech. [40]

V poslednich letech naristd mnozstvi metod, jez jsou piivétivejsi k zivotnimu
prostfedi a béhem ptipravy nevyuzivaji zadné toxické latky. Takzvané ,,green-syntézy*
vyuzivaji naptiklad rostlin, bakterii a hub, které v ramci svého organismu obsahuji fadu
metabolitd a reduk¢nich biomolekul. Rostliny obecné obsahuji sacharidy, tuky,
bilkoviny, nukleové kyseliny a pigmenty, které mohou pusobit jednak jako UcCinna
redukéni Cinidla pro ionty stiibra tak i jako stabilizatory vyslednych nanocastic. [41]
Zejména polysacharidy (chitosan, celu6za, skrob, heparin kyselina hyaluronova) obsahuji
mnoho funkénich skupin, jako jsou hydroxylové a hemiacetalové funkéni skupiny, které
hraji kli¢ovou roli jak pti redukci, tak pfi stabilizaci kovovych nanocastic. [42] Piikladem
zelené syntézy pak mize byt redukce dusic¢nanu stiibrného pomoci zeleného a ¢erného
Caje [43], raznych druhd bakterii [28] a biomolekul jako flavonoidy, terpenoidy,
aldehydy, ketony, amidy, bilkoviny, polysacharidy a vitaminy [28,42,44,45].

Nanocastice stiibra lze také mimo jiné dale kombinovat s dalSimi materialy
a nanomaterialy. Miize se jednat napiiklad o biokompatibilni materidly na béazi uhliku,
jez disponuji velkou plochou povrchu, na niz mohou byt ukotveny nanocéstice, které pak
tomuto materialu proptjcuji svoje vlastnosti a tim ho tak vylepsuji. [46-49] Pomé&rmné
Castym vyuzitim v praxi je pak funkcionalizace riznych medicindlnich povrchi
antibakterialnimi povlaky stfibra. [50] Pfiprava a antibakterialni uc¢inky téchto materialt

budou diskutovany v dal$ich kapitolach.

1.2 Stabilizace nanocastic
Jak je zndmo, koloidni ¢astice maji tendenci se v disledku pfitazlivych Van der

Waalsovych sil vzajemné piiblizovat nebo se spojovat do vétSich utvari a vytvaret tak
agregaty. Nanocastice stiibra patii mezi lyofobni koloidy, které obecné nejsou pfilis
agregatn¢ stabilni, a pfi zméné pH, polarity, nebo iontové sily roztoku se z disperze
snadno vylucuji ve formé agregovaného sedimentu. Ke stabilizaci ¢astic se obecné
vyuzivaji dva riizné piistupy, které jsou zaloZeny na elektrostatickém odpuzovani ¢astic
nebo sterickych piekazkach, které plsobi proti van der Waalsovym sildm pfitomnym
mezi koloidnimi Casticemi. [51] Agregaci koloidnich castic lze zabranit ptidavkem
stabiliza¢nich ¢inidel, které nejen Ze zarucuji stabilitu ¢astic v disperzi, ale v rdmci
procesu pripravy také zaroven pomahaji regulovat velikost, distribuci velikosti a tvar

ptipravenych Castic. [52]
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Castice jsou velmi ¢asto stabilizovany elektrostaticky, kde po adsorpci ionti latek
rozpusténych v kapalin¢ dochazi ke vzniku rovnomérné rozlozeného naboje na povrchu
Castice. Zbylé ionty v roztoku jsou pak nasledné k ¢astici pritahovany a dochdzi ke vzniku
elektrické dvojvrstvy. [53] Puvodem elektrostatické stabilizace je tedy odpudiva
elektrostaticka sila (jez pfevazuje nad pfitazlivou), kterou na sebe jednotlivé nanoc¢éstice
pusobi poté, co jsou obklopeny elektrickou dvojvrstvou. lonty kompaktné navazané
U povrchu nanocastice jsou nazyvany takzvanou Sternovou vrstvou, na kterou navazuje
difazni ¢ast elektrické dvojvrstvy, jez je tvoiend ionty, které se s ¢astici nepohybuji a jsou
distribuovany na zaklad¢ tepelného pohybu a velikosti elektrostatickych sil mezi
¢asticemi. Na rozhrani téchto dvou vrstev se ustanovuje elektrokineticky (zeta-potencial),
odpovidajici nevykompenzovanému néboji na povrchu rozhrani mezi diftizni a Sternovou
vrstvou. [54] O velikosti zeta-potencialu pak rozhoduje typ ionti naadsorbovanych
na fazovém rozhrani a iontova sila roztoku, pricemz se vzrustajici koncentraci elektrolytu
tvofictho disperzni prostiedi dochazi ke stlaceni elektrické dvojvrstvy, snizeni
elektrostatického odpuzovani, snizeni zeta-potencidlu a v konecném diisledku i ke snizeni
stability ¢astic. Vysledny naboj na povrchu nanocastice ovliviluje nejen naadsorbovana
latka, ale i pH okolniho prostfedi, kde miize byt povrchovy néboj ovlivnén disociaci
funkénich skupin a adsorpci oxoniovych a hydroxylovych iontli na povrchu ¢&astic,
pfiCemz stabiliza¢ni Uc€inek dané latky se zvySuje s rostoucim nabojem koagulacniho
iontu. [55] Elektrostatické stabilizace mtize byt dosaZeno za vyuziti povrchové aktivnich
latek (cetrimoniumbromid, polyetherimid, kvartérni amoniové soli, dodecylsiran sodny),
proteint (albumin, Zelatina), aminokyselin (glycin, arginin) a dalSich nabitych ligandd,
jez maji vysokou afinitu ke kovovym povrchlim nanocastic a ovliviuji tak jejich interakci
s okolim a jejich stabilitu. Silnou interakci mezi ligandem a nanocastici v tomto ptipadé
zajiStuji reaktivni skupiny, jez ptrednostné reaguji s konkrétnim materidlem a zajist'uji
zvySenou stabilitu nanocastic. Pro nanocastice stfibra jsou to napiiklad thiolové, nebo

amino skupiny. [56-59]

Dalsim typem stabilizace je stabilizace za pouziti latek na bazi polymerti jako jsou
polyoly (polyvinylalkohol, polyvinylpyrolidon, polyakrylamid, polyethylenglykol),
[60-62] polysacharidy aneionické povrchové aktivnici latky Brij, Tween a Triton
X-100. [63,64] Tyto latky tedy v tomto pfipadé¢ neméni povrchovy naboj Castice, ale
vzhledem k jejich objemné struktufe dochazi k lokdlnimu zvyseni koncentrace molekul

stabilizatoru naadsorbovaného na povrchu ¢astic a tim padem ke zvyseni odpudivych sil,
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jez zabranuji tésnému piiblizeni Castic (stéricka stabilizace). Zaroven muze byt vyuzito
jejich hydrofilni povahy, jez vede k tvorbé odpudivé hydratacni vrstvy kolem povrchu
nanocastic, pfiCemz jejich stabilizacni schopnost je pfimo umérnd jeho hydrofilicité.
Kwvalitu stérické stabilizace pak ovliviuje velikost (délka, rozvétveni fetézce) a chemicka
povaha stabilizatoru. Pokud je vSak koncentrace piili§ vysoka, dochazi spise k agregaci

¢astic nez k jejimu potlaceni. [60,63,65]

Vybér vhodnych stabiliza¢nich ¢inidel je pak dilezity zejména v in Vivo
aplikacich, kde si nanocastice musi v chemicky komplexni biologické matrici zachovat
své vlastnosti, dokud nedorazi na misto plisobeni a nevykonaji pozadovanou funkci.
Castice by si tedy v tomto piipadé méla zachovat svou velikost a aktivitu, vykazovat co
nejmensi cytotoxicitu a snazit se tak co nejvice vyhybat imunitnimu systému. [55,66]
Pomérné velka ¢ast aplikacniho potencialu nanocastic stiibra je spojena s intravendznim
podanim do téla, a proto je potieba premyslet i nad stabilitou castic a jejich interakci
S krevni plazmou a dal§imi krevnimi komponenty po aplikaci nanocastic do krevniho
fecisté. [67,68] Pripravené nanoc¢astice musi byt v krvi koloidné stabilni, biokompatibilni
a funk¢ni, coz je s ohledem na vysokou iontovou silu, kterou krev zajist¢ ma, obtizné
a muze tak zptisobovat destabilizaci a cytotoxicitu Castic. [69—71] Interakce nanocastic
s okolnimi biologickymi entitami je tedy pro vyuziti nanocastic v mediciné vyraznym
limitujicim faktorem. Po této interakci se na nanO-bio rozhrani vytvaii takzvana
proteinova korona, kterda vyznamné ovliviluje UCinky nanocCéstic a jejich chovani
v biologickych systémech. Nabit¢ a hydrofobni povrchy nanocastic jsou ihned po
kontaktu s fyziologickym prostiedim pokryty bilkovinami a dochazi k tvorbé ,,proteinové
korony* a to v dasledku toho, Ze velka plocha povrchu a vysoka povrchové energie
nanocastic vede k pozoruhodné adsorpci proteint, jez je tedy v tomto piipadé
podporovana jak entropii (hydrofobni efekt), tak entalpii (nabojova interakce). [72]
Nespecifickd adsorpce bilkovin je zavisld na ndboji nanocéstic, jejich
hydrofilicité/hydrofobicite, funkénich skupinach nebo ligandech na povrchu nanocastic,
na celkové koloidni stabilité, ale také na vlastnostech proteinu (koncentrace, jeho afinita)
a média (pH, iontova sila, teplota). [73—77] Navic bylo prokazano, ze dochazi k druhové
specifické adsorpci bilkovin, a proto nelze ocekavat stejné vysledky u ridznych
testovanych organismti a pak jednoduse ziskané vysledky aplikovat na lidech. [78]
V disledku adsorpce pak mtize dojit ke zméné néaboje Castice, pficemz velmi Casto

pfevazuje zaporny naboj proteinu. V piipadé pfesunu z in vitro do in vivo testovani je
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potieba sledovat interakci nanocéstic se sérovymi proteiny a krvi (imunoglobuliny,
lipoproteiny, komplementové a koagulacni faktory, fosfolipidy, nukleové kyseliny,
sacharidy) a interakci a chovani nanoc¢astic na bunééné linie. Vysledna tvorba proteinové
korony tedy vyrazné ovliviiuje charakteristiky nanocastic a je tedy mozné, ze vysledky
ziskané in vitro se pak mohou od aktivity in vivo vyrazné lisit. [79] K tomu, aby bylo
mozné urcit, zda si nanocastice v systému udrzuji pozadované vlastnosti a zda nedochazi
k nezadoucim G¢inkiim je potieba mimo jiné sledovat priuchod nanocastic pies biologické
bariéry, jejich farmakokinetiku, biodistribuci a eliminaci ¢astic z organismu. Velmi
oblibenym mechanismem stabilizace je PEGylace nanocéstic, kterd nejen zvySuje
hydrodynamickou velikost, snizuje povrchovy naboj a zvysuje koloidni stabilitu, ale
zarovei snizuje agregaci krevnich desti¢ek, minimalizuje interakci se sérovymi proteiny
(Castecné zabrafiuje opsonizaci a nespecifické adsorpci proteinil), coz ¢asticim poskytuje
delsi dobu cirkulace v téle, zabranuje vychytavani ¢astic mononukledrnim fagocytarnim

systémem a zvySuje tak GspéSnost zacileni. [80-84]

2. Nanocastice stiibra pro bio-medicinské aplikace

V poslednich nékolika desetiletich se kovové nanoc¢éstice o priméru mensim nez
100 nm diky svym unikdtnim fyzikdlnim, chemickym, optickym a biologickym
vlastnostem vyznamné uplatnily v riznych biologickych a biomedicinskych aplikacich.
Biologické vlastnosti nanocastic obecné zavisi na typu nanocastice, jejich slozeni,
velikosti, tvaru, s tim souvisejici plose povrchu a také na jejich povrchovych vlastnostech,
jez jsou ovlivnény molekulami navdzanymi na povrchu ¢astic a maji tak vliv nejen na
jejich stabilitu, ale také na jejich nasledné aplikace. Velkou proménou, jez zasadné
ovlivituje vlastnosti nanomateriald, je také chemické slozeni okolniho prostiedi, protoze
nejen jeho polarnost, pH, ale i pfitomnosti proteinli a dalSich latek ma vyrazny vliv
na rozpustnost ¢astic, jejich pronikani do bunék, biokompatibilitu, toxicitu a v kone¢ném
disledku i na jejich cely aplikacni potencial. [85] Nejen samotné vlastnosti nanoc¢astic
a prostredi, ale i zpisob vstupu nanocastic do téla (vdechnuti, poziti, vstup kuzi, nebo
injekéni aplikace) ma zisadni vliv na interakce s okolnim prostfedi, stabilitu,
biorekognici a naslednou biodistribuci a odbourdvani nanocastic a jejich odstranéni

ze systému. [86]
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Antimikrobialnich  G¢inkti nanocastic je v souCasnosti vyuzivano jak
v kosmetickém [87], tak naptiklad i v potravinarském priamyslu, a to v obalovych foliich,
lahvich a kontejnerech, jez maji za ukol zabranit kazeni potravin a prodlouzit tak dobu
jejich trvanlivosti. [88-90] Piikladem mize byt pouziti polyethylenovych filma
S nanocasticemi stiibra, jez zabranuji vzniku plisni a kolonizaci bakteriemi. Jejich pouziti
by tak mohlo vést k prodlouzeni doby skladovani a kvality ofechti [91] nebo zachovani
trvanlivosti vepfového masa. [92] Obecné maji nanocastice stiibra silné antifungalni
vlastnosti a 1ze tak bojovat proti Siroké skale druhti plisni jako je naptiklad Trichophyton,
Candida kmeny [93,94]. Dalsim odvétvim, kde jsou nanocastice stéibra hojné vyuzivany
je textilni pramysl, kde jsou textilie v t€¢sném kontaktu s pokozkou a vytvareji tak teplé
a vlhké prosttedi pro mikroorganismy, pficemz zpocené textilie jsou pro bakterie idedlni
zivnou pudou. [95] Pokud jsou vSak tkaniny potazeny nanocasticemi stiibra, adheze
a bakterialni rast jsou inhibovany a textilie tak ziskava antibakterialni u¢inky vuci Siroké
Skale bakterii, plisni a téchto vlastnosti Ize vyuzit v mnoha medicinskych aplikacich.
[96,97]

Nanomedicina je pomérné¢ mladym oborem, jez vznikl spojenim védeckého
badani a technologii s informacemi o interakci nanomaterialii s biologickymi systémy
a lidskymi buiikami, jez tak obor nanotechnologii vyrazné rozsifil v oblasti analyzy
a pouZiti ¢astic v 1ékatstvi. Diky svym unikdtnim mechanickym, chemickym, optickym,
elektrickym vlastnostem, biokompatibilit¢ a rozlozitelnosti jsou zejména 2D
nanomaterialy Siroce vyuZivany v oblasti cilené dopravy léc¢iv [98,99], biosenzorice
[97,100,101], zobrazovani [102,103], tkanovém inZenyrstvi [104,105], antimikrobialni
[106,107] a protirakovinné terapii. [108,109] Stejné tak jsou v soucasné dobé¢ taktéz za
slibné materialy v lIékatfskych a biotechnologickych aplikaci pro svou vysokou
antibakterialni t¢innost a optické vlastnosti povazovany nanocastice stiibra. Ty jsou pak
Casto vyuZzivany tam, kde je zapotiebi zajistit sterilni prosttedi, a to naptiklad v povrchové
upraveé nastrojii a inkorporaci nanocastic do katétri. V nedavnych studiich pak byla
prezentovana uloha katétri modifikovanych nanocasticemi jako netoxickych zatizeni
schopnych trvale uvoliiovat baktericidni stfibro, které vykazuje preventivni G¢inky proti

vzniku infekci a s tim souvisejicimi komplikacemi. [110-112]

Nejen antibakterialnich Gi€inkl nanocastic stiibra, ale 1 jejich hojivych vlastnosti
vedoucich Kk rychlejsi regeneraci kiize a okolnich tkani je vyuzivano v obvazovych

materidlech anaplastech ke sterilnimu kryti chirurgickych ran, [113,114] I1écbé
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popalenin, [115,116] diabetické nohy, [117,118] a v prevenci lokalnich infekci.
Obvazové materidly musi propoustét plyny a vodni pary, a to proto, aby se na rané¢
vytvorilo vlhké prostiedi a nedochazelo tak k dehydrataci. Zaroven by mély tyto
materialy vykazovat vysokou schopnost absorpce tekutin pro odstranéni exsudatu
a nadmérného mnozstvi bakteridlnich Zivin zrany, coZz obvazové materidly na bazi
nanocastic stfibra zajiSt'uji. Nanocastice stiibra navic obvazovému materidlu zajist'uji
potiebné antibakterialni u¢inky, ¢imz potlacuji bakterialni rust, ale zaroven nevykazuji
cytotoxicitu pro okolni tkan¢. [119] Obvazové materialy, popiipadé biomaterialy
prirodniho pavodu (tkaniny, celudza, chitosan, alginat) jsou tedy v soucasnosti
modifikovany nanocasticemi stiibra, jeZ mimo samotny antibakterialni ti¢inek urychluji
proces obnovy tkang, jeji funkcnosti a minimalizuji tvorbu jizev. [120] Na zvitecich
modelech bylo pak popsano zlepseni stavu poranénych tkani v disledku syntézy nového

kolagenu, infiltrace zanétlivych bunék, piekrveni a proliferace fibroblastt. [121]

Pomérné velka ¢ast aplikacniho potencidlu nanocastic stiibra se v dnesni dobé
ubird smérem k dentdlnim aplikacim, kde se pro své antimikrobidlni Géinky vyuziva
Kk ochrané proti vzniku zubniho kazu, ptipravé biocidnich povlakii na zubni implantaty
ajako vypliovy material do ortodontickych cementii. Pfidavkem nanocastic stiibra
dochdzi k zajisténi baktericidnich 0Cinkl, a tedy zlepSeni procesu remineralizace,

kontroly tvorby biofilmu a eliminaci vzniku zubniho kazu. [122-125]

Se vzristajici dobou doziti narlsta také zatéz na klouby a pocet artritickych
onemocnéni, jehoZ zdkladni metodou 1écby je uméla ndhrada kloubu za pouZiti kostnich
cementu jako je polymethylmetakrylat nebo polyethylen s ultravysokou molekulovou
hmotnosti. Po zabudovani do kosti vSak velmi casto dochazi ke komplikacim
souvisejicim s bakterialni kolonizaci ortopedickych implantatd a tvorbé ulomk vlivem
opotfebeni materialu a s tim souvisejicim vznikem zanétd a infekci. [126,127] Kostni
cementy a titanové implantaty jsou tedy potahovany nanocésticemi stiibra, jeZ snizuji
tvorbu ulomkii a vykazuji antibakteridlni aktivitu vii¢i Siroké Skale bakterii, vCetné
meticilin rezistentniho kmene S. aureus a zaroven nejsou toxické vici okolnim tkanim.

[128-130]
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Velka afinita stfibrnych nanocastic k biologickym latkam, jako jsou naptiklad
proteiny, usnadiiuje vyrobu biosenzorti s vysokym detekénim limitem ve srovnani
s klasickymi metodami pouzivanymi v biologickych aplikacich, a lze je tak vyuzit jak
v diagnostice, tak k 16¢bé siroké skaly rakovinovych a infekénich onemocnéni. [129-131]
Nanocastice krom toho maji také Siroké vyuziti v bunééném biologickém zobrazovani
a biologickém snimani. [132,133] Krom¢ vys$e zminéného jsou nanocastice stibra aktivni
I vici virim a dal$im organismim. Jeden z nejnovéjSich objevi v oblasti vyuziti
nanocastic stfibra jako biocidii zahrnuje jeho ucinnost jako antivirové latky proti virovym
infekénim onemocnénim, jako je SARS-Cov, HIV, Zloutenky typu B a virus chiipky
H5N1, HIN1 a Dengue. [134,135]

V soucasné dob¢ se vyzkum nanogastic stibra prohlubuje, a to hlavné s ohledem
na rozvoj a rozSifeni bakteridlni rezistence vii¢i antibiotikim, jez omezuje Uc¢innost
antibiotické 1é€by infek¢nich onemocnéni. O nanocasticich stiibra se v tuto chvili uvazuje
jako o mozné alternative, ktera by mohla antibiotika tipIn€ nahradit, nebo alesponi doplnit

Vv 1éEbe proti bakteriim, jeZ si vici antibiotikiim vytvorily rezistenci. [136]

3.1 Antibakteridlni u¢inky nanocastic
3.1.1 Antibakterialni terapie dnes
I pfes rostouci znalosti ve vSech oblastech mediciny a znacném pokroku

v diagnostice aterapii piedstavuji bakterialni infekce vazny terapeuticky problém.
Hlavnimi dGvody narlstajictho poctu infekci je endogenni charakter velké casti
bakterialnich infekci (patogeny pochazejici z lidské mikroflory), narGstajici rezistence
vaci ucinku antimikrobialnich 1é¢iv, rostouci pocet pacientti s oslabenou imunitou a osob
s umélym materidlem v téle (kloubni nahrady), popiipad¢€ pacientd hospitalizovanych na
jednotkach intenzivni péce. [137,138] V soucasné dobé je velmi komplikovana naptiklad
lé¢ba intraabdominalnich infekci, ventilatorové pneumonie a sepse, kde k eradikaci
bakterialniho patogena nejsou pouzitelna zadna antibiotika, nebo je jejich vybér znaéné

limitovan. [139]

V soucasné dobé jsou bakteridlni infekce 1éCeny za pouziti antibiotik
S bakteriostatickymi, nebo baktericidnimi Ucinky, tedy antibiotiky potlacujicimi
bakterialni rdst, nebo antibiotiky, jez bakterie zabiji. Antibiotika jsou rozdélena do
nékolika skupin na zaklad¢é zptsobu Uc€inku, chemické struktury nebo spektra aktivity

a obecn¢ pusobi na jedno konkrétni cilové misto bakteridlni buiiky. Na zakladé zptisobu
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ucinku (Obrazek 2) rozeznavame antibiotika inhibujici syntézu bakteridlni bunécné stény
(napt. B-laktamy nebo glykopeptidy), naruSujici bunénou membranu (polymyxiny),
inhibujici syntézu nukleovych kyselin (fluorochinolony), proteosyntézu (tetracykliny,
aminoglykosidy nebo makrolidy) asyntézu kyseliny listové (sulfonamidy). [140]
Aby mohlo antibiotikum puisobit antimikrobialné, musi nejprve vstoupit do bakterialni
bunky (influx), vydrzet zde stabilni, nebo byt aktivovano a akumulovéno do inhibi¢ni
koncentrace, jez je potiebna k dosazeni jejich antimikrobidlnich ucinkii a az poté mize
antibiotikum vyhledat a interagovat se svym cilovym mistem. Zména v kterémkoli
z téchto krokt vede k vzniku bakterialni rezistence vii¢i antibiotiku bez ohledu na jejich

zpusob Uc¢inku, chemickou strukturu nebo spektrum tG¢inku. [141]

oy ee

20. stoleti. V soucasné dobé vSak medicina celi redlné hrozb¢, ze antimikrobidlni latky
vuci bakteriim brzy ztrati svou ucinnost, a tim i schopnost 1é€it bakterialni infekce. Podle
prohlaseni Valného shromazdéni OSN ze zatfi 2016 lze odhadovat, Ze pokud bude
rezistence bakterii nadéle nardstat stejnym tempem jako dosud, budou nelécitelné infekce
zpusobené multirezistentnimi bakteriemi do roku 2050 nejéastéjsi pticinou umrti. [142]
V soucasné dobé€ se jen v USA kazdorocné rezistentnimi bakteriemi (tedy schopnymi
odolavat plsobeni antimikrobidlni latky, antibiotika) nakazi zhruba 2,8 milionu lidi
a ptiblizné 35 000 z nich v dusledku toho zemfe. [143] Rostouci rezistence bakterialnich
patogent vuci antibakterialnim latkam tak zvySuje moznost navratu do éry bez antibiotik,
kdy nebudou k dispozici adekvatni Iéky k 1é€be bakteridlnich infekci, coz by pii lécbé

invazivnich bakteridlnich infekci mohlo mit fatalni nasledky.
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Obrazek 2. Mechanismy u¢inku antibiotik. [136]

V dusledku vzniku a Sifeni bakterialni rezistence mechanismem zaloZenym
na prebirani genetického materidlu z rezistentnich bakterialnich bunék prostiednictvim
rekombinacnich procesit dochazi k nezadrzitelnému S$ifeni rezistence vici antibiotikim
bez ohledu na jejich spotiebu [144] a rezistence vici antibiotiklim se objevuje pomérné
rychle od jejich zavedeni. [145] Typickym piikladem muize byt rezistence kmene
Staphyloccocus aureus vici p-laktamovym antibiotikim. Na poc¢atku 40. let 20. stoleti
bylo v anglickych nemocnicich méné nez 1 % kmenu S. aureus rezistentnich vici

penicilinu, av§ak do roku 1948 se tento podil zvysil az na 59 %. [146]

Obavy z bliziciho se konce témér 80leté¢ éry klasickych antibiotik zpiisobené
rostouci bakteridlni rezistenci jsou vice nez opravnéné a je nejvyssi Cas se timto
problémem adekvétné¢ zabyvat na vSech moznych urovnich, vcetné vyvoje novych
antimikrobidlnich 1é¢iv Gi¢innych proti multirezistentnim bakteridlnim patogenim. FDA
kazdoro¢né schvaluje zhruba 51 novych 1é¢iv, z toho bylo v poslednich péti letech
schvaleno osm novych molekul antibiotik, pficemz vétSina znich ma strukturu
odvozenou od jiz znamého antibiotika a pisobi tedy stejnym mechanismem. [139,147]
Z tohoto faktu je patrné, Ze navzdory vaznym hrozbam zplisobenym bakteriemi
(multirezistentni kmeny, nové se objevujici patogeny) V soucasné dobé neni vyvoj
novych antibakteridlnich 1é¢iv piiliS popularni a vétSina velkych farmaceutickych

spolecnosti od vyvoje antibakterialnich 1éCiv zcela upustila. Diivodem jsou mimo jiné
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predevsim ekonomické faktory, protoze vyssi zisky lze ziskat vyvojem 1€kt proti jinym

typum nemoci (hypertenze, rakovina, AIDS atd.). [148]

Bakterialni rezistenci vici antibakteridlnim latkdm lze chéapat jako schopnost
bakteridlni populace pfezit ufinek definované koncentrace urcitého antibakteridlniho
pripravku. Je vsak tifeba rozliSovat pfirozenou (primarni) rezistenci, tedy rezistenci
bakterialnich druht, které jsou mimo rozsah u¢inku daného antibakterialniho ¢inidla
(absence cilového mista) a ziskanou (sekunddrni) rezistenci, tj. zménu pivodné citlivé
bakterie na rezistentni. Bakterie se mize branit u¢inkiim antibakterialnich latek tvorbou
bakteridlnich enzym, které narusuji nebo modifikuji strukturu antibakteridlnich latek,
zmé&nou propustnosti bakteridlni stény a cytoplazmatické membrany, modifikaci cilovych
mist antibakterialnich latek a zvySenou eliminaci antimikrobialni latky z bakteridlnich

bungk (bakterialni eflux). [149,150] (Obrazek 3).

enzymaticka inhibice
(B-laktamova antibiotika)

snizena penetrace
(kolistin)
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Obrazek 3. Mechanismy bakteridlni rezistence vii¢i antibiotikiim. [136]

~r o

Bylo publikovano mnoho studii, které¢ dokladaji vyssi amrtnost a kratSi preziti
pacientl s infekcemi zpisobenymi multirezistentnimi bakteriemi ve srovnani s infekcemi
zpusobenymi citlivymi kmeny stejného druhu. Naptiklad Rello a kol. uvadéji 86%
mortalitu pacientli s ventilatorovou pneumonii zplsobenou meticilin-rezistentnimi
kmeny S. aureus ve srovnani s 12 % v piipadé izolati kmene S. aureus citlivych
na meticilin/oxacilin. Tumbarello a kol. zjistili, ze mortalita pacienti s infekcemi
krevniho fecist¢ zplsobenymi enterobakteriemi s pozitivni produkci Sirokospektrych
B-laktaméz dosahovala 60 % v ptipad¢ nedostate¢né antibiotické terapie, ale pouze 19 %,

pokud byla antibiotickd terapie u¢inna. Kang a kol. dokumentovali rozdil v 30denni
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mortalit¢ na infekce zpisobené Pseudomonas aeruginosa mezi adekvatni pocatecni
antibiotickou terapii (28 %) a opozdénym zahajenim uc¢inné 1éCby (43 %). Herkel et al.
prokazali statisticky vyznamny rozdil v mortalit¢ mezi adekvatni a neadekvéatni
antibiotickou terapii ventildtorové pneumonie. Mortalita byla 27 % u pacientl, ktefi
dostavali adekvatni terapii, a 45 % u pacienttl, ktefi dostavali neadekvatni terapii, coz
znamena, ze bakterialni patogeny byly rezistentni vii¢i pocatecni antibiotické 1écbe. [151—
153]

Protoze se zd4 nepravdépodobné, Ze by nova antibiotika v blizké budoucnosti
poskytla zptsob, jak rychle ptfekonat bakteridlni rezistenci, potfebujeme alternativni
zpusoby piekonani bakteridlni rezistence. Velmi slibnou moZnosti je kombinovana 1écba,
pfi niZ se tradi¢ni antibiotika kombinuji s dalSimi latkami, které zvySuji jejich ucinnost.
Bakterie si mohou vuc¢i urcitym antibiotikiim vytvaret rezistenci riznymi zptisoby, proto
by antibiotika méla byt v idealnim ptipad¢ aplikovana ve spojeni s latkou, kterd dokaze
zablokovat pfislusSny mechanismus rezistence. Protoze naptiklad rezistence vuci
peniciliniim je zpisobena produkci enzymu (B-laktamaz), mohla by byt Géinnost téchto
antibiotik obnovena jejich aplikaci spole¢né s inhibitory B-laktamaz, jako jsou kyselina

klavulanova, tazobaktam a sulbaktam. [154]

3.1.2 Antibakteridlni terapie budoucnosti

Kombinace antibiotik slatkami inhibujicimi dany mechanismus rezistence
se zdala byt spravnou volbou v boji vué¢i naristajicimu problému v oblasti bakterialni
rezistence, avSak bakterie si pomérné rychle stihly vyvinout rezistenci i na tyto
kombinované 1écby. V soucasnosti je tedy zapotiebi hledat jiné moznosti, nejlépe
zahrnujici dopliikovou antibakteridlni latku schopnou pulisobit na vice bunéénych
urovnich sou€asné, coz by mohli byt napiiklad nanocastice. Nejcastéji uplatnovanymi
zpusoby, jakymi nanocastice bojuji proti Siroké Skale patogenil, jsou naruSeni bunécné
stény, cytoplazmatické membrany a produkce reaktivnich kyslikovych radikali (ROS)
vedouci k oxida¢nimu stresu, v men$i mife pak enzymaticka inhibice, zmény genové
exprese a deaktivace proteint. [155,156] Pro tento ucel by tedy mohli byt pouzity
anorganické nanocastice materiald, jako je stiibro, oxid titaniCity, zineCnaty nebo
grafenové materidly, které vykazuji silnou antibakteridlni aktivitu pfi velmi nizkych
koncentracich (v rozmezi ppm) a zarovein nevykazuji cytotoxicitu vii¢i savéim buitkam
(BJ, NIH, bunécné linie 3T3). [93,157,158] Vzhledem ktomu, Ze antibiotika

a nanocastice maji odliSny zpisob antibakteridlniho ucinku, mohla by byt vyuzita
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I kombinovana 1é¢ba s pouzitim nizkych davek obou typa latek. V doposud
publikovanych pracich bylo naptiklad prokazano, ze 1é¢ba nanocasticemi stiibra (nékdy

1 v koncentracich niz§ich nez 1 mg/L) mlZe obnovit citlivost rezistentnich kment

na antibiotika, ktera jsou jinak neucinna. [157-161]

Zpisob ucinku nanocastic kovi a oxidl kovil neni dosud zcela popsan a jasny, ale
pro piislusné kovy bylo navrZzeno nékolik moznych zpisobi mechanismu uéinku
(Obrazek 4). Kazda z nanocastic, bez ohledu na chemické slozeni, je schopna bojovat
proti bakteriim rliznymi mechanismy a takovy vicetroviiovy zpusob ucinku znacné
zt€zuje vyvoj bakteridlni rezistence. Kromé toho jsou nanocastice schopny dorucit
antibiotikum k bakteriim a fungovat tak jako nosi¢ 1é¢iva, coz vede ke zvySeni u€innosti
lé¢iva a omezuje celkovou expozici 1éciva. Nej€astéji uplatiiované zplsoby, jakymi
nanocastice bojuji proti Siroké Skale patogend, jsou naruseni bunécné stény,
cytoplazmatické membrany a produkce ROS vedouci k oxida¢nimu stresu, v mensi mife

pak enzymaticka inhibice, zména genové exprese a deaktivace proteind. [155,156,162]
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Obrazek 4. Mechanismy u¢inki nanostrukturnich materiali. [136]

Nanocastice se velmi ¢asto hromadi na povrchu a vytvareji v bakterialni sténé
jamky "pits”, pronikaji bunéfnou sténou, naruSuji bunéfnou membranu, zplsobuji
strukturalni poskozeni a buné¢nou smrt. [163] Baktericidni u¢inek kladné nabitych ionth
uvolnénych nanocésticemi se zvySuje vazbou na zdporné nabity povrch bakterii

(karboxylové, fosfatové skupiny) v procesu znamém jako biosorpce. [155,156] Kromé
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toho elektrostatickd vazba na bunécnou sténu vede k depolarizaci membrany, zméné
membranového potencidlu a ztraté jeho integrity, coz ma za nasledek pferuseni pienosu
energie a buné¢nou smrt. [164] Diky silné peptidoglykanové vrstvé Gram-pozitivnich
s bakterialnim povrchem. [165,166] Samotné nanocastice, nebo naruseni dychaciho
fetézce muze zpuisobovat vznik reaktivnich kyslikovych radikal, jez se vyznacuji silnym
pozitivnim redoxnim potencidlem a vedou ke vzniku oxidaéniho stresu v bunce. [167]
Mezi ROS patii peroxid vodiku (H202), singletovy kyslik (O2), hydroxylovy radikal
(-OH) a superoxidovy radikal (O%). Rlizné typy nano&astic produkuji rizné kombinace
ROS, a to vede kriznym antimikrobiadlnim vlastnostem. Za normalnich okolnosti
je produkce a odstrafiovani ROS vyvazené, pti vysokém stresu v8ak dochazi k nadmérné
produkci ROS, coZ méni propustnost bunééné membrany a zpusobuje poSkozeni bakterii.
[156,168,169] Krom¢ oxidaéniho stresu mohou ROS zptsobit poskozeni makromolekul
bunky, coz vede k peroxidaci lipidii, zméné proteind, inhibici enzymu a poskozeni RNA
nebo DNA. Vyznamné antimikrobidlni u¢inky prostiednictvim produkce ROS
Ize pozorovat v piipadé nanocastic stiibra, [170-172] oxidu zine¢natého, [173,174]
titani¢itého, [175,176] a zZelezitého. [177]

3.1.2.1 Antibakterialni aktivita nanocastic sti'ibra

Stiibro bylo pro své antibakterialni G¢inky pouzivano jiz od starovéku, kde bylo
pro dlouhodobé uchovani potravin a prodlouZeni tak jejich trvanlivosti vyuZivano
sttibrnych nadob. Na stejném principu pak byly do nddob s vodou, nebo vinem ptidavany
stiibrné mince, ¢imz se tak zabranilo kazeni jejich obsahu. Toho, Ze stfibro zabranuje
hnilobé a rozkladu pak bylo vyuZivdno u bohatSich vrstev, a to zejména pii vyuZiti
sttibrného nadobi, piibord, a dokonce i slanky pomoci niz si Slechta do svych pokrmi
ptidavala namleté stiibro. [178] Na pocatku 19. stoleti zacali chirurgové k seSivani ran
vyuzivat stiibrné dratky a béhem druhé svétové valky vyuzivali stiibrnych plati, jez byly
ptikladany na rany vojaku, ¢imz se tak zabranovalo infekcim a urychlovalo se hojeni ran.
Nejrozsitengj$i pouzivanou soli stiibra byl dusi¢nan stfibrny, ktery byl hojné vyuzivan
k 16¢bé zanétu spojivek u novorozenci, 1é€bé popalenin, a eradikaci koznich bradavic.
[179,180] Na zacatku 20. stoleti byly slouceniny stiibra nahrazeny koloidnim stiibrem,
které se stalo roz$ifenym a u¢innym lé¢ivem systémovych a lokélnich infekci, tedy 1 1écbé
popalenin a plisnovych nakaz. [181] Koloidni stfibro se vV nemocnicich vyuzivalo jako

germicid a v minulosti bylo popsano uspés$né vyuziti pro 1é¢bu infekci kiize, ucha, zanétu
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mandli a dutiny Ustni. Po nastupu antibiotik se vSak od jeho pouzivani upustilo a dale

se koloidni stiibro pouzivalo jen v malém mnozstvi k 1écbé o¢nich infekci.[180,182]

Antimikrobni aktivita nanocastic stfibra byla laboratorné potvrzena mnozstvim
publikaci [29,57,183-186] a k této problematice byl sepsan nejeden souhrnny ¢lanek.
[42,187,188] Baktericidni Gi¢inek nanocastic stfibra zavisi na nékolika faktorech, jako
je tvar, velikost, krystalinita, pH, davka, doba kontaktu, povrchova uprava a povrchovy
antimikrobidlni aktivitu, je velikost. Mens$i Castice jsou obecné aktivnéj$i, coz je
zpisobeno vétsSim povrchem ¢éstic, jez poskytuje veétsi interakéni plochu a zvySeni
mnozstvi baktericidnich interakci. Navic, ¢astice mnohem Iépe pronikaji bakteridlni
sténou a dostdvaji se dovnitt, ovliviiuji DNA a enzymy, a vedou tak k bunéné smrti.
[189-191] V jiz zminéné praci Panacka a kol. bylo prokazano, ze za pouziti disacharidii
byly pfipravovany mensi Castice, nez v pfipadé monosacharidii a nejmensi pfipravené
¢astice redukci maltézou tak méli mnohem vys$§i antimikrobidlni G¢inky, nez 50 nm
Castice pripravené redukci galaktozou. [29] To, Ze jsou mensi ¢astice mnohem vice
aktivni jak vacéi Gram-pozitivnim, tak Gram-negativnim bakteriim bylo potvrzeno
I v dalSich pracich, a Ize tedy konstatovat, Ze antibakterialni aktivita s rostouci velikosti
Klesa. [192]

Velky vliv na antimikrobialni aktivitu mé také morfologie ¢astic. Chemickymi
metodami byly pfipraveny rizné tvary nanocastic stiibra, pficemz bylo prokazano,
Ze anizotropni nanocastice maji lepSi baktericidni ucinky neZ sférické nanocastice,
coz souvisi s vét§im poctem ostrych hran a rohtl, které jsou ve srovnani se zaoblenymi

hranami mnohem vice biocidng&jsi. [193,194]

Jak jiz bylo zminéno v kapitole o stabilizaci ¢astic, vysledny ndboj ¢astice nema
vliv jen na jejich stabilitu, ale i na vyslednou interakci ¢astice s bunéénou membranou,
jez je zaloZena na elektrostatické adhezi. [189,195] Karboxylové, fosfatové, hydroxylové
a aminové skupiny spojené s tlustou peptidoglykanovou vrstvou bunécné stény Gram-
pozitivnich bakterii jim dodavaji zaporny naboj. Podobné tyto funkéni skupiny spojené
s lipopolysacharidem ve vngjsi membrané propdjcuji celkovy negativni naboj
Gram-negativni bunééné stén¢. [196] Kladné nabité nanocastice, nebo samotny kladny

naboj stfibrnych iontd je tak velmi pfinosny pro elektrostatickou pfitazlivost mezi

28



zaporné nabitou bunéénou sténou a kladn€ nabitymi casticemi, a tedy jejich vyslednou

baktericidni aktivitu. [156]

V praci publikované Badawy a kol. byly zkoumany nanocastice stabilizované riznymi
stabiliza¢nimi Cinidly, a tedy s riznym vyslednym zeta-potencidlem. Zkoumany byly
napiiklad ¢astice stabilizované citratem, jez maji diky karboxylové ¢asti velmi zaporny
zetapotencial (-38 mV), v dusledku ¢ehoz miaze dochazet Kk elektrostatickému
odpuzovani mezi zaporné nabitymi Casticim a bakterialni bunéénou sténou. Oproti tomu
zeta potencial PVP stabilizovanych ¢astic je méné negativni (-10 mV), coz podporuje
vyss§i interakci nez v piipadé citratu a tim padem i vysSi toxicitu. Poslednim
stabilizatorem pouzitym Vtéto studii byl polyethylenimin, v némz aminoskupiny
nanocasticim udéluji kladny néboj a stabilitu proti aglomeraci. V tomto ptipad¢ kladné
nabité ¢astice (+40 mV) siln€ interaguji se zaporn€ nabitymi ¢astmi v membrané bakterii
(napf. proteiny) a vyvolavaly zmény ve strukturalni integrité bunécné stény bakterii,
cozvedlo Kkuniku cytoplazmatického obsahu a buné&né smrti. [197]
Role elektrostatického naboje pak byla zkoumana i v dalSich pracich a na riznych at’ uz
Gram-pozitivnich, tak Gram-negativnich bakteridlnich kmenech. Ve vSech ptipadech
byla vici testovanym mikroorganismim zaznamenana vyS$$i baktericidni aktivita
u kladné& nabitych nanocastic. Niz§i antibakterialni aktivita negativné nabitych castic pak
byla vysvétlena odpuzovanim mezi zaporn€ nabitych biomolekul na povrchu bakterie
a zaporn€ nabitym povrchem ¢astic. [198-200] V fad¢ praci vSak bohuzel nebyl testovan
samotny uc¢inek stabilizatoru, a jelikoZ je zndmo, ze kladné€ nabité stabilizacni latky, jako
je naptiklad polyethylenimin jsou sami o sob¢ silné antibakteridlni nelze antibakteridlni

ucinky pfisuzovat pouze kladnému naboji nanocastic stiibra. [201-203]

Samotny povrchovy naboj mize byt u nékterych nanocastic prepinan v zavislosti
na pH. Jednim z ptikladii miZe byt nanokompozit s anhydridem kyseliny lipoové, jeZ m¢l
zvySenou antibakteridlni u¢innost pii niz§ich hodnotach pH, coz lze pficist kladnému
povrchovému naboji piipravenych ¢astic v kyselém roztoku. [204,205] Stejny vysledek,
tedy to, ze se zvySujicim se pH klesa baktericidni aktivita bylo prokazano pro
nanokompozit stiibra s redukovanym oxidem grafenu. Ze tii riznych pH prostiedi
tu nejlepsi baktericidni aktivitu vykazovalo to nejnize testované pH (5,6), coz bylo
vysvétleno zvySenym obsahem vodikovych iontl a rozpustného kysliku v kyselém
prostiedi, jez piispélo k oxidaci nanocastic a k rychlému uvoliovani stiibrnych iontt

a zvyseni antibakterialni aktivity. [206]
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Nanocastice stiibra jsou schopny rychle a efektivné likvidovat celou fadu
mikroorganisma a jsou efektivni jak vici béznym Gram-pozitivnim a Gram-negativnim
kmenim, tak i vac¢i multirezistentnim bakterialnim kmentim jako jsou S. aureus,
P. aeruginosa a celé tadé¢ enterobakterii. [207,208] Bakterialni rast nemusi byt
potlacovan pouze samotnymi stiibrnymi nanoc¢asticemi, ale i pomoci riznych
nanokompoziti se stfibrem, jez maji také velmi zajimavé antibakteridlni ucinky.
[209-211] Napiiklad derivat grafenoxidu se stiibrem tvofi stabilni systém, jez diky své
velké plose povrchu s Sirokou Skalou navazanych funkcnich skupin zvysuje interakéni
plochu s bakterialnim povrchem a dovoluji jim tak interagovat s buné¢nou membranou
prostiednictvim vodikovych vazeb, nebo elektrostatickych interakci. Kromé piisobeni
samotnych kladn€é nabitych stiibrnych iontd, jez interaguji se zaporné nabitym
fosfolipidem na buné¢né membrang, tak v tomhle pfipadé dochazi i k narusovani integrity
ostrymi hranami samotného grafen oxidu. Tak i tak v obou piipadech dochazi ke zméndm
propustnosti membrany, coz mize vést jak k Uniku intracelularnich latek, tak ke vstupu
stfibrnych iont dovniti do buriky, kde pak dale mohou vytvaiet ROS, interagovat s DNA,
nebo thiolovymi skupinami, jeZ mize branit procesu syntézy bilkovin a dal§im procestim,
jez mohou slouzit k inhibici bakteridlniho rastu, nebo dokonce k bunééné smrti.
[212,213]

Dal8im pomérné pal¢ivym problémem v antibakterialni terapii je tvorba biofilmi,
coZ jsou shluky bakterii uzavienych v extracelularni polymerni latce (EPS), ktera
se sklada prevazné z proteind, extracelularnich polysacharidi a nukleovych kyselin.
Struktura biofilmu proptij¢uje bakteriim schopnost tolerovat narocné podminky prostiedi,
odolnost vi¢i antibiotikim a imunitnimu systému hostitele a poskytuje optimalni
prostfedi pro vyménu extracelularni DNA (plasmida). [214,215] | v tomto ptipadé byl
testovan antibakterialni u¢inek nanocastic stfibra a ukazalo se, Ze ¢astice sniZuji biomasu
vzniklych biofilmt a redukuji produkci proteinti a exopolysacharidi. [216] Pfikladem
mizou byt nanocastice syntetizované z metabolitd Rhizopus arrhizus, které inhibuji
produkci alginatu, coz je dulezitd slozka EPS, kterd bakteriim umoziuje piilnout
k povrchu a chrani je pfed imunitni odpovédi. [217] Sanyasi a kol. zkoumali G¢inek
nanocastic obalenych karboxymethyltamarindem na biofilm tvofeny bakteriemi E. coli
a B. subtilis, pficemz tvorba biofilmu byla zcela potlacena a buiky po oSetfeni
nanocasticemi vykazovaly zmackanou morfologii povrchu, relativné protahlou velikost

anebylo viditelné zietelné septum, coZ naznaCuje, ze nanocastice zabranuji déleni
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bakteridlnich buné¢k, zpisobuji destrukci membrdn a zabranuji jejich sdruzovani
zaucelem tvorby biofilmd. [218] V dalsich ¢lancich pak byla popsana také snizena
exprese genu s motilitou a tvorbou biofilmu. [219,220] Vyhodou malych ¢astic je, Ze EPS
tak malé ¢astice nezachyti a mohou tak pronikat tlustou vrstvou biofilmu a znicit az 98 %
biofilmu. [221] Spousta dalsich ptikladt je uvedena v souhrnném ¢lanku [66], jehoz
vysledky potvrzuji, Ze nanocastice stiibra mohou byt pouzity jako slibna antibakteridlni

latka potlacujici tvorbu biofilmu.

Mechanismus Uéinku nanocastic stfibra
Pfesny mechanismus t¢inku nanocastic sttibra neni doposud zcela objasnén, coz

komplikuje pochopeni interakci mezi nanocasticemi a bakterialnimi bunkami. VSechny
existujici tdaje vSak naznacuji, Ze stiibrné nanocastice vykazuji paralelné rizné
antibakterialni mechanismy a nespecificky se vazou na Sirokou Skalu cild a tim naruSuji
mnoho aspekti bunééného metabolismu, coz bakteriim znacné ztéZzuje schopnost
odolavat ucinkiim téchto nanocastic a také si vuéi nim vytvorit rezistenci. [222,223]
Zaroven se predpoklada, ze stiibrné nanocastice slouzi jako zdsobarna sttibrnych iontd,
jez se v dusledku oxidativniho rozpousténi uvolnuji. [224,225] Nanocastice jsou pak
schopny pfilnout k negativné nabité bunécné sténé bakterii a vytvofit v ni "jamky"
(otvory), coz vede k depolarizaci a zhrouceni potencialu plazmatické membrany.
[163,226] V dusledku toho dochéazi k odtoku cytoplazmatického obsahu a bunécna
membrana se stdva propustnéjsi, coZ vyrazn¢ usnadiiuje prinik nanocastic do bunék
ajejich interakci s mezibunénymi slozkami (ribozomi, mitochondrii, vakuol)
[68,227,228] Uvolnéné stiibrné ioty inhibuji misto mezi cytochromem o2 a cytochromem
b v dychacim fetézci a nanocastice tim tak mohou pterusit proces bunééného dychani,
inhibovat cytochrom v elektronovém transportnim fetézci nebo denaturovat ribozomalni
podjednotku 30S (zabranit translaci proteind). [156,229] Druhy, pomérné¢ casto
zastoupeny mechanismus navrhuje produkci ROS na bunééné membrané, jejichz formace
mize vést k poskozeni replikace DNA, destrukci biomolekul a pfispiva k oxida¢nimu
stresu. Kromé toho se nanocastice snadno vazou na thiolové, amino a fosfatové skupiny,
které jsou dulezitymi soucastmi DNA, peptidii a enzymt, coz mize vést k inaktivaci
enzymil, ménit expresi proteinli a naruSovat tak metabolické procesy, jez vede
k poskozeni nebo inhibici replikace DNA/RNA a zpusobuje nevratné poSkozeni bakterii

a smrt bun¢k. [226,230-232]
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3.1.2.2 Synergické ucinky nanocastic a antibiotik

Nékolik studii v posledni dob& naznacilo, Ze nanostrukturni materialy, zejména
sttibro, zlato, nanocastice oxidu titani¢it¢tho a dal$i nanocCastice mohou pfi nizkych
davkach posilit antibakteridlni ucinky konvenc¢nich antibiotik a tim tak obnovit citlivost
rezistentnich bakterialnich kment k antibiotikiim. [233-239] Jinymi slovy, antibiotika,
ktera byla ptivodné zcela netcinna, vykazuji v kombinaci s nanocasticemi kovii a oxida
kovli baktericidni G¢inky proti multirezistentnim bakterialnim kmenim. Toto zjisténi
jasn¢ naznacuje, ze je mozné nalézt ucinnou kombinaci antibiotika se slouceninami
nabazi nanomaterial, jez vede k synergickému antimikrobidlnimu ucinku
umoziujicimu t€innou inhibici bakteridlnich patogent pfi pouziti vyrazné niz§ich davek
nez ve srovnani se samotnym antibiotikem. [240,241] V piipadé nanocastic stéibra byly
pii kombinaci s antibiotiky zaznamenany vysoké synergické antibakterialni G¢inky i pfi
koncentraci niz$i nez 1 mg/L [160,242-244], coz jsou koncentrace s dobrou
hemokompatibilitou a netoxické pro lidské bunky. [157,158,245] Diky tomu
se nanostrukturni materialy jevi jako velmi perspektivni antibakterialni latky a kombinace
antibiotik s nanomaterialy pfedstavuje jeden z moznych ptistupt k a¢innému boji proti
problému rostoucti rezistence patogennich bakterii vii¢i tradiénim antibiotikiim. VétSina
doposud publikovanych experimentd byla bohuzel provedena na bakteriich citlivych
k u¢inkim antibiotik, tedy vhodné k prokéazani funk¢énosti metody, avSak bez jakéhokoliv
vyuziti v praxi. Mnohem dulezitéjsi jsou vysledky testované na rezistentnich bakteriich,

vvvvv r

jez zpusobuji nejproblematictéjsi a nejhiife 1é¢itelné infekce.

V ptehledovych c¢lancich [246,247] byl sledovan vliv mechanismu uéinku
antibiotika na vysledny synergicky u¢inek a zda Ize u¢inek antibiotik obnovit, ¢i nikoliv.
Zvyseni antibakteridlnich vlastnosti antibiotik v kombinaci s nano¢ésticemi stiibra bylo
pozorovano uvsSech testovanych kombinaci s antibiotiky narusujicimi bunééné
membrany (kolistin). Obecné¢ lze fici Ze rezistenci bakterii viici antibiotikim ptsobicim
na syntézu bunééné membrany/bilkovin/bunééné stény (B-laktamy) bylo mozné zvratit
a antibiotika v kombinaci s nanoc¢asticemi stiibra ziskaly zpét své antibakterialni
vlastnosti i v nizSich koncentracich nez dfive. Nanocastice stfibra v tomhle ptipadé
pravdépodobné interaguji s porinovymi kanaly a peptidoglykanem na povrchu bakterii,
narusuji a pronikaji buné¢nou sténou, coz umozinuje antibiotiku dostat se dovnitt a byt
opét ucinné. V piipade B-laktamovych antibiotik mize naruseni bunécné stény a vnéjsi

membrany vést k tniku karbapenemazy z bakterialni buiiky a sniZeni jeji aktivity uvnitt
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periplazmatického prostoru, a tedy ke zvraceni mechanismu jejich rezistence. Naopak
antimikrobidlni aktivita glykopeptidovych antibiotik (vankomycin) pisobicich
na syntézu bunécné stény nemohla byt ve vSech pfipadech zvySena. Mechanismy
rezistence ve vétSin€ piipadt zahrnuji chemické zmény cilové strany (napi. preména
D-alanyl-D-alaninu na D-alanyl-D-laktat) a ty jsou obtizné ptekonatelné. Pokud vsak
mechanismus rezistence souvisi s bunécnou sténou, nanoc¢éstice pomahaji antibiotikiim
proniknout sténou a zaroven v ni vytvaieji otvory, [248] coz umoziuje antibiotiku dostat
se dovniti bakterie a navazat se na své obvyklé vazebné misto. Zvyseni antibakterialni
aktivity nebylo pozorovdno u antibiotik inhibujicich syntézu kyseliny listové
(trimetoprim) a témét ve vSech testovanych piipadech u antibiotik inhibujicich syntézu
nukleovych kyselin (ciprofloxacin). Rezistence k témto antibiotikiim je vétSinou ziskana
nevratnou chromozomalni mutaci, kterou nanocastice nemohou tak snadno zvratit.
Obecné lze fici, ze konecny ucinek zavisi na mechanismech rezistence bakterialnich
kmen, pficemz nékteré z nich, jako je naptiklad snizena adsorpce a bunéc¢na propustnost,
lze pfekonat naruSenim vné¢j$i membrany a bunétné stény prostfednictvim nanocastic
sttibra, jiné, jako je naptiklad zména cilového mista, nebo nenavratné genetické mutace
pravdépodobné piekonat nelze. [136] Synergicky ucinek mezi nanoc¢asticemi stiibra
a antibiotiky (Obrazek 5) lze vysvétlit i vazebnou interakci mezi nimi. [233,249]
Konkrétné amino a hydroxy skupiny antibiotika Se navdzou na nanocastici
prostfednictvim chelatace, coz vede k vytvofeni konjugatu, v némz je stibrné jadro
nanocastice obklopeno molekulami antibiotika. [250] Nanocastice jsou pak selektivné
pritahovany k cytoplazmatické membrané tvorené glykoproteiny a fosfolipidy, takze
nanocastice funguji jako nosi¢e léCiva transportujici antibiotikum do blizkosti
cytoplazmatické membrany (2), coz vede k lepSimu kontaktu s buné€nou sténou a ke
zvySeni koncentrace antibiotika a stiibra v blizkosti bunééné membrany (3). Lokalni
zvySeni koncentrace stfibrnych ionti v blizkosti bakteridlniho povrchu zptsobuje
bakterialni toxicitu tim, Ze vaze stfibrné ionty na proteiny a molekuly DNA buné¢né stény
1 uvnitt bunky (4), coz vede K bakterialni smrti. Membranova propustnost by se mohla
zvysit také vazbou nanocastic stiibra na bilkoviny obsahujici siru, ¢imz se zlepsi prinik
antibiotika do bunky [251] Dalsimi mechanismy u¢inku, ktery se podili na vysledném
synergickém u¢inku, by mohla byt produkce ROS, zména ochranné funkce buiky

a naruSeni DNA vedouci k baktericidnim ucinkam. [159,252]
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Obrazek 5. Schéma synergického antibakterialniho u¢inku nanodastic stéibra s tetracyklinem. [233]

3.1.2.3 Bakterialni rezistence vii¢i u¢inkiim stiibra

Je tfeba zdiiraznit, ze vyvoj a Sifeni bakterialni rezistence je pfirozeny proces,
kterému nelze zcela zabranit. VétSina mechanismil rezistence se u bakterii vyvinula ddvno
predtim, nez byly k 1é€bé pouzity prvni moderni antibakteridlni latky. Mechanismy
rezistence obvykle nevznikaji nahodné a nahle, ale ¢ekaji na podminky, které¢ jim umozni
v bakteridlni populaci uspét. Diky tomu, spolu s neustdlymi zménami bakteridlniho
genomu a jejich schopnosti pfizpuisobit se negativnim podminkam, je ziejmé
a predvidatelné, Ze bakterie budou schopny c¢elit antibakterialnim G¢inktiim nanocastic
kovli a oxidi kovi. V pfipadé nespecifického plisobeni nanocéstic lze ocekévat

nespecificky mechanismus vzniku bakterialni rezistence.

Graves a kol. nedavno uvedli, Ze si bakterie mohou snadno vyvinout rezistenci
viuci nanocasticim stiibra v dasledku relativné jednoduchych genomickych zmén. [253]
Naopak Panacek a kol. a Gunawan a kol. zaznamenali rezistenci vuéi stiibru u kment
Escherichia coli, ktera neni zplsobena zmé&nami v bakterialni DNA. Gunawan a kol.
zjistili, ze Bacillus subtilis ma pfirozenou schopnost pfizpisobit se bunéénému
oxida¢nimu stresu vyvolanému uvoliiovanim Ag* pfi dlouhodobé expozici nano¢asticim
stiibra z povrchu krystalického TiOz. [254] Panacek a kol. uvedli, ze Gram-negativni
bakterie E. coli a P. aeruginosa si po opakované expozici nanocasticim stfibra mohou
vyvinout rezistenci produkci adhezivniho proteinu flagelinu, ktery vyvolava agregaci
a destabilizaci nanocastic, coz snizuje jejich stabilitu, a tim eliminuje jejich
antibakterialni aktivitu. [255] Zhang a kol. uvedli, ze E. coli si po n¢kolikadenni expozici
vuci ZnO nanocasticim vytvaii adaptivni rezistenci, kterd spociva ve zménach tvaru

bakterii a expresi membranovych proteinti. [256] Graves, Gunawan, Zhang a Panacek
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uvadéji vyvoj bakteridlni rezistence viici nanocasticim pouze u Gram-negativnich
bakterii. Indukce bakteridlni rezistence opakovanym pisobenim subinhibi¢nich

koncentraci u Gram-pozitivnich bakterii byla zatim popsana jen malo. [257]

Bakterie jsou schopny odolavat antibakteridlnimu pisobeni tézkych kovl riznymi
mechanismy, vcetné¢ efluxu, extracelularni bariéry, redukce kovovych ionti,
extracelularni a intracelularni sekvestrace. NejcastéjSim mechanismem rezistence je eflux
toxickych iontli mimo bakterie nebo vytvoreni extracelularni bariéry (napt. extracelularni
polymerni latky biofilmu), ktera zabraiuje vstupu iontli do butiky a brani jim pted stresem
vyvolanym toxickymi kovy. [258-260] Kromé¢ toho jsou bakterie schopny zvysit regulaci
genu, které jsou zodpoveédné za eliminaci ROS, reparaci poskozeni DNA a hydrolyzu
abnormalné sestavenych proteinti, které mohou opravovat poskozeni zplisobena
toxickymi ionty, [261-263] rezistence vi¢i nanomaterialim vsak v takovém rozsahu

prozatim popsana nebyla.

Rezistence vaci stiibru a jeho slouceninam piedstavuje jednu z nejvice
studovanych rezistenci bakterii vii¢i koviim. Bakterie rezistentni viici stiibru byly poprvé
izolovany v roce 1960 z popalenin oSetienych dusi¢nanem stéibrnym. [264] Ptiklady
bakterialnich kment rezistentnich vuéi stéibru zahrnuji Escherichia coli, Enterobacter
cloacae, Klebsiella pneumoniae, Acinetobacter baumannii, Staphylococcus aureus
a Pseudomonas aeruginosa. [265] Bakterie mohou odolavat stéibru nékolika
mechanismy, jako je redukce stiibrnych iontii na méné toxické oxidacni stavy a snizena
propustnost cytoplazmatické membrany. Nicméng aktivni eflux je nejvice uplatiovanym
mechanismem, jak bakterie odoldvaji a eliminuji toxické ucinky kationtd stiibra.
Mechanismus rezistence vici iontovému stiibru zahrnuje aktivni eflux stiibrnych iontt
z buitkky pomoci adenosintrifosfataz typu P nebo chemiosmotickych antiporteri Ag*/H".
[266-269] Silver a kol. uvedli stanoveni rezistence vic¢i slouceninam stiibra pomoci
bakteridlnich plazmidi a gend u kmend Salmonella spp. Rezistence vuci stiibru
propijéena plazmidem Salmonella pMGHI100 zahrnuje devét geni ve tfech
transkripénich ~ jednotkdch. Dvoukomponentni transkripéni regulaéni  systém
senzor/responder (SilRS) fidi syntézu periplazmatického proteinu vazajiciho Ag(I) (SilE)
a dvou efluxnich pump (ATPéza typu P (SilP) plus tiiproteinovy chemiosmoticky RND
systém vymény Ag(I)/Hp (SilCBA)).[268]
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Diky schopnosti odolavat iontim stiibra spolu s neustdlymi zménami
bakteridlniho genomu a jejich schopnosti pfizplsobit se negativnim podminkdm
se ofekavalo, Ze si bakterie vyvinou rezistenci i viuci nanocasticim stiibra. Nékteré
bakterie, alesponn pokud maji tuto schopnost, mohou byt castecné odolné viici
nanocasticim kovl a oxidi kovl tim, ze eliminuji toxické ucinky kationti nebo
oxyaniontll kovl. Timto zptisobem mohou bakterie eliminovat jeden z mechanismu
antibakterialni aktivity nanocastic spocivajici v toxickych ucincich kovovych iontl
uvoliiovanych z nanocastic, a proto mohou do urcité miry tolerovat toxicky ucinek
kovovych nanocastic. Valentin a kol. popsali ukmeneS. aureus rezistenci jak
k iontovému stiibru, tak k nanocasticim stfibra, ktera byla spojena s mutacemi gend
zapojenych do syntézy nukleotidd, obrany proti oxidaénimu stresu a zménami
v metabolismu cysteinu. [270] Rezistenci u kmenu S. aureus popsali také Elbehiry a kol.
kteti vyvolali rezistenci jak k nanoc¢asticim sttibra, tak zlata, pfiCemz nebyla pozorovana

zadna zktizena rezistence. [257]

Bakterie mohou pusobeni antibakterialnich latek odolavat obecné dvéma hlavnimi
zpusoby. V piipadé nanocastic stiibra bud’ zabrani vstupu nanocastic stiibra nebo iontt
sttibra do bunky, nebo kdyZ uz se tam dostanou, snizenim mnoZstvi antibakterialni latky
v bunce. Naptiklad Pseudomonas putida dokaze snizit propustnost bakterialni membrany
prostiednictvim cis-trans izomerizace nenasycenych mastnych kyselin. [271] Ve vétsing
ptipadii vSak bakterie produkuji extracelularni latky, které nanocastice imobilizuji
a neumoznuji jim kontakt s bakterii. [272] Yang a kol. popsali zvySenou stimulaci vyvoje
biofilmu po del§im pisobeni nanoéastic stiibra a zvySenou regulaci quorum sensing
abiosyntézu liposacharidi jako hlavni mechanismy rezistence u Pseudomonas
aeruginosa. [273] Khan a kol. zaznamenali bakterialni rezistenci u kmene Bacillus
pumilus a naznacuji, Ze nanocastice stiibra obalené exopolysacharidy vykazuji pro rizné
bakterialni kmeny mensi toxicitu. [274] Tvorba proteinovych obalti byla rovnéz
zaznamenana po chronické expozici nanocasticim v kontinualnim bakteridlnimu médiu
v bioreaktorech u bakterie E. coli. [275] Kromé extracelularnich polymernich latek
mohou bakterie, aby odolaly negativnim u¢inkim antimikrobialnich latek, produkovat
I dalsi slouceniny. Napftiklad, Ellis a kol. popsali mechanismus rezistence u P. aeruginosa
zalozeny na zvySené produkci fenazinového pigmentu, ktery omezuje expozici bakterii

ucinkim nanocastic stiibra. [276]
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Jakmile se nanocastice stiibra dostanou do buiky, musi byt dosazeno
minimalni inhibi¢ni koncentrace (MIC), aby se projevil jejich antibakteridlni ucinek.
Pritomnost efluxni sit¢, ktera zde funguje jako mechanismus rezistence vi¢i nanocasticim
stiibra, byla popsana u Bacillus subtilis, [254] Salmonella seftenberg, [277]
Staphylococcus aureus, Klebsiella pneumoniae [278] a Escherichia coli. [253,275,278]
V tomto piipad€ jsou antimikrobidlni latky od¢erpavany z buniky ven, proto nemize byt
dosazeno minimalni inhibi¢ni koncentrace (MIC) a ¢astice nemohou ptisobit tak, jak by

m¢ély, a dosahovat tak dostate¢ného antibakterialniho ucinku.

Dle dostupnych informaci, Panacek a kol. byli jedini, ktefi se nové vybudovany
mechanismus rezistence pokouseli piekonat. Dodate¢na stabilizace pomoci rtuznych
povrchové aktivnich latek a polymert nebyla vtomto pfipad€é Uspésnd, ale tvorbu
flagelinu (zapfii¢inujiciho bakterialni rezistenci) se jim nakonec podafilo potlacit
pridavkem extraktu z kary granatového jablka, ktery zabranil agregaci nanocastic
a nanocastice si tak dokazaly zachovat své antibakterialni vlastnosti. [255] Jak bylo
zminéno v této kapitole, bakterie jsou schopny vybudovat si rezistenci 1 viici nanocasticim
stiibra, proto by se mechanismy rezistence mély podrobnéji studovat, a v blizké
budoucnosti by se mély nastinit nové zptisoby, jak tyto nové formované mechanismy
rezistence ptekonat.

3.2 Cytotoxické ucinky nanodastic

Jak jiz bylo zminéno v pfedchozi kapitole, nanocastice stfibra 1 grafenové
kompozity vykazuji ve velmi nizkych koncentracich silné baktericidni u¢inky vuci
multirezistentnim bakteriim. Zda bude nanocastice stfibra do budoucna mozné pouZivat
v medicinalni praxi je prozatim nemoZné piedpovidat, protoZze kromé& testovani
cytotoxicity vuéi Siroké Skale zvitecich, lidskych bunék in vitro prozatim nebyl
publikovan dostatek dat popisujici chovani nanocastic in vivo, a jejich farmakokinetiku
a distribuci v organismu, jehoz vysledky budou mit velky vliv na to, zda nanocastice
antibiotika pfi 1écbé lokalnich a systémovych infekci pln€ nahradi, zda je bude mozno
vyuzit alespon ke zvySeni u¢innosti soucasné vyuzivanych antibiotik, nebo zda se projevi
nezadouci toxické ucinky, které by mohly ohrozit jejich aplikaci.

Nanocéstice mohou obecné pronikat do bun¢k procesem difuze, fagocytdézy nebo
endocytozy [168]. Jakmile se Castice dostanou do buiiky, tak mohou denaturovat rizné
antiapoptotické proteiny a iniciovat expresi proapoptotickych proteinii, které néasledné

iniciuji signalni drahu apoptézy. [79] Po interakci sbunikou pak mohou vyvolavat
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cytotoxicitu hned nékolika zplsoby, pficemz mezi hlavni mechanismy patii vznik
reaktivnich kyslikovych radikal a uvoliiovani iontt stiibra. [279,280] Nanocastice jsou
po vstupu do builky nejprve rozpoznany membranovymi receptory, poté jsou
internalizovany, translokovany a nakonec ecliminovany. Bunka c¢astice akumuluje
a transportuje je ptes buné¢né membrany a hromadi je v mitochondriich, coz po né&jaké
dobé vede k mitochondridlni dysfunkci, ktera se projevuje poklesem mitochondridlniho
membranového potencialu, destrukci mitochondrialniho dychaciho fetézce a stupiujici
se produkci ROS. [66,281-283] Vétsina bunéénych a biochemickych zmén v bunikach je
zpusobena toxicitou zprostiedkovanou ROS, coz bylo potvrzeno nékolika modely in vitro
[284,285]. V piipadé nanocastic stiibra dochazi ke snizeni hladiny gluthathionu (GSH)
prostfednictvim inhibice enzymu syntetizujiciho GSH a tim padem zvyseni intracelularni
ROS. Jelikoz dojde k naruseni jednoho z hlavnich endogennich antioxidantii, ktery je
schopny véazat a redukovat ROS, GSH je povazovan za kriticky obranny systém pro
preziti bun¢k [286,287] Nadprodukce ROS, vede k pieruseni syntézy ATP, poSkozeni
bunécné membrany uvolnénim laktatdehydrogenazy, denaturaci proteinti, destrukci DNA
Vv jadie a aktivaci signalni drahy, jeZ vede k zabranéni proliferace bunék, a nakonec
k bunécné smrti. [288,289] Tvorba kyslikovych radikalt a nasledny oxidac¢ni stres jsou
tedy povazovany za pravdépodobny mechanismus toxicity vyvolany nanocasticemi
stfibra. Agregace Castic a oxidace jejich povrchu za vzniku oxidu stfibrného vede
K uvoliiovani iontového stiibra do média, coz vede k jeho akumulaci a mtze dojit ke
vstupu do bunky prosttednictvim difuze nebo endocytdzy, coZz nasledné zplsobuje
mitochondrialni dysfunkci [159]. Toxicita nanoCastic stfibra je pak mimo jiné tedy
pfisuzovana i stiibrnym iontiim, jez se uvoliuji oxidaci povrchu a pak nasledné reaguji

s biologickymi molekulami. [290-292]

Na vyslednou cytotoxicitu ¢astic ma vliv hned nékolik faktort jako jsou velikost,
tvar, koncentrace neboli davka nanocCastic, jejich povrchova uprava (vyuziti
stabiliza¢niho ¢inidla, formace proteinové korony), doba expozice a pak samotny typ
buriky vuéi niz je cytotoxicita testovana. [79,294] Malé nanocastice jsou se svou velkou
plochou povrchu aktivngjsi a snadnéji se rozpousti, pronikaji do buiiky a katalyzuji vznik
ROS. Z dostupnych dat je patrné, Ze mensi ¢astice vyvolavaji vyssi toxicitu, pficemz toto
tvrzeni testovalo hned n€kolik autord, ktefi potvrdili, ze mensi testované ¢astice jsou vzdy
toxiCtéjsi nez stejné nanocastice s 0 néco vetsi velikosti. [295-297] Tvar castic taktéz

ovlivituje cytotoxicitu a mechanismus bunécéného piijmu, pfi¢emz naptiklad v praci

38



Stoehr a kol., sférické nanocastice na rozdil od nanodratkti nevykazovali vic¢i bunikam
A549 zadné toxické ucinky. [298] Dalsim dulezitym faktorem ovliviujicim toxicitu
je koncentrace nanocastic. V ramci experimentt je vzdy velmi dulezité zjistit minimalni
koncentraci, ktera vyvolava toxicitu a tuto informaci pak lze dale pouzit k porovnani
toxicity mezi jednotlivymi ¢asticemi, popfipadé bunécnymi kulturami. [299-301] Kromé
samotné davky nanocastic je pak také dulezita doba expozice, kterd ma znac¢ny vliv na to,
zda se toxické ucinky stihnou projevit, nebo ne. [302] Jak uz bylo v textu popsano diive,
nanocastice musi byt dodatecné stabilizovany, aby bylo zabranéno agregaci v riznych
prostiedi a aby byla zajisténa ochrana pted cytotoxicitou. [303,304] Naprtiklad citratova
stabilizace, nebo stabilizace polyvinylpyrrolidonem se u epitelidlnich buné¢k HT29
ukazala byt taktéz méné toxickd, nez V piipadé samotnych nanocastic [305-307]
V neposledni fadé je potieba zminit, Ze cytotoxicita nezavisi pouze na vlastnostech
nanocastic, ale zasadni roli hraje variabilita organismu a tim padem pro kazdou bunécnou

linii ziskavame jedine¢né vysledky. [308-310]

V piipadé biologickych aplikaci se Vv soucasné dobé jedna nejéastéji 0 aplikaci
Castic intravenozné, intraperitonedlné, peroralné, nebo topicky na kiizi. Nanocastice
se tak tedy dostavaji do krevniho fecisté a celé fady organtl, jejichz buiiky by mély byt
otestovany v interakci s nanoc¢asticemi nejprve in vitro a nasledné by na n€j méli navazat
in vivo experimenty, které pfinesou informace o cytotoxickych koncentracich
a negativnich u¢incich nanocastic. Z in vitro testovani bylo zjisténo, Ze nanocastice
stiibra jsou v zavislosti na davce, jejich velikosti, a ¢ase ptsobeni toxické vuci Siroké
Skale bunéénych liniich, jako jsou kozni buiiky a keratinocyty, (NHDF, NHEK, HaCaT,
CRL-2310) [301,311,312] plicni bunky alveolarniho a bronchialniho bazalniho epitelu
(A549) [313-316], bunkam traviciho traktu (HT-29, Caco-2) [317-319] a ihned
po vpraveni do krevniho fteCiSt¢ interaguji s krvi a krevnimi elementy a vytvareji
proteinovou koronu. V nékolika pracich pak bylo popsano, ze vyvolavaji vyznamnou
hemolyzu zavislou na davce [70,320,321] a vykazuji toxicky ucinek na makrofagy
(fagocytujici bunky imunitniho systému, jez slouzi jako prvni linie obrany vuci
patogentim, jez se vyskytuji téméf ve vSech savcich tkanich a podileji se na hojeni ran,
zabijeni bakterii, regulaci imunitni odpovédi a obnové tkanové homeostazy. Toxické jsou
pfevazné ¢astice s nejmensimi velikostmi a po interakci nanoc€astic s lidskou monocytarni
bunéénou linii (THP-1) pii koncentraci 5 mg/L monocyty mohou uvoliiovat zanétlivé

cytokiny TNF-a a IL-6. [322—-325]
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Z dosud publikované literatury je mozné usuzovat, ze i nanocastic stiibra o nizsi
koncentraci a s prodlouzenym intervalem expozice by se mohly hromadit v cilovych
organech a zpusobovat tak chronickou toxicitu. [326] Toxicky vliv nanocastic in vivo
zavisi na ruznych faktorech véetné davky, velikosti nanocastic, doby expozice, zpusobu
podani a taktéz typu zvifeciho modelu. Pokusy se obvykle provadéji na hlodavcich
(potkanech, mysich) prostfednictvim peroralniho podani, intraperitonedlni, intravendzni,
subkutanni injekce nebo intratrachealni instilace. [327] Po intravendzni aplikaci
nanocastic do krevniho obéhu samcii potkanii se nanocastice z krevniho ob¢hu dostaly
do jater, ledvin, sleziny, mozku a plic, pficemz hlavnimi cilovymi organy byly jatra
aslezina. [328] Po oralnim podani dochazelo k vétsi akumulaci ¢astic v ledvinach,
slezing, jatrech a reproduk¢nich organech 1é¢enych potkani, pfi¢emz vSechny tyto organy
hrali kli¢ovou roli pfi odstranéni exogennich latek z organismu [307,329,330] Obecné Ize
fici, ze jatra a slezina jsou pro rizné zpuisoby podéani jednim z hlavnich cilovych organti.
Nanocastice se zde hromadi a pokud nejsou zavcéas vylouCeny, nebo odstranény
(nejcastéji Kupfferovymi fagocytujicimi bunikami), tak mohou zacit vytvafet ROS,
zpisobovat patologické zmény v morfologii jater a aktivité enzymu a zptisobovat dalsi
toxické ucinky, jako je poskozeni DNA, vyvolani zanétu, a nakonec muze dojit i ke smrti
zvitat. [331-333] Studie zaloZené na testovani cytotoxicity in vivo mimo jiné prokazaly
I schopnost nanocastic stiibra prochazet krevni mozkovou bariérou, pronikat do mozku
a zpusobit tak smrt neuront. [334,335] Dale byl popsan vliv nanocastic stiibra na zdravi
plodu a postnatalni obdobi u biezich mysi, kde byl jejich vliv sledovan prostfednictvim

epigenetickych zmén v embryu a abnormalniho vyvoje placenty. [336]

V kapitole cytotoxicita bylo popsano né€kolik pfipad souvisejicich s toxickymi
ucinky nanocastic stiibra na sav¢i bunky. V nékterych ptipadech vSak nanocastice
nevykazovaly Zadnou cytotoxicitu vici savéim buiikam, ale mély vysokou baktericidni
aktivitu, ¢ehoz lze vyuzit v antibakterialni terapii. [337] Pallavicini a kol. naptiklad
prokdzali, Ze nanocastice stiibra potaZzené peptinem vykazuji baktericidni aktivitu proti
S. epidermidis a E. coli a také usnadiuji proliferaci koznich bun¢k a usnadiuji 1é¢bu ran

na modelovych kulturach. [338]
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Nanomateridly v protinadorové terapii

Rakovinové onemocnéni v soucasnosti patii k jedné z nejvétSich hrozeb pro
lidské zdravi, pfi¢emz kazdorocné je diagnostikovano zhruba 19,3 milion pacienti
a zaroven dochazi asi k 10 milionim umrti ro¢né. [339] Lécba rakoviny je celosvétove
vzhledem Kk velkému poctu recidiv a zavaznym vedlej$im ucinkdm, jez jsou spojeny
V soucasnosti pouzivanymi chirurgickymi, chemoterapeutickymi nebo

radioterapeutickymi Ié¢ebnymi metodami velkou vyzvou.

Nekteré studie uvadeji, ze nanocastice stiibra vykazuji dobrou protinadorovou
aktivitu u riznych typa rakoviny, jako je rakovina prsu, [340,341] délozniho &ipku,
[342,343] tlustého stieva, [344,345] vajecnikt, [346,347] kuze [348,349] a plic.
[350,351] pticemz cytotoxicita vii¢i nenadorovym bunkam byla vzdy mnohem niZsi nez
vac¢i tém nadorovym. [352] Protinadorova terapie je obecné zaloZena na faktu,
ze nddorové cévy jsou netésné a jsou mnohem vice propustné nez zdravé tkang,
Vv disledku ¢ehoZz muize byt akumulace nanocastic v nadorové tkéni az né¢kolikandsobné
vyssi nez ve zdravych tkénich a tento jev je znamy jako "efekt zvySené permeability
aretence (EPR)“. [353] Cim mensi velikost &astice, tim hloubgji je schopna pronikat
do nadorové tkané. VEtsi ¢astice (nad 100 nm) se pak obvykle nedostanou daleko za cévu,

protoze zlstavaji uvéznény v extraceluldrni matrix mezi buitkami.

Nanocastice mohou byt na postizené misto dopravovany dvéma riznymi zpisoby,
a to pasivnim cilenim, které je zaloZeno na farmakokinetice a velikosti nano¢astic vV ramci
néjz jsou nanocastice k nadoru dopraveny diky EPR efektu. Druhym zptuisobem je pak
vyuziti aktivniho cileni, které zavisi na ptitomnosti receptoriit na nadorovych bunkach
a k uvolnovani 1é¢iva dochazi prosttednictvim specifickych bunéénych spoustéci, jako
jsou zmény pH, specifické enzymatické profily nebo napiiklad zvySenim teploty.
[354-356] V tomto piipadé dochazi u nanocastic K funkcionalizaci povrchu nanocastic
riznymi biomolekulami, jako jsou DNA sondy, peptidy, protilatky a Ize je tak vyuzit jako
cil pro specifické bunky a bunééné komponenty. [20,357] Jako uCinny nosi¢
protinddorového 1é¢iva naptiklad slouzily nanocéstice stfibra funkcionalizované
doxorubicinem. [358] V piipadé¢ vyuziti cilené dopravy 1éCiv je ucinna latka nahromadéna
pouze V postizené oblasti a dochazi ke sniZzeni mnozstvi aktivni latky a tim i ke snizeni
vedlejSich Gc¢inkl na okolni tkdn€ a zlepSeni odpovédi pacient na danou 1écbu. Lécba

nadorovych onemocnénich se Vv soucasné dob¢ ubirda smérem personalizované terapie,
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pticemz do poptedi se dostava teranostika, coz je kombinace jak samotné diagnostiky

nadorového onemocnéni, tak nasledna terapie. [359]

Nanocastice stiibra jsou plazmonické struktury, které jsou schopny rozptylovat
a pohlcovat svétlo dopadajici na castici, a proto lze po jejich selektivnim pohlceni
do rakovinnych bunék rozptylené svétlo ziskané z nanocastic vyuzit pro zobrazovaci

ucely, zatimco pohlcené svétlo Ize vyuzit pro selektivni hypertermii. [360]

Optické vlastnosti nanocdstic

Nanocéstice stfibra absorbuji a rozptyluji svétlo s mimotadnou ucinnosti,
a to v sirokém rozsahu vlnovych délek. K jejich silné interakci se svétlem dochézi proto,
ze volné elektrony ve vodivostnim pasu V blizkosti povrchu ¢astic podléhaji po excitaci
svétlem o specifickych vinovych délkach koherentnim oscilacim, jev zndmy jako
povrchovy plasmon. V okamziku, kdy se elektrony pohybuji ve stejné fazi s budici vinou
(zafenim) a pokud je frekvence tohoto elektromagnetického pole v rezonanci
s koherentnim pohybem elektrond, nastava jev zvany povrchova plasmonova rezonance.
V tomto ptipadé pak dochazi k mnohem silngjsi absorpci zafeni, nez je tomu u stejné
velkych neplasmonickych nanocastic. Pfitomnost nanocastic tedy vede Kk zesileni
intenzity lokalniho elektromagnetického pole, pfi¢emz ¢ast energie mize byt vyzatrena

ve formé tepla. [361,362]

K lokalizované plasmonové rezonanci dochazi naptiklad u nanocastic, jejichz
maly rozmér je srovnatelny S vinovou délkou dopadajiciho svétla a zavisi na velikosti,
tvaru, slozeni nanocastic a na dalSich vné&jSich faktorech, které¢ 1ze ménit v zavislosti
na konkrétni aplikaci. [363-365] V soucasnosti lze piipravu vyladit tak, aby castice
absorbovaly svétlo v celé viditelné a blizké infracervené oblasti (v rozmezi 300 az 1200
nm). Pokud castice absorbuji elektromagnetické zafeni v oblasti viditelného spektra, pak

se V kapalnych disperzich jevi jako barevné (Obrazek 6). [20]
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Obrazek 6. Vodné disperze nanocastic sti‘ibra (A) a jejich absorpéni spektra (B). [20]

Optické vlastnosti sférickych nanocastic stiibra jsou siln€ zavislé na jejich
velikosti. Na obrazku (Obrazek 7A) jsou zobrazena spektra rizné velkych nanocastic
0 stejné koncentraci. Malé nanocastice svétlo primarné absorbuji, takze maji silnou
absorbanci v blizkosti 400 nm. Jak se velikost Castic zvétSuje, dochazi casteéné
i k rozptylu, intenzita piku slabne, piky se rozsifuji a posunuji k del$im vinovym délkam,

dochazi k takzvanému Cervenému posunu. [33]
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Obrazek 7. Absorp¢ni spektra nanocastic stfibra riznych velikosti (A), [33]
spektra nanodastic v prostiedi s riznym indexem lomu (B). [366]

Nanocastice stiibra mohou byt dispergovany v fadé rozpoustédel, piicemz jejich
elektronova struktura a vlastnosti jsou velmi citlivé na prostiedi. Index lomu okolnich
materiali v blizkosti povrchu ¢astice ma tedy velky vliv na vysledné optické vlastnosti
nanocastic (Obrazek 7B). V ptipadé pieneseni ¢astic z vody (n=1,33) do vzduchu (1,00)
dochazi k modrému posunu, Vv prostiedi s mnohem vyssim indexem lomu (olej n=1,5)

pak dojde k posunu k delsim vinovym délkam. Polohu absorpéniho maxima tak lze
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vyladit funkcionalizaci jejich povrchu, nebo obalenim ¢astic nevodivymi obaly vcetné
oxidu kfemicitého (n=1,5), biomolekul (n=1,4-1,45) nebo oxidu hlinitého (n=1,58-1,68).
[366,367]

Optické vlastnosti nanocastic stiibra se také méni, kdyz dochazi k agregaci ¢astic
a vodivé elektrony v blizkosti povrchu kazdé ¢astice se delokalizuji a jsou sdileny mezi
sousednimi casticemi. Pokud dojde k agregaci, dojde ke snizeni absorp¢niho piku a pik
se Casto rozsifi, nebo se vytvoii dalsi pik na delSich vinovych délkach (v disledku vzniku
agregati). Diky této vlastnosti tak 1ze pomoci UV-Vis spektroskopie jednoduse sledovat
stabilitu ¢astic v ¢ase (Obrazek 8). [368]
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Obrazek 8. Absorpéni spektrum nanocastic stiibra se vzristajicim mnoZstvim cysteinaminu (a-u),
jez zpuisoboval agregaci ¢astic. [368]

Priiprava materialii pro fototermalni terapii

Ptiprava nanocastic stfibra s laditelnymi optickymi vlastnostmi a s tim
souvisejicimi fototermalnimi G€inky oteviela mimo jiné 1 cestu k lokalizované tepelné
terapii. Jak jiz bylo zminéno diive, po osvétleni nanocastic vhodnym zarenim dochazi
k excitaci volnych elektronti lokalizovanych na povrchu nanocastic a jejich kolektivni
oscilaci (vznik lokalizovaného povrchového plasmonu). Pokud frekvence dopadajiciho
svétla odpovida frekvenci oscilace plasmonu, dochazi k rezonanci a zesileni intenzity
elektrického pole v disledku ¢ehoz je svétlo absorbovano mnohem uc¢inngji. [363,365]
Plasmonické nanocastice pak okamzité po ozafeni G¢inné preménuji energii svétla na
teplo, coz umoziuje lokalizovany ohiev okolniho prostiedi, a to z kovovych nanocastic

¢ini vynikajiciho material ve fototermalni terapii, jez mtze byt vyuzit naptiklad pro
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destrukci nddorové nebo bakterialni bunky prostiednictvim denaturace enzymil/proteint
a k indukci heat-shock proteint a dal$ich aplikacich. [369,370] Narust teploty obvykle
zavisi na intenzité zareni zdroje, délce ozafovani, na koncentraci nanoc¢astic v ozafované
oblasti a obecné na typu nanocastic a jejich absorbanci pii zvolené vilnové délce.

[371-373]

Modifikace povrchu vrstvami stiibrnych nanocastic miize byt odpovédi nejen na
problém mikrobidlnich infekci a vzniku bakteridlnich biofilm na povrchu stfibrem
funkcionalizovanych zdravotnickych prostredki, jako jsou protézy a katetry ale mohou
zvysit stabilitu ¢astic, zabranit cytotoxicité¢ viici zivym bunkam a takové povrchy lze také
pro jejich optické vlastnosti pouzit iV Siroké Skale dalSich aplikaci. [374-376]
Modifikace povrchii ma pak také vyrazny vliv na interakci castic s okolim, smaceni
povrchu c¢astic, vodivost a ovliviiuje chovani materidlu v biologickém prostfedi a jeho
interakci s bunikami a tkdnémi, v¢etné adheze, biokompatibility, cytotoxicity a stimulace

bunééného rastu. [377]

Tyto materidly lze pfipravit jednoduchou technikou samouspotadani podle
piistupu vrstva po vrstvé (layer-by-layer, LbL technika) a to s riznymi molekularnimi
monovrstvami, které jsou nejprve navazany na objemovy materidl a poté pouZity
K ptipojeni dal$i monovrstvy nanocastic. [378] Jelikoz je vétSina pfipravenych nanocastic
stabilizovana iontovymi povrchové aktivnimi latkami (napf. citratem), [80] tak
LbL technika nejcastéji spoléha na elektrostatickou interakci mezi povrchem nesoucim
protonované aminy a zaporné nabitymi nanoc¢asticemi a tim lze pak nanocastice navazat
jen pouhym ponofenim do koloidni disperze. (Obrazek 9). Kromé fyzikalni adsorpce
muze také dochazet k navazani na povrch za pomoci vodikovych vazeb, nebo
elektrostatickych sil. Ptikladem mize byt elektrostatickd vazba kladnych aminovych
skupin na povrchu polymeru se zaporn¢ nabitymi nanocasticemi stabilizovanymi
polyvinyl sulfonatem. [374,379] Jako objemovy material, jehoz povrch chceme upravit,
se nejcastéji pouziva sklo, ¢i material se srovnatelnym chemickym sloZenim povrchu
(napt. ITO, polydimetylsiloxan), nebo implantaty (napi. Ti/TiO>. [374,380,381] V ramci
tohoto pfistupu tedy nejprve dochazi k modifikaci povrchu pomoci polymernich latek

a nasledné adsorpci nanostiibrnych kompozitnich povlaki.
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Obrazek 9. Schéma Layer-by-Layer metody. [374]

Piikladem vyuziti této metody muze byt postup publikovan D’Agostino a kol.
[382] Ten vprvnim kroku funkcionalizoval sklenény substrat molekulami
polyethyleniminu (PEI), které jsou diky jejich alkoxysilanovym funkénim skupindm
snadno navazany na aktivovany (hydrofilni) povrch oxidu kiemicitého a zaroven
poskytuji aminové funkcéni skupiny, pomoci niz lze pak na povrch navézat sttibrné
nanocastice. (Obrazek 10) Doba kontaktu sklicka se zarode¢nymi nanoc¢asticemi byla
eliminovana na 15 minut, aby doSlo k vytvofeni monovrstvy a nedochézelo
k nekontrolovatelnému ristu nanoc¢astic. Nanocastice rostly az v dal$im kroku, ve kterém
bylo sklicko pfipravené v ptedchozim kroku ponofeno do ristového roztoku, jez
obsahoval dusi¢nan sttibrny jako zdroj sttibra, kyselinu askorbovou jako reduk¢éni Cinidlo
a citrat, ktery ma vyznamny vliv na navazovani stfibra na zarode¢né krystaly a tim tak
vyznamné ovliviiuji vyslednou velikost ¢astic. Pfi¢emz vysledny tvar Castic zavisel

na dobé ponoieni v rustovém roztoku. [382]
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Obrazek 10. Riist nanod&astic stfibra na sklenéném substratu. [382]

Technika LbL umoziluje implementaci vrstev nanocastic, které nejsou samy
0 sobé pouze antimikrobidlni, ale jsou schopny pusobit fototermalné, tj. pfeménovat
zafeni na teplo. To vede k pfipravé antibakteridlnich a antibiofilmovym nanomaterialim,
u nichz lze laserovym zafenim zapnout hypertermické rozruseni biofilmu nebo
planktonnich bakterii. Pii pouziti vhodnych fototermickych nanocastic a laserovych
zdroju v takzvaném blizkém infracerveném "biotransparentnim okn¢" (750-900 nm) lze
zatizeni s fototermickym povrchem po implantaci aktivovat ozatovanim skrz tkané.
Takovy zdravotnicky prostiedek je v zasadé mozné zapnout a narusit biofilm na jeho

povrchu bez nutnosti chirurgického odstranéni. [370,383,384]

V literatufe byla na sklickach nesoucich PEI-silanovou vrstvu popsana adsorpce
monovrstvy nanocastic s intenzivni absorpci v NIR oblasti. Laserové ozateni sklicek pti
vlnoveé délce 808 nm poskytlo intenzivni fototermickou odezvu (AT = 28 °C) coz vedlo
k inhibici bakteridlniho rlstu, kterd v tomto piipad€ byla vysvétlovdna synergickym
uc¢inkem mezi uvolilovanim stiibrnych iontli, nanomechanickym kontaktem bakterii
s povrchem a lokalni hypertermii. [382,385] Mimo to bylo vyuzito i trojihelnihovych
nanocastic stfibra absorbujicich v blizké infracervené oblasti, jez diky své silné
absorbanci v této oblasti vyvolaly silny fototermalni efekt, jehoz uc¢inkt bylo vyuzito vici

multi-rezistentnim bakterialnim kmentim, a to jak in vitro, tak in vivo. [205]

Optickych vlastnosti pfipravenych nanocastic 1ze mimo jiné pouzit i V cilené
antimikrobidlni fotodynamické terapii, vyuZivajici svétlocitlivé netoxické barvivo
(fotosenzitizér (PS)) k preméné svételné energie na chemickou. Po osviceni laserem se

cey

PS aktivuje viditelnym svétlem vhodné vinové délky a excituje se do dlouho zijiciho
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tripletového stavu, ktery interaguje s kyslikem v okolnim prostfedi a vytvaii reaktivni
formy kysliku, jez jsou cytotoxické a jsou schopny napadat bunécéné slozky, coz vede ke
ztraté propustnosti membran, a nakonec ke snizeni zivotaschopnosti, aniz by byla
ovlivnéna hostitelska burika. [386] Fotosensitivni latka navazana na povrch Castice je
vystavena u¢inklim zafeni a uz napiiklad po 10sekundové expozici multirezistentnich
kmeni S. aureus bylo zaznamenano 99% snizeni poctu kolonii, a to uz pfi koncentraci
4 mg/L. [387] V jiném piipadé byly nanocastice stiibra funkcionalizovany fotosensitivni
latkou chlorin e6 a modifikovany polyethyleniminem, pficemz povrchova plasmonova
rezonance stiibra podporuje fotodynamicky ucinek za vzniku singletového kysliku, jez
dale stimuluje oxidacni rozpousténi baktericidniho stfibrného iontu. Synergicky ucinek
mezi fotosensitizérem a nanocasticemi byl potvrzen jak v rimci testovani antibakterialni
aktivity in vitro, tak i v ramci terapii na mysich s infekci epidermalni rany. [387,388]
Fotodynamicky ucinek nanocastic stiibra byl testovan v kombinaci s riznymi porfyriny
(zinkovy porfyrin, [389] hematoporfyrin, [390] i neporfyriny (riboflavin, [391],
toluidinova modt, [392] pficemz pfitomnost nanocastic stiibra spolu s fotosensitizéry

vyrazné€ zlepsila vysledky fotodynamické terapie. [393,394]

Dosavadni studie in vitro a in vivo potvrzuji, ze fototermalni terapie je mimo jiné
u¢inna i pii 1é¢bé fady nadorovych bunéénych linii. [395,396] Piikladem mizou byt
nanocastice stiibra, jeZ v tomto piipadé slouZi jednak jako nosi¢ 1é€iva, tak k jeho svétlem
aktivovaném uvolnéni pro 1é¢bu bun¢k rakoviny prsu. [397] Nanocastice stiibra riznych
tvart byly vyuzivany nejen k 1é¢b¢ rakoviny prsu, [398], ale i vaje¢nikid [399] bunécénych
linii karcinomu kuze [400] alikvidaci nadorovych bunék plic [401] a prostaty,
kde fototermalni terapie zvysila antioxidacni aktivitu, indukovala apoptdzu, inhibovala
angiogenezi, snizila histologické zmény v prostaté potkanti a zlepSila biokompatibilitu

zivotné dulezitych organt. [402]

Kromé vyse uvedenych aplikaci bylo vyuZzito principu plazmonové rezonance
a fototermalniho G¢inku sttibrnych nanocastic stiibra k cilenému tepelnému poskozeni
proteind a jeho vyuZiti k objasnéni drah bunééné odpovédi na bunécny stres. Tato nova
metoda umoziuje presné a rychlé dodani tepla do cilové struktury, coz za pouziti bézne
pouzivanych metod nelze. V sou€asnosti tak neni mozné zacilit pouze na jednotlivé
buiiky nebo subcelularni kompartmenty, coz omezuje studium proteotoxického stresu
a tepelného Soku, jez se podileji na rtiznych patologickych stavech. Na bunécné urovni

tepelné poSkozeni primarné poSkozuje proteiny a zptsobuje jejich rozkladdani, agregaci,
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amyloidogenezi a denaturaci, coz jsou jevy, které se uplatiuji zejména v patobiologii
Alzheimerovy choroby (AD), Huntingtonovy choroby, Parkinsonovy choroby,
amyotrofické lateralni sklerozy a amyloidézy, [403] a patii mezi charakteristické znaky
rakoviny. Tato metoda tedy vyuziva plasmonickych vlastnosti stiibrnych nanocastic
a poskytuje vhled do casoprostorové odpovédi na tepelné poskozeni dilezité pro

degenerativni onemocnéni s Sirokou pouzitelnosti v biomedicing. [369]
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EXPERIMENTALNI CAST

4. Chemikalie & Bakterialni kmeny

Nanocastice stfibra byly pfipraveny za pouziti nasledujicich chemikalii
v analytické Cistoté. Dusi¢nan stiibrny (Fagron), hydroxid amonny (28-30 %, Sigma-
Aldrich), hydroxid sodny (Lach-Ner), D-maltéza (Sigma-Aldrich), tetrahydridoboritan
sodny (Sigma-Aldrich) a hydrazin (Sigma-Aldrich). Na piipravu kompozitl se stiibrem
byl vyuzit melamine (> 99 %), fluorovany grafit (rozsah znaéeni: >61 % hm. F) od firmy
Sigma Aldrich a disperze oxidu grafenu (GO) ve vodé¢ jez byla zakoupena od spolec¢nosti
Graphenea. Ke stabilizaci ¢astic pak slouzili dihydrat citranu draselného (Lachema),
sodnd stl kyseliny polyakrylové (molekulovd hmotnost 1200), Zelatina, arabskd guma,
sérovy albumin, vSe od spolecnosti Sigma-Aldrich. Na upravu desticek byla od firmy
Sigma  Aldrich  pouzita  kyselina  polyakrylova  (Mr 100 000, 35%),
poly(diallyldimethylamonium chlorid) (20%) a 96 jamkové desticky Greiner
CELLSTAR®.

Pro stanoveni antimikrobidlni aktivity byly pouzity nasledujici standardni
referenéni bakterialni kmeny z Ceské sbirky mikroorganismii, Masarykovy univerzity
v Brn¢ (Ceska republika): Staphylococcus aureus CCM 3953, Escherichia coli CCM
3954, Pseudomonas aeruginosa CCM 3955, Staphylococcus aureus CCM 4223,
Enterococcus faecalis CCM 4224 akmeny ze sbirky mikroorganisméi Ustavu
mikrobiologie (Lékaiska a Stomatologicka fakulta Univerzity Palackého v Olomouci,
Ceska Republika): Staphylococcus aureus 008, meticilin-rezistentni Staphylococcus
aureus (MRSA) 4591/A/2005, Enterococcus faecium 419 (VRE) a ESBL-pozitivni
Escherichia coli. VSechny kmeny byly standardné ulozeny v kryozkumavkach (ITEST
plus, Ceska republika) pii teploté -80 °C.

Synergicky ucinek nanocastic a antibiotiky byl testovan na multirezistentnich
kmenech Escherichia coli CE5556 u nichz byly popsany mechanismy resistence, napf.
cefotaximaza-mnichovsky typ CTX-M-15 B-laktamazy s rozsifenym spektrem, mutace
genu gyrA [Ser (83) Leu; Asp (87) Asn], parc [Ser (80) lle; Glu (84) Val], PMQR [cr]
vedouci ke zménam cilového enzymu DNA gyrazy zplsobujici rezistenci
k B-laktamovym antibiotikim, respektive fluorochinolontim. [404] P. aeruginosa 21425

vykazovala podobnou rezistenci k antibiotikiim jako E. coli CE 5556, jak bylo potvrzeno
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fenotypovymi metodami podle EUCAST. [405] Stejnym zpisobem byla rezistence
potvrzena i u Enterobactera kobei 3683/C/2017.

Jako kultivaéni médium byl pouzit Mueller-Hintoniv bujon (MH, Becton,
Dickson and Company) a brain hart infusion bujon (BHI). V piipad¢ testovani
synergickych — a¢inkdi  vici  multirezistentnim  bakteriim  byla v kombinaci
s antimikrobidlnim materialem pouzita antibiotika sriznymi mechanismy uc¢inku.
Jednalo se o antibiotika inhibujici syntézu bunécné stény (ceftazidim, CTZ), ptsobici na
bunécnou membranu (Kolistin, COL), inhibujici syntézu proteinu (gentamicin, GEN)

a narusujici syntézu nukleonovych kyselin (ciprofloxacin, CIP).

Pro studie bunécné toxicity byly pouzity adherentni lidské plicni fibroblasty HEL
12469 (ECACC 94101201), lidské kozni fibroblasty BJ (ATCC), bunécné linie lidského
adenokarcinomu d¢lozniho hrdla HelLa (ATCC), bunky lidského plicniho
adenokarcinomu (A549), lidské embryondlni plicni buiiky (A549) leukemické bunky
(CCRF-CEMt, THP-) a buriky adenokarcinomu zaludku AGS a NCI_N87. Jako buné¢né
médium byl Vpiipad¢ bunék adenokarcinomu zaludku vyuzit RPMI-1640
obsahujici 10% FCS sérum s 1% glutaminem (Sigma-Aldrich). HeLa bunky byly
kultivovany v Dulbeccové modifikovaném Eagleové médiu (DMEM, Invitrogen, USA)
doplnéném L-Glutaminem, 10% FBS a 1% PenStrep (10000 U penicilinu, 10 mg
streptomycinu mlt). Zbylé buiky byly kultivovany v Eagle's Minimum Essential
Medium (Sigma-Aldrich) obohaceném o L-Glutamin, neesencialni aminokyseliny
(NEAA), fetalni hovézi sérum (FBS), PenStrep (5000 U penicilinu, 5 mg streptomycinu
ml™?) a hydrogenuhli¢itan sodny (7,5 %). K testovani Zivotaschopnosti bun&k byl vyuzit
3-[4,5-dimetylthiazol-2-yl]-2,5-difenyltetrazolium  bromid  (Thermo  Scientific),
dimethylsulfoxid (DMSO, Sigma-Aldrich). V pfipadé pritokové cytometrie pak byly
pouzity fluorescenc¢ni sondy trypsin (0,25 % v kyselin¢ ethylendiamintetraoctové),
propidiumjodid (PI) a kalcein-AM od firmy Sigma Aldrich. Na promyti bun¢k byl pouzit
Dulbecctuv fosfatovy pufrovany roztok (Sigma Aldrich) a mechanismy ucinku
a rezistence byly stanoveny za pouziti ROS sondy CM-H2DCFDA (Invitrogen, C6827),

peroxidu vodiku, krystalové violeti vSe od firmy Sigma Aldrich.
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5. Priprava nanocastic

5.1 Pfiprava nanocastic stribra

Nanocastice stfibra o primérné velikosti 28 nm (Ag28) s koncentraci 108 mg/L
byly syntetizovany modifikovanou Tollensovou metodou v alkalickém prostiedi, a to za
neustalého michani, pokojové teploty a za vyuziti maltozy jako redukéniho ¢inidla. [406]
Diamin stfibrny komplex [Ag(NHz3)2]* vznikly smichanim roztoku dusi¢nanu stéibrného
a hydroxidu amonného a s upravenym pH pomoci hydroxidu sodné¢ho byl v ramci této
metody pfipravy redukovan maltézou. Koncentrace vsSech reakcnich slozek byly
nésledujici: dusi¢nan stiibrny 1-10° mol/L, amoniak 5-10° mol/L, hydroxid sodny
9,6-10° mol/L aD-maltéza 102 mol/L. Reakéni systém byl nepfetrzité michan
magnetickym michadlem a redukce byla zahdjena pfidanim redukéniho ¢inidla
a dokoncena zhruba po 5 minutach, coz se projevilo vznikem medové zluté barvy

charakteristické pro disperze nanocastic stiibra.

Mensi ¢astice, o velikosti 8 nm (Ag8), se stejnou koncentraci byly syntetizovany
podobnou metodou jako piedchozi cCastice, avSak diamin stfibrny komplex nebyl
alkalizovan abyl redukovan za pouzZiti = siln¢jSiho  redukéniho  Cinidla
(tetrahydridoboritanu sodného). Nanocastice byly v tomto piipadé stabilizovany 1%
roztokem polyakrylové kyseliny s molekulovou hmotnosti 15000 a pfipraveny redukci
2-10° mol/L tetrahydridoboritanem sodnym. Ostatni reakéni komponenty, tedy dusi¢nan
stiibrny a amoniak byly pouzity ve stejnych koncentracich jako v pfipadé ptipravy vétsich
gastic, tedy 1-102 a 5:107 mol/L.

5.2 Piiprava anizotropnich ¢astic stiibra

Vodna disperze anizotropnich sttibrnych nanocastic (108 mg/L) byla na rozdil od
pfedchozich syntéz nanocéstic stiibra syntetizovana dvoustupiiovym redukénim
procesem, ktery zahrnoval ¢asteCnou redukei komplexniho kationtu [Ag(NHz)2]"
tetrahydridoboritanem sodnym v prvnim kroku, coz vedlo ke vzniku stfibrnych castic,
které byly ve druhém redukénim kroku (redukce hydrazinem) vyuZity jako zarodky pro
naslednou tvorbu a rist ¢astic. Zpoc€atku bylo do kadinky o objemu 50 ml ptidano 5 ml
vodného roztoku dusi¢nanu stiibrného (0,005 mol/L), 1,25 ml roztoku amoniaku
(0,1 mol/L), 1,25 ml citratu sodného (1 % hm.) a 13,425 ml destilované vody a michano
za soucasného pfidavani redukénich ¢inidel. Redukce byla zahajena ptidanim 0,075 ml
tetrahydridoboritanu sodného (0,001 mol/L), coz vedlo k redukci komplexniho kationtu

stiibra, tvorbé malych nanocéstic (jader) a zméné barvy disperze na svétle Zlutou.

52



Nakonec byly do disperze stiibrnych zarodkt za intenzivniho michani rychle pfidany
4 ml roztoku hydrazinu (0,05 mol/L), coz vedlo k ristu zarodk do kone¢nych rozméra
azmeén¢ barvy disperze ze svétle zluté na typickou fialovou. Reakce probihala
pii pokojové teploté za neustalého michani a za piitomnosti dihydratu citranu draselného,
ktery slouzil jak ke stabilizaci Castic, tak k ovliviiovani vysledného tvaru nanocastic.
V zavislosti na mnozstvi redukcéniho c¢inidla (hydrazinu) a mnozstvi stabilizatoru
v roztoku (0,25 do 4 ml (1 % wi/w)) a s upravou celkového objemu na 25 ml, Ize tedy

pripravit 1 dalsi plasmonické nanoc¢astice S riznymi tvary a optickymi vlastnostmi.

5.3 Priprava grafenového derivatu GCN/Ag

Grafenovy derivat byl za neustdlého michani pfipraven pii pokojové teploté
kolegou Mgr. Davidem Panackem, Ph.D., a to z kyanografenu (GCN) na jehoz povrchu
byly redukovany stiibrné ionty, dle postupu popsaném V jeho publikaci. [48] Ptiprava
kyanografenu vychazela z postupu Bakandritsose a spol [407] kde byly 4 g fluorografenu,
michany ve 240 ml dimethylformamidu po dobu tfi dni. Poté byla smés 4 hodiny
sonikovana (Bandelin Sonorex, typ DT 255H, frekvence 35 kHz, vykon 640 W, efektivni
vykon 160 W) v dusikové atmosféie a nakonec bylo k disperzi ptidano 5,1 g NaCN
a smés byla michana a zahiivana pti 130 °C po dobu 48 hodin a poté byla precisténa

nékolika promyvacimi kroky, odstfedéna a dialyzovéna.

1,5 ml suspenze obsahujici 5 mg GCN byla pfi pokojové teploté intenzivné
michana po dobu 24 h s 10 ml roztokem AgNO3 (2,210 mol/L). Stiibrné ionty, které
nebyly pevné ukotveny na platech kyanografenu byly odstranény odstfedénim pii 15 000
otackach a promytim destilovanou vodou (3x). Po pfecisténi byl GCN modifikovany
stiibrnymi ionty rozdispergovan v 10 ml destilované vody a bylo k nému piidano 10 ml
3,2:10° mol/L hydroxidu amonného a 10 ml 6,9- 10"® mol/L citratu sodného, jez slouzil
ke stabilizaci castic a tvorbé diamoniové soli, ktera byla nasledné redukovana ptidanim
2 ml 2,2-10" mol/L roztoku tetrahydridoboritanu sodného a poté, po dobu jedné hodiny
ponechana ve tmé. Kone¢ny produkt GCN/Ag s navazanymi nanocasticemi stiibra byl
tiikrat promyt destilovanou vodou, odstiedén pfi 10 000 otackach za minutu a vysusen.
VysuSeny GCN/Ag byl suspendovan v pfislusném objemu vody, aby se ziskala kone¢na

koncentrace 2 g/L hybridu.
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5.4 Piiprava kompozitu nitridu uhliku se stfibrem (g-C3N4/Ag)

Nitrid uhliku byl syntetizovan kolegou Ing. Ladislavem Svobodou, Ph.D., a to
tepelnou polykondenzaci melaminu popsanou v publikaci Svoboda a kol. [49] 5 ¢
melaminu bylo umisténo do keramického kelimku, ktery byl na vzduchu zahiivan po
dobu 4 h pii teploté 550 °C a rychlosti zah#ivani 3 °C min™. Po ochlazeni na pokojovou
teplotu byl dalsi tepelnou exfoliaci na vzduchu po dobu 2 h pii 500 °C ptipraven
exfoliovany g-CsNs. Nanokompozity se stiibrem pak byly piipraveny fotoasistovanou
depozici stiibrnych ¢astic na povrch g-C3Na. [408] Piicemz 99 mg exfoliovaného g-C3Na
bylo umisténo do 25 ml deionizované vody a ve tm¢ sonikovano po dobu 5 min a nasledné
k nému byl (v zavislosti na vysledném obsahu stiibra v kompozitu, 1 a 5%) piidan
dusi¢nan stiibrny a disperze byla intenzivné michana ve tmé po dobu 1 hodiny. Nakonec
byla smés po dobu 10 min ozafovana 10 W LED diodou o vlnové délce 416 nm. Pivodni
svétle Zlutou barvu v disperzi po ozateni nahradila mirné Seda barva, coz ukazuje na vznik
nanocastic. Vznikly nanokompozit byl Cctyfikrat promyt v deionizované vodé,
centrifugovan a lyofilizovan, ¢imz vznikl kone¢ny produkt s ozna¢enim Xag/ g-CzNa,

kde X =1 a5 % udava mnozstvi sttibra.

5.5 Priprava stfibrnych vrstev

Anizotropni Castice pfipravené vySe uvedenou metodou byly po pfiprave
naneseny na dno mikrotitracnich desti¢ek funkcionalizovanych nejprve 1% roztokem
kyseliny  polyakrylové  (PAA, Mr100000) anasledné 1%  roztokem
poly(diallyldimethylamonium chloridu) (PDDA), pficemz kazdé z nich bylo ponechano
Kk adsorpci na povrchu desticky po dobu 2 h. Povrch desticky byl tak potazen tenkym
polymernim filmem sestavajicim ze dvou opacné nabitych vrstev polyelektrolyti (PAA
a PDDA). Po 4 h byly jamky promyty destilovanou vodou, coz vedlo k odstranéni
nenavazanych polymert, a nasledné byly naplnény disperzi stiibrnych nanocastic, které
se béhem 45 min navéazaly na pfedchozi vrstvu. Nakonec byly jamky opét promyty

destilovanou vodou, a vysuseny na vzduchu.

6. Charakterizace nanocastic & pristrojové vybaveni

Fyzikaln€ chemické vlastnosti pfipravenych nanocastic byly studovany za vyuziti
nasledujicich technik. Na urceni velikosti ¢astic a jejich polydisperzity byl pouZit ptistroj
Zetasizer Nano ZS (Malvern, UK), jez velikost ¢astic stanovuje na zadklad¢ dynamického
rozptylu svétla (Dynamic Light Scattering — DLS) a byly potvrzeny za pomoci transmisni
elektronové mikroskopie (TEM) na pfistroji JEM 2010 TEM (Jeol, Japonsko)
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s urychlovacim napétim 160 kV a snimky HRTEM (TEM s vysokym rozliSenim) pomoci
mikroskopu TITAN 60-300 (FEI, USA) pracujici pii napéti 300 kV, jez je opatien
HAADF (detektorem elektronii difraktovanych pod velkymi thly). Biologické vzorky
pak byly pozorovany i skenovacim elektronovym mikroskopem (Hitachi SU6600)
s urychlovacim napétim 1,5 kV. Na velikost ¢astic, jejich optické vlastnosti a stabilitu
bylo nahlédnuto v zavislosti na UV-VIS absorpénich spektrech zaznamenanych
na spektrofotometru  Specord S 600 (Analytic Jena, Né&émecko) pracujicim

Vv jednopaprskovém usporadani.

Zeta potencial, tedy naboj pfipravenych ¢&astic byl ziskdn méfenim
elektroforetické pohyblivosti pomoci pfistroje Zetasizer NanoZS (Malvern, Velka
Britanie). Koncentrace stiibra v pfipravenych koloidech, popfipadé mnozstvi stiibra
imobilizovaného na GCN/povrch desti¢ek, byly méfeny pomoci atomové absorpéni
spektroskopie (AAS) na pristroji ContrAA 600 s grafitovou peci (Analytik Jena AG,
Némecko) vybaveném dvojitym Echelleho monochromatorem s vysokym rozliSenim
(Sitka spektralniho pasu 2 pm pii 200 nm) a Xenonovou lampou jako zdrojem

kontinualniho zafeni.

FTIR spektra byla zaznamenana na FTIR spektrometru iS5 (Thermo Nicolet)
S pouzitim piisluSenstvi Smart Orbit ZnSe ATR. Ramanova spektra byla zaznamenana
na Ramanové mikroskopu DXR s pouzitim diodového laseru o vlnové délce 633 nm.
Rentgenova fotoelektronova spektroskopie s vysokym rozlisenim (HR-XPS) byla
provedena na spektrometru PHI VersaProbe Il (Physical Electronics) s pouzitim zdroje
Al Ka (15 kV, 50 W). Ziskanad data byla vyhodnocena a dekonvolutovana pomoci
softwarového baliku MultiPak (Ulvac — PHI, Inc.). Proces spektralni analyzy zahrnoval
Shirleyho odecitdni pozadi a dekonvoluci pikii pomoci smiSenych Gaussovych-
Lorentzovych funkci. Chemické mapovani prvki bylo ziskdno pomoci energeticky
disperzni rentgenové spektroskopie EDS s dobou akvizice 20 min na mikroskopu FEI
Titan HR-TEM pracujiciho pii 80 kV.

Pro vizualizaci a zobrazeni mikrotermalniho poSkozeni byla pouZita platforma
Zeiss Axioimager Z.1 vybavena modulem LSM780 pro konfokalni laserovou skenovaci
mikroskopii (CLSM) spolu s argonovymi lasery 488 nm a 355 nm slouzicimi

Kk vizualizaci a laser o vlnové délce 561 nm a vykonu 20 mW slouzicimu k aktivaci
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plasmonické vrstvy. Detailnéjsi popis samotného experimentu je uveden v praci Mistrik
a kol. [369]

Opticka hustota bakteridlniho inokula byla méfena denzitometrem (Densi-La-
Meter, LACHEMA, Ceska republika), bakterialni rist byl monitorovan pomoci &tecky
mikrotitracnich desticek (Spektrometr, BioTek EIx808), jez byla schopna méfit
absorbanci pii 570 nm a sledovat tak bakteridlni rist v ¢ase. Pro méfeni fluorescence byla
pouzita &tecka Infinite 200 Pro (Tecan). Zivotaschopnost bunék byla hodnocena pomoci

priatokového cytometru BD FACSVerse (BD Biosciences, USA).

7. Stabilizace nanocastic

Castice jako takové jsou ve vodné disperzi stabilni. V rdamci in vitro testovani
antibakterialni aktivity a cytotoxicity vSak nanocastice pfichazeji do styku s velkym
mnozstvim iontd a proteinli obsazenych v kultivaénich médiich, které maji vliv
na iontovou silu roztoku, ktera negativné ovliviiuje stabilitu ¢astic stiibra a tim i jejich
biologické ucinky. V pribéhu experimentalni prace bylo vypozorovano, ze v nékterych
ptipadech nejsou Castice stiibra ve smési s kultivatnim médiem agregéatné a sedimentacné
stabilni, a proto musely byt dodate¢né stabilizovany. V piipad€ vétSich Castic
pfipravenych redukci maltézou byl stabilizator pfiddn aZz po pfipravé nanocastic,
Vv ptipadé mensich nanocastic pfipravenych redukci borohydridem byl stabilizator ptidan
tésn¢ pred ptidavkem redukéni latky. Ke stabilizaci byla pouzita Zelatina, hovézi sérovy
albumin (BSA), arabska guma a kyselina polyakrylovd o riznych molekulovych
hmotnostech a koncentracich. Stabilita ¢astic stabilizovanych riznymi latkami byla
v Case sledovana spektrofotometricky jak ve vodé, tak po interakci ¢astic s bakterialnim
médiem (1:1), coz odpovida nejvySsimu obsahu média pii samotnych mikrobiologickych

experimentech.

Mimo vySe zminény zpusob stabilizace byly nanocastice stfibra stabilizovany
za vyuziti extraktu z kiry granatového jablka (PGRE), ktery byl ptipraven dle publikace
Asadishada a kol. [409] Kura granatového jablka byla nakrajena na malé kousky a susena
po dobu 24 h pfi teploté 50 °C. Sucha ktira (15 g) byla pfidana do 200 ml destilované
vody a umisténa do ttepacky (80 rpm) pii laboratorni teploté po dobu 24 h. Surovy extrakt
byl poté sterilizovan na filtraCnim papife Whatman ¢. 1. Nasledné byl vzorek PGRE byl

vysusen mrazem za ucelem stanoveni obsahu susiny (20 g/L).
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8. Antibakterialni aktivita testovanych nanocastic

8.1 Priprava bakteridlnich vzork( & testovani antibakterialni aktivity

Antimikrobidlni aktivita byla vyhodnocena na zékladé¢ minimalni inhibicni
koncentrace (MIC) testovaného materidlu pro dosazeni viditelné celkové inhibice ristu
testovaného bakterialniho kmene po 18+2hodinové inkubaci pii 35+1 °C a byla stanovena
na zékladé standardni mikrodiluéni metody dle metodiky CLSI (Ustav pro klinické
a laboratorni standardy) a EUCAST (Evropska komise pro testovani antimikrobidlni
citlivosti). [405] Testovani se provadélo v 96 jamkovych mikrotitracnich destickach, kde
se v geometrickém postupu testované vzorky fedily kultivaénim médiem (Mueller Hinton
Broth, BD Difco, Francie). Pro kazdy antimikrobidlni test byla pfipravena Cerstva
bakterialni suspenze z bakterii, které byly pii 35+1 °C po dobu 24 h kultivovany na
krevnim agaru. Optickd hustota bakteridlniho inokula byla na zakladé¢ McFarlandova
standardu stanovena na hodnotu 1 pomoci denzitometru (Densi-La-Meter, LACHEMA,
Ceské republika); po piislusném ziedéni tak byla pro mikrobidlni testovani ziskana

vychozi koncentrace 10® CFU/m.

8.2 Minimalni doba pro usmrceni

Doba potiebna pro letalni i€inek nanocastic byla stanovena za pomoci standardni
mikrodiluéni metody. Mikrotitracni desti€ky spolu s bakteriemi a nanocésticemi byly
pfipraveny jako obvykle a byly ponechany inkubovat po dobu 16 hodin, kde bylo kazdou
hodinu zjamek obsahujici rizné koncentrace nanocastic stfibra odebrano 10 pl
a naockovano/rozetfeno definovanym zptisobem na povrch desti¢ek krevniho agaru
(Trios s.r.0., CR). Bakterie byly pak nasledné inkubovany pii 35+1 °C po dobu 18+2

hodin a narostl¢ kolonie byly spocitany a pfepocteny na poc¢et CFU/ml.

8.3 Testovani synergického ucinku

Spole¢ny ucinek antibiotik a antibakterialni aktivita jednotlivych antibakterialnich
latek byly stanoveny za vyuZiti Sachovnicové mikrodilué¢ni metody. Na zaklade¢ vysledka
testovani minimalni antibakterialni aktivity nanomateriald a breakpointi (je hodnota
stanovena EUCAST, ktera definuje koncentraci, ptfi které je dana bakterie na dané
antibiotikum rezistentni, ¢i nikoli) pro jednotlivé kombinace antibiotikum-bakterie byly
stanoveny pocatecni (maximalni) koncentrace jednotlivych antibakterialnich latek a ty
pak byly nasledn¢ fedény geometrickou fadou MH bujonem. 96 jamkové mikrotitracni

desticky byly naplnény vertikaln¢ zifedénymi antibiotiky a horizontalné¢ ziedénymi
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nanomateridly, kazd4d kombinace byla tedy testovana pravé jednou. Inokulace Cerstvou

suspenzi bakterii pak probehla stejnym zptsobem jako v pfipad¢ mikrodilu¢ni metody.

MICyg4 in combination MICyrp in combination

FIC = 1)

MICy4 alone MICyrg alone
Mira synergického (spole¢ného) ucinku byla pak vyhodnocena na zékladé FIC indexu,
ktery byl vypocitan z MIC pro jednotlivé antibakteridlni latky (Vzorec 1). Na zakladé
hodnoty pak byl G¢inek vyhodnocen jako synergicky, (FIC < 0,5), aditivni (0,5 < FIC <
1), indiferentni (1 < FIC < 2) a antagonisticky (FIC > 2). [161]

V ramci testovani synergického Uc€inku byly testovany nanocastice stiibra
navazané na plat kyanografenu a to v kombinaci s antibiotiky majici riizné mechanismy
ucinku vici bakteriim s riznymi mechanismy rezistence. VSechny experimenty v ramci
tohoto testovani byly provedeny na rezistentnich bakteriich a s antibiotiky lisici se
mechanismy Uc¢inku. Ceftazidim byl vybran jako zastupce antibiotik inhibujici syntézu
bunécné stény, kolistin jako antibiotikum plisobici na bakteridlni membranu a gentamicin
a ciprofloxacin jako antibiotika inhibujici syntézu proteinu, respektive syntézu DNA.
Citlivost/rezistence bakterii pak byla hodnocena na zékladé jejich minimalnich

inhibi¢nich koncentraci a jejich porovnani s ,,break pointy* dle EUCAST. [405]

8.4 Testovani mechanismu ucinku
8.4.1 Stanoveni reaktivnich forem kysliku (ROS)

Bakterie byly v MH bujonu kultivovany pfi teploté 35+1 °C do mid-log faze, poté
byla ¢ast bakterialni suspense dana stranou (pozitivni kontrola), do zbytku byl pfidan
grafenovy derivat o koncentraci shodné s minimalni inhibi¢ni koncentraci a byly
inkubovany po dobu 3 hodin pii 35+1 °C. Bakterie spolu s grafenovym derivatem byly
centrifugovany (3500 rpm, 5 min) a usazeny supernatant byl 3x promyt v PBS a nasledn¢
byly vzorky pifeneseny do 96 jamkové desticky, kde byla pfidina ROS sonda
CM-H.DCFDA (Invitrogen, C6827) na kone¢nou koncentraci 1 umol/L. V pftipadé
pozitivni kontroly byl pfidan peroxid vodiku
(2 mmol/L). Vzorky byly ve tm¢ inkubovany pti 37 °C po dobu dalsich 2 hodin a poté
byla na ¢tecce Infinite 200 Pro (Tecan) pii Vinovych délkach ex./em. 492 nm/527 nm
zaznamenana fluorescence. Stejny experiment byl provadeén i pro delSi dobu inkubace
nanocastic s bakteriemi, kde byl grafenovy derivat ptidan do bakterialni suspenze ihned

po pripravé a byl spolu s bakteriemi kultivovan po dobu 8 hodin pfi teploté 35+1 °C.
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8.4.2 NaruSeni bakteridalni membrany

Bakterie byly po dobu 24 h inkubovany v 96 jamkovych mikrotitra¢nich
desti¢ckach v MH bujonu a také MH bujonu obsahujicim geometricky nafedény grafenovy
derivat. Subinhibi¢ni koncentrace GCN/Ag byla pouzita za ucelem pozorovani bakterii
pted jejich smrti. Nejprve byly bakterie promyty od zbytkli bujénu centrifugaci,
redispergovany vV PBS, opakované centrifugovany a nésledné opé€t znovu rozptyleny ve
vodé. Nakonec byly bakterie fixovany plamenem na pozlacenych mikroskopickych
sklickach/titanovych tercicich a byly pozorovany za pomoci skenovaci elektronové

mikroskopie.

9. Indukce rezistence

Zda jsou bakterie schopny vytvofit rezistenci vi¢i nanomateridlim bylo
zkouméno po dlouhodobém a opakovaném vystavovani bakteriim u¢inkiim nanocastic
stiibra. Bakteridlni resistence byla indukovéna opakovanou kultivaci bakterii
se subinhibi¢nimi koncentracemi nanocastic. V prib&hu experimentu byla stanovovéana
hodnota MIC vyse zminénym zptisobem (mikrodiluéni metodou), pfi¢emz navyseni MIC
signalizovalo rozvoj bakteridlni rezistence. Po 24hodinové kultivaci se subinhibi¢nimi
koncentracemi nanocastic (tj. niz§i nez MIC) bylo z jamek odebrano 10 ul Muellerova-
Hintonova bujoénu obsahujiciho pieZivajici bakterie, které byly subkultivovany
na krevnim agaru (TRIOS) pii 37 °C po dobu 24 hodin. Bakterie narostlé na krevnim
agaru pak byly nasledn& pouzity pro piipravu inokula o hustoté¢ 10® CFU/ml pro dalsi
kultiva¢ni krok. Cely vySe popsany postup od po¢atecni inokulace aZ po ptipravu nového
inokula byl povaZovdn za jeden kultivacni krok pro vyvoj bakteridlni rezistence.
Po kazdém kroku byly zaznamendny minimalni inhibi¢ni koncentrace a sledovany v case,

pfi¢emz narust MIC indikoval vznik bakterialni rezistence.

9.1 SEM snimky bakterii

Samotna bakteridlni suspenze kultivovana po dobu 24 h a suspenze kultivovana
Vv pfitomnosti subinhibi¢ni koncentrace nanocastic byla po inkubaci procisténa
centrifugaci, nanesena na pozlacené sklicko, popfipad¢ titanovy ter¢ik a fixovana
plamenem. V ptipad¢ experimentu prokazujiciho tvorbu bakteridlniho biofilmu bylo
sklicko/ter¢ik vlozeno do bakterialni suspenze a slouzilo tak jako hlavni povrch
pro tvorbu biofilmu. Po 24hodinové inkubaci bylo sklo promyto v PBS a ve vodg,
vysu$eno na vzduchu a charakterizovano skenovaci elektronovou mikroskopii. Stejnym

zpuisobem se hodnotila i inhibice biofilmu, kde byl zaveden stejny postup, ale kromé
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nanocastic byla pfidéna i latka zabranujici tvorbu biofilmu (pf. PGRE) v riznych

koncentracich.

9.2 Tvorba bakteridalniho biofilmu — Modifikovand Christensenova metoda

Bakterialni biofilm byl péstovan v 96jamkové jamce predem modifikované
vrstvou PDDA, ktera pomohla pokryt povrch desticky nanocasticemi stiibra. [410]
V disledku modifikace jamky se biofilm tvofil pfevazné na funkcionalizovaném
povrchu, a proto bylo snazsi provést jeho analyzu pomoci barveni krystalovou violeti
(1%). Jamky mikrotitracni desticky s plochym dnem byly naplnény 0,5% roztokem
PDDA. Po dvou hodinéch byly jamky proplachnuty destilovanou vodou a poté naplnény
nanocasticemi stéibra o koncentraci 108 mg/L, které byly naadsorbovany na povrch
jamek. Nasledné byl v jamkach kultivovan S. aureus v Muller-Hiltonové bujonu, a to
V pritomnosti nano¢astic stiibra a bez nich. Po 24hodinové inkubaci (37 °C) byly jamky
proplachnuty, aby se odstranil bujon s planktonnimi buitkami. Zbyly biofilm byl fixovan
methanolem (99 %) a obarven pomoci CV (1 %). Nésledné byla stanovena opticka
hustota ODs7o kazdé jamky (Spektrometr, BioTek EIx808). Pro kazdou koncentraci byla
provedena i negativni kontrola, kde byla stanovena opticka hustota jamky bez piitomnosti
bakterii. V ramci experimentu byla porovnavana tvorba biofilmu v pfitomnosti rizné

koncentrovanych nanocastic stiibra, a to jak u citlivych, tak u rezistentnich kmend.

10. Testovani cytotoxicity
Pro stanoveni bunécéné toxicity byly buniky kultivovany pti 37 °C v atmosféte 5 %
CO2 vbujonu obohaceném o potiebné latky viz kapitola chemikalie, v zavislosti

na pouzité linii bunék.
10.1 Pratokova cytometrie

Zivotaschopnost bunék za pomoci pritokového cytometru BD FACSVerse
(BD Biosciences, USA) byla otestovana Mgr. Tomasem Malinou, Ph.D. Do kazdé jamky
Vv 96jamkové destiCce bylo nasazeno deset tisic bunck abyly inkubovany
S nanomateridlem o riznych koncentracich po dobu 24 h. Po 24 h byl odebran supernatant
a bunky byly jemné¢ promyty roztokem PBS (0,1 M, 7,4 pH). Poté byly bunky oddéleny
trypsinem (0,25 % v EDTA, Sigma-Aldrich), resuspendovany ve 100 pl kultivaéniho
média a piidany do supernatantu. Zivotaschopnost bunék byla stanovena pomoci
propidiumjodidu (PI1) a kalcein-AM fluorescencnich sond. Bunky byly inkubovany s 1 ul
PI (1 pg ml-1) a 2 pl kalceinu-AM ziedéného v DMSO (50 uM) po dobu 20 minut
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a fluorescencni signdl byl méfen prutokovym cytometrem pomoci Cervené¢ho kandlu
(exc. 488/em. 586) pro Pl a zeleného kanalu (exc. 488/em. 527) pro kalcein. Cerveny
signal PI odhalil mrtvé buiiky, které ztratily membranovou integritu, zatimco zeleny
signal predstavovaly buiiky s aktivnimi intracelularnimi esterazami, které katalyzovaly
nefluoreskujici kalcein-AM na vysoce fluoreskujici zeleny kalcein. Byla stanovena

zivotaschopnost a normalizovana na kontrolni buiiky se 100% Zzivotaschopnosti.

10.2 MTT test
Buniky byly kultivovany ve 100 uL. RPMI s 1% FCS v 96jamkové desticce

s plochym dnem a to v koncentraci 2,5-10* bunék/jamku pfi teploté 37 °C a v atmosféte
5% CO2 po dobu 24 h. Na druhy den bylo odsato médium, jamky byly promyty roztokem
PBS a poté bylo pfidano Cerstvé médium spolu s nanocasticemi o riznych koncentracich,
které byly spolu s buikami po dobu 24 h ponechany ke kultivaci pii 37 °C v 5 % CO..
Nasledujici den bylo médium odsato, jamky promyty a naplnény 100 uL. PBS, do kterych
bylo pfidano 10 pL MTT sondy (5 mg/ml v PBS). Desticka byla nasledn€ ponechéana po
dobu 1 h k inkubaci ve tmé pii 37 °C. Na dné jamek se objevily fialové krystalky, které
byly rozpustény pusobenim lyza¢niho roztoku, se kterym byl obsah jamek dikladné
promichén. Nakonec byla zméfena absorbance pti vinové délce 570 nm pomoci cteCky
desticek Infinite PRO M200 (Tecan, Rakousko). Pocet pfezivSich bun&k byl vypocitan
jako podil absorbance vzorku a absorbance kontroly ndsobeny 100krat a vyjadien

Vv procentech zZivotaschopnosti.
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VYSLEDKY A DISKUSE

11. Priprava a stabilizace nanocastic

V ramci diserta¢ni prace byly pfipraveny nanocastice stiibra a jejich kompozity,
jez byly nasledné charakterizovany a testovany pro jejich mozné vyuziti v antibakteridlni
a fototermalni terapii. Zakladnimi nanoc¢asticemi pouzivanymi v rdmci vyzkumné prace
byly nanocastice stiibra ptipravené redukci maltézou a tetrahydridoboritanem sodnym
(borohydridem). Z pohledu tizeni kone¢né velikosti se liSily pouze v typu pouzitého
redukéniho ¢inidla a jeho sile, tedy redoxnim potencidlu. Nanocastice pripravené redukci
maltdzou tvorily pomérné monodisperzni koloidni systémem s primérnou velikosti ¢astic
28 nm, jez byla stanovena na zéklad¢ meétfeni dynamického rozptylu svétla a byla
potvrzena na zakladé¢ snimku z transmisni elektronové mikroskopie (Obrazek 11A).
Tetrahydridoboritan sodny je silné redukéni ¢inidlo a v jeho pfitomnosti dochézi k tvorbé
vice zarodku, a tedy mensich castic (8 nm), coz bylo taktéz potvrzeno na zakladé TEM
snimkt (Obrazek 11B). VE&tsi nanocastice stiibra piipravené redukci maltdzou budou po
zbytek prace oznacovany jako Ag28 a menSi Castice piipraveny redukei

tetrahydridoboritanem sodnym budou oznacovany jako AgS.

Obrazek 11. Snimky nanocdastic stfibra z transmisniho elektronového mikroskopu pripravené redukei
maltézou (A), tetrahydridoboritanem sodnym (B).

V ramci charakterizace nanoCéstic byla zméfena jejich absorpcni spektra
v UV/VIS oblasti, na nichz byl pozorovan vyrazny pik v oblasti 400 nm, coz je
lokalizovana plazmonova rezonance (LSPR) charakteristicka pro stéibrné nanocastice.
(Obrazek 12) Pomérné uzka sitka pikd pak naznacuje tizkou distribuci velikosti ¢astic,

tedy syntézu pomérné uzce polydisperzniho systému.
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Obrazek 12. Absorpéni spektra piipravenych nanoéastic stiibra lisicich se svou velikosti.

Castice maji vysokou hodnotu zeta potencialu (-29 mV) a jsou ve vodné disperzi
dlouhodob¢ stabilni. Pokud ale dale pfemyslime o vyuziti v antibakteridlni terapii,
popiipadé o translaci do medicinalni praxe, je potieba dale sledovat i interakci
s bakterialnimi a bunéénymi médii in vitro, tedy stabilitu nanocastic v prostfedi s médii
a celkové pozorovat osud ¢astic po podéani do téla a jeho néslednou farmakokinetiku
a biodistribuci in vivo. Pro prvotni experimenty byly v Givahu brany jen zakladni in vitro
experimenty, a tedy interakce nanocastic s bakteridlnim bujonem, v disledku ¢ehoz miize
dochazet ke zméné iontové sily roztoku a nasledné destabilizaci systému. Po natedéni
¢astic 1:1 vodou, popiipadé kultivaénim bujonem MH (MH_AQ) nedoslo po 24 h k zadné
okem pozorovatelné zméné (Obrazek 13A, B), a ke zméné€ nedoslo ani v ramci méfeni
absorpénich spekter, v nichz nedoslo k zadné zméné intenzity absorpéniho maxima ¢i
jeho polohy. V piipadé nutriéné bohatSiho BHI kultiva¢niho bujonu u vétSich ¢astic
bohuzel po jejich interakci s bujonem doslo k agregaci, kterou bylo mozné detekovat jak
pozorovanim na zakladé¢ barevné zmény, tak na UV-VIS absorpénich spektrech

(Obrazek 13).
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Obrazek 13. Fotografie a absorpéni spektra vodnych disperzi stéibrnych nanoéastic o velikosti 28 (A, C)
a 8 nm (B, D) ihned po piipravé a nanocastic po interakci s bakterialnim bujonem (MH, BHI).

Agregatni nestabilita se v pfipadé vétSich castic (redukce maltozou) projevila
ihned po interakci nanocastic s BHI bujonem (1:1) a to zménou zbarveni a snizenim
absorpce v ramci UV/VIS spekter (Obrazek 13). Béhem 24 hodin pak doslo k uplné
agregaci Castic a K sedimentaci na dné kyvety. Po smichani kultiva¢niho média s mensimi
¢asticemi (redukce tetrahydridoboritanem) doSlo jen k drobné zméné€ zbarveni disperze
¢astic, jez se projevilo mirnym sniZenim intenzity a lehkym posunem k vy$§im vlnovym
délkam (Obrazek 13). Obecné se elektricky nabité ¢astice stiibra vlivem elektrostatickych
odpudivych sil odpuzuji a nedochazi tak k jejich agregaci. Je-li vSak k nanocasticim
pfidan elektrolyt obsahujici kladné nabité ionty, v tomto piipad¢ kultivaéni bujon
obsahujici kationty Mg?*, Ca?* a dalsi, vlivem stladeni elektrické dvojvrstvy nebo vlivem
zrusenim celkového povrchového naboje v disledku specifické adsorpce iontti dochazi
ke koagulaci castic. Agregaci nanocastic za vzniku rozmérnych utvari dochazi ke ztraté
jejich antimikrobidlni aktivity, a proto je nutné takové destabilizaci nanocastic stiibra
pfedchazet a nizkou polydisperzitu nanocastic tak zachovavat po celou dobu inkubace
S bakteridlni suspenzi. Na zdklad€ téchto zjisténi byly v tomto piipad€ Castice
stabilizovany za pouZziti riznych stabilizatord, jez maji za tikol povrch Castice stéricky
nebo elektrostaticky stabilizovat. Za ucelem potlaceni agregace nanocastic stiibra
a zvyseni jejich stability v bujonu byly v rdmei této prace Castice stabilizovany latkami
jako jsou Zelatina (GEL), hovézi sérovy albumin (BSA), arabska guma (GUM) a kyselina
polyakrylovda (PAA). Vramci experimentu byla naméfena UV/VIS spektra
(Obrazek 14C), jak stabilizovanych, tak nestabilizovanych ¢astic, ze kterych je patrné,
Ze stabilizace pomoci arabské gumy a polyakrylové kyseliny nebyla vitbec Uspésna,
naopak Zelatina se ze vSech testovanych latek jevi jako nejvhodnéjsi stabilizacni ¢inidlo

¢astic v BHI bujonu.
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Obrazek 14. Fotografie vodnych disperzi riizné stabilizovanych nanodastic stéibra Ag28 (A), a fotografie
téchto nanocastic po interakci s BHI bujonem (B). Absorpéni spektra stabilizovanych ¢astic v BHI bujonu (C).

Aby byla zarucena dostatena agregatni stabilita Castic stfibra, kromé bézné
uzivanych stabilizatorii byla vyuzita i kovalentni imobilizace stfibrnych nanoc¢éstic na
povrch grafenového derivatu a na vrstvy nitridu uhliku, jez mélo za ukol ¢astice pevné
navazat a znemoznit jim pak naslednou agregaci. Kyanografenovy derivat (GCN/Ag) byl
syntetizovan dle jiz dfive publikované metody Panackem a kol., jez je zaloZena na redukci
stiibrnych iontl navazanych na povrch kyanografenu modifikovaného nitrilovymi
skupinami GCN/Ag®*. [48] Snimky GCN/Ag" prekurzoru z transmisni elektronové
mikroskopie s vysokym rozliSenim (Obrazek 15A) potvrdily nepfitomnost stéibrnych
nanocastic pied aplikaci redukéniho ¢inidla. Chemické prvkové mapovani navic odhalilo
husté a homogenni pokryti grafenovych vlo¢ek atomy dusiku i stiibra (Obrazek 15B).
Po odstranéni nenavéazanych iontt stiibra dikladnym promytim byl po redukci
tetrahydridoboritanem sodnym ziskan kone¢ny produkt GCN/Ag sestavajici se z malych
nanocastic stiibra (Obrazek 15C, D) opriméru 4 az 8 nm (distribuce ¢astic

(Obrazek 15C)).

500 nm

Obriazek 15. (A) HRTEM snimek prekurzoru GCN/Ag*. (B) Chemické mapovani dusiku a stfibra na povrchu
grafenu. (C) TEM snimky GCN/Ag a distribuce velikosti ¢astic. [411]
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Absorpéni spektrofotometrie prekurzorit GCN/Ag" a vodnych disperzi GCN/Ag
potvrdila, Ze nanocastice vznikly az po pfidavku redukéniho ¢inidla (Obrazek 16A) a to
na zakladé vyskytu charakteristické povrchové plazmonové rezonance stiibrnych
nanocastic pii vinové délce 400 nm. [33] Nitrilové skupiny byly rovnéZz pozorovany
pomoci FT-IR pted a po imobilizaci stiibrnych nanocastic, coz zaroven potvrzuje i jejich
stabilitu po navazani. Infracervené spektrum (Obrazek 16A) ukazuje, ze nitrilovy pik pfi
cca 1500 cm™ je ptitomen ve spektrech prekurzoru i redukovaného produktu. Obsah
sttibra vV hybridu GCN/Ag byl podle rentgenové fotoelektronové spektroskopie 1,8 %
(atomdarni obsah) (Obrazek 16B). Pfesné mnozstvi stiibra ve vodnych disperzich GCN/Ag
po precisténi pred antibakteridlnimi testy bylo pomoci AAS stanoveno na 330 mg/L, coz
odpovida 125 mg Ag na 1 g nanohybridu GCN/Ag. Diky silné kovalentni imobilizaci
a hustému pokryti povrchu grafenu nanocasticemi stiibra vznikl stabilni material

se silnymi antibakteridlnimi vlastnostmi, které budou popsany v nasledujicich kapitolach.

B C:7569 at. %
N: 14.6 at. %
Ag: 1.8 at. %
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Obrazek 16. A) UV-Vis absorpéni spektra samotného GCN_pure (¢erna ¢ara), GCN_iAg* s imobilizovanym
iontovym stfibrem (¢ervena ¢ara) a GCN/Ag s imobilizovanymi AgNPs (modra ¢ara); odpovidajici FT-IR
spektra jsou znazornéna ve vloZzeném panelu (A). (B) XPS spektrum nanohybridu GCN/Ag, které ukazuje

obsah atomu v materialu.

Dalsi vrstevnaty materidl, na jehoz povrch byly imobilizovany stiibrné
nanocastice, byl nitrid uhliku. Pfiprava tohoto materialu vychazela z nanovrstvy g-C3Ns
jez byla ptipravena sonikaci bulkového materialu, k némuz byl poté bez piistupu svétla
(z dGvodu zabranéni fotoredukce) pifidan dusicnan stfibrny, ktery se vlivem
elektrostatickych sil adsorboval na povrch zaporn€ nabitého povrchu g-CsNa. [49] Druha
faze ptipravy zahrnovala 10minutové ozafeni (416 nm, 10 W LED) g-C3Ns4 s jiz
adsorbovanymi Ag" ionty, které byly vlivem zéaieni redukovany na stfibrné nanocastice
a mohl tak vzniknout nanokomozit Ag/ g-CsNa. Takto ptipravené nanocastice stiibra jsou

pevné vazany na povrch, netvofi agregaty a zlistavaji tak stabilni.
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Na obrazku (Obrazek 17A) jsou znazornény XRD spektra, které zobrazuji dva
hlavni piky g-CsN4 umisténé na 20 ptiblizné pod tthlem 10,9° a 27,8°, jez odpovidaji
miizkovym rovindm rovnobéznym s osou ¢ (100) a vrstevnatou strukturu konjugovanych
aromatickych systému ve (002) [412]. Piky nachazejici se piiblizné na 20 38,1°, 44,3°,
64,4° a 77,4° odpovidaji krystalovym rovindm kubické struktury kovového stiibra.
Vzorky XRD tedy potvrzuji nezménénou krystalovou strukturu g-C3Ngs a také to, Ze se
na povrch g-CsN4 podafilo deponovat riizna mnozstvi nanocastic. Navazani nanocastic
na g-CsNa4 nanolistu byl taktéz potvrzeno snimky ze skenovaci elektronové mikroskopie
(Obrazek 17B, C), jez se také 1isi mnozstvim navazanych nanocastic. Velikost ¢astic pak

byla na zaklad¢ téchto snimki a snimkti z TEM stanovena na 2-6 nm pro 1%Ag/ g-CaN4

a 3-21 nm pro 5%Ag/ g-C3Na.

A g "o
= i . ® Ag
2 = — Ag (PDF 03-065-2871)
. f ¢ s = %
/il f 3 o~ iv: 2
N A \ 5% Ag/g-C\N, *
=
~N
c
()
)
[
]
JLJ L_ pure g-C N,
T T

A L4 T T 2
10 20 30 40 50 60 70

2 Theta [*]

Obrazek 17. A) XRD spektra ¢istého g-C3Ns a Ag/g-C3sN4 nanokompoziti s riiznym obsahem stfibra,
B) SEM snimky nanokompoziti 1% Ag/g-CsN4 a C) 5% Ag/g-CsNa. MéFitko 500 nm. [49]

12 Antibakteridlni aktivita testovanych nanoc¢astic

Antibakteridlni 0¢inky nanocastic stiibra byly testovany jak vici sbirkovym
referenénim kmentim bakterii, tak vi¢i rezistentnim kmentm ze sbirky Ustavu
Mikrobiologie Lékatské fakulty Univerzity Palackého v Olomouci. Minimalni inhibi¢ni
koncentrace riznych nanocastic stéibra ur¢ené mikrodilu¢ni metodou (Tabulka 1) jsou
uvedeny v zavislosti na testovaném kmeni, ale také na velikosti a typu nanoéastic. Castice

obecné vykazovaly vysokou antibakterialni aktivitu, jez je charakteristicka velmi nizkymi

hodnotami MIC (jednotky mg/L).
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Tabulka 1. Minimalni inhibi¢ni koncentrace nanomateriala vii¢i vybranym bakterialnim kmenam

1%Ag/ 5%Ag/
MIC [mg/L] Ag8 | Ag28 | GCN/Ag AgNO:3
0-CsN4 0-CsNq4
E. coli CCM3954 0,84 | 3,38 0,2 0,95 3,2 3,38
P. aeruginosa
1,69 | 3,38 1,69 0,95 0,81 1,69
CCM3955
S. aureus CCM4223 | 1.69 | 13,5 1,69 1,9 3,2 3,38
E. faecalis CCM4224 | 3,38 | 13,5 1,69 1,9 3,2 6,75
ESBL-E. coli 1,69 | 6,75 0,5 3,8 3,2 6,75
MRSA 1,69 | 135 1,9 1,9 1,62 6,75
VRE 3,38 | 135 1,9 1,9 1,62 6,75

Vysokd antibakteridlni aktivita nanocastic stfibra rtiznych velikosti, tvart
a povrchovych modifikaci byla v minulosti Siroce studovédna a byla popsana v celé fadé
védeckych publikaci, jeZ jsou v kratkosti popsdny v ramci teoretické Casti této prace.
Néami ziskané vysledky pro rizné velké nanocastice (Ag8, Ag28) pak odpovidaji
znamému trendu, kdy antibakteridlni aktivita vzrista s klesajici velikosti Castic a je
nanocastic, ktera vede k siln€j$im chemickym a biologickym interakcim s biomolekulami
na jedné strané a k vy$§imu uvoliovani toxického kationtu Ag® na strané druhé.
[189-191] Zaroven lze také konstatovat, ze nanocCastice stiibra jsou o néco malo
aktivngj$i v ptipadé¢ Gram-negativnich bakterii, coz z dostupnych informaci v literatufe
nejspiSe souvisi s tloustkou peptidoglykanové vrstvy, kterd je u Gram-pozitivnich

vvvvvv

tak Casto V tomto piipad¢€ interaguji pouze s bakterialnim povrchem. [165,166]

Minimélni inhibi¢ni koncentrace nanocdastic stiibra imobilizovanych na platu
kyanografenu, nebo nitridu uhliku jsou obecné vyrazné niz$i neZ hodnoty pro samotné
nanocastice. VyS$i antimikrobidlni aktivita ¢astic nanesenych na povrchu nékter¢ho
Z nosicl ve srovnani s volnymi, nevdzanymi nanocasticemi stiibra miiZze souviset jednak
s velikosti pfipravenych castic, tak se stabilitou navazanych castic, jez je diky
kovalentnimu navazani ¢astic na povrch uhlikového substratu zvySena a nedochazi tak
k agregaci Castic, pfi¢emz ob¢ tyto charakteristiky jsou znamy jako vyznamny faktor, jez
ovlivituje vyslednou antimikrobidlni aktivitu ¢astic. Zajimavym vysledkem je pak také

fakt, ze tyto nanocCastice maji vyssi antibakteridlni ucinky nez dusi¢nan stiibrny, jez je
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sdm o sob¢ rezervoarem pro stiibrné ionty, jejichz uvoliiovani je jednim ze zakladnich
mechanismt ucinku nanocastic stéibra. [224,225] Velice piinosné je, Zze nanocastice
vykazovaly vysokou tuéinnost i proti silné rezistentnim kmentim, jako jsou E. coli
produkujici B-laktamazy (ESBL) a S. aureus rezistentni vuci meticilinu a vankomicin
rezistentnim bakteriim (MRSA, VRE), jezZ jsou pomérné naléhavym problémem v 1é¢be

bakterialnich infekci. [413-416]

Mechanismus antibakterialniho u¢inku

Jak jiz bylo popsano v teoretické ¢asti prace, velkou devizou stiibrnych nanoc¢éstic
je jejich vicetrovnovy (multimodalni) mechanismus ucinku, kdy nanocastice stiibra
plusobi na bakteridlni bufiku hned nékolika mechanismy soucasné, ¢imz je tvorba
odolnosti bakterii v porovnani s tvorbou rezistence vici bézné¢ uzivanym antibiotikim
daleko obtizngjsi. S ohledem na to, ze v odborné literatufe byl mechanismus ucinku
nanocastic stiibra nckolikrat popsén a potvrzen, vramci nasi prace jiz nebyl dale
experimentalné ovéfovan a nase pozornost byla zaméfena na studium mechanismu ucinku
grafenového derivatu se stiibrem, ktery je svym zpisobem novy material, do jehoz uc¢inkt
muze krom nanocastic stéibra promlouvat i samotny grafen a jehoz mechanismus doposud
nebyl popsan. Jelikoz k nejéastéjsim mechanismiim u¢inku nanocastic stiibra patii tvorba
reaktivnich forem kysliku a naru$eni bakterialni membrany, byly oba tyto mechanismy
zkoumany 1 V ptipad¢ grafenového derivatu se stfibrem. Z literatury je znamo, Ze se
nanocastice stfibra vazou na -SH skupiny buné¢énych membranovych proteinti, ¢imz méni
jejich strukturu a funkci. [417] Po navazani na bunécnou membranu zpusobi kaskadu
d&ju, ktera vrcholi degradaci bunky a produkci reaktivnich forem kysliku, [418,419]
coz se také potvrdilo i v naSem piipad¢é (Obrazek 18), kde Castice vystavené plisobeni
ucinku grafenového derivatu se stiibrem produkuji mnohem vétsi mnozstvi kyslikovych

radikald, nez samotné bakterie (E. coli).

E. coli
E.coli + GCNiAg 5 h
[ E. coli + GCN/Ag 10 h
)

ROS (RFU)

Obrazek 18. Tvorba ROS u E. coli bez pritomnosti GCN/Ag (untreated) nebo bakterii vystavenych GCN/Ag
v koncentraci odpovidajici MIC100 po dobu 5 a 10 hodin. Jako pozitivni kontrola byl pouzit peroxid vodiku
(2 mM, 2 h inkubace). [48]
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Mimo mechanismu u¢inku zalozeny na produkci ROS bylo ptedpokladano
I poSkozeni stény a membrany v disledku vazby stiibrnych nanoc¢astic na jejich povrch,
coz bylo potvrzeno nazakladé¢ snimkli ze skenovaci elektronové mikroskopie
(Obrazek 19), jez poukazala na tvorbu dér, takzvanych ,,pits* na bakterialni stén¢, které

byly jiz dfive publikovany Vv praci Kwan a kol. [420]

.

Obrazek 19. A) SEM snimek bakterie E. coli a snimky bakterii (B, C) vystavenych u¢inkim GCN/Ag
Vv subinhibi¢ni koncentraci (0,2 mg/L). [48]

13. Indukce rezistence a jeji mechanismy
S ohledem na dosavadni vyvoj vzniku a Sifeni bakteridlni rezistence vuci

antibiotikiim a fakt, Ze bakteridlni rezistence se pomalu objevuje vici vSem antibiotikiim,
je velmi pravdépodobné, Ze si bakterie vytvofi rezistenci i vi¢i nanomaterialum.
Rezistence vici nanocCasticim stiibra jiz byla v literatufe popsana u fady bakterialnich
kment (viz teoreticka Cast). [253-255] Nabizi se tedy pfipravené cCastice otestovat
a zjistit, zda se podaii bakterialni rezistenci indukovat i vi¢i t€émto ¢asticim, a pokud ano,
navrhnout mozné zplsoby potlaceni nebo piekonani nové vzniklého mechanismu

rezistence.

Rezistence vi¢i nanocasticim stfibra byla uz diive vramci nasi skupiny
indukovana u Gram-negativni bakterie E. coli a P. aeruginosa. V ramci tohoto vyzkumu
pak bylo cilem prokazat moznost tvorby rezistence vii¢i sttibrnym nanocasticim i u Gram-
pozitivniho kmene S. aureus. Minimalni inhibi¢ni koncentrace po opakované kultivaci se
subinhibi¢nimi koncentracemi nanomaterialii jsou uvedeny nize (Tabulka 2) a je z nich
patrné, ze si ob€ bakterie vii¢i nanocasticim stiibra byly schopny vytvofit rezistenci
(narust MIC). Zaroven je v tabulce uvedena i MIC kontrolnich kmenti nevystavenych

uc¢inktim nanocastic, a to po kazdém desatém cyklu.
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Tabulka 2. Minimalni inhibi¢ni koncentrace (MIC) AgNPs u bakterii u nichZ se pokousela indukovat bakterialni
rezistence. MIC je uvedena po kazdém kultivaénim kroku (1-20) a je uvedena ve srovnani s MIC AgNPs vadi
referenénim kmendim po prvnim, desatém a dvacatém kroku (1*, 10*, 20*).

12 2 3 4 5 6 7 8 9 10 100 11 12 13 14 15 16 17 18 19 20 20°

S. aureus
135 135 6.75 135 6.75 135 6.75 6.75 135 135 135 27 54 27 54 54 54 27 27 54 54 135
CCM 3953

S. aureus
338 675 1.69 338 169 169 169 169 3.38 6.75 169 338 675 135 6.75 135 135 27 54 54 54 338
008

E. coli CCM
s 338 6.75 338 675 6.75 135 135 54 54 54 338 54 54 108 108 54 54 108 108 108 108 6.75
3954

* MIC je vzdy vztaZzena na mnozstvi stiibra v disperzi. Maximalni hodnota MIC je omezena koncentraci
nanocastic, pfi¢emz nejvyssi testovana koncentrace mize byt maximalné poloviéni. U nanocastic stiibra
0 koncentraci 108 mg/L, je tedy max stanovena MIC 54 mg/L, respektive MIC >54 mg/L.

Rychlost tvorby rezistence bakterii u Gram-pozitivniho kmene S. aureus byla o néco
pomalejsi a ve srovnani s Gram-negativni E. coli se vyvijela v pozdéjsich kultiva¢nich
krocich. S. aureus 3953 se stal rezistentnim vici nanoc¢asticim stiibra od dvanactého
kultiva¢niho kroku, kde se MIC zvysila z 13,5 na 54 mg/L. S. aureus 008 s niz$i pocateéni
MIC 3,38 mg/L se mezi 13. a 18. kultivaénim krokem stdval postupné odolné;jsim, ale
I tak v 18. kroku dosahla MIC stiibrnych nanoc¢astic 54 mg/L. Panacek a kol., u E. coli
publikoval rychlejsi vyvoj rezistence, kde byla vyrazné vyssi MIC (13,5 mg/L)
ve srovnani s referenénim kmenem E. coli (3,38 mg/L) pozorovana jiz v Sestém
kultivaénim kroku a od osmého kroku se MIC zvysila az na 54 mg/L. Ve dvacatém
kultiva¢nim kroku se MIC stiibrnych nanocastic zvysily na 54 mg/L u vSech testovanych
Gram-negativnich i Gram-pozitivnich bakteridlnich kment, coz znamend, ze vSechny

bakteridlni kmeny si vi¢i nanocasticim stiibra do té doby byly schopny vytvofit

rezistenci.

Obrazek 20. Fotografie mikrotitraéni desti¢ky po kultivaci bakterialniho kmene S. aureua (A, B), E. coli (C, D)
spolu s nanoéasticemi stiéibra v kazdém Fadku geometricky naifedénymi v Muellerové-Hintonové bujénu
na koncentrace od 54 mg/l do 0,42 mg/l po prvnim (A, C) a dvacatem (B, D) kultiva¢nim kroku.
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Spolu se zvySovanim MIC dochazelo u obou bakterii ke zméné zbarveni a vzniku
srazeniny na dn¢ jamky mikrotitracni desticky (Obrazek 20B, D). Naopak, pokud
nedochazelo k narustu MIC, tedy v pfitomnosti citlivych bakterialnich kment, disperze
stiibrnych nanocastic ziedéna v Muellerové-Hintonovée bujonu Si zachovala Zlutou barvu
danou povrchovym plasmonem (Obrazek 20A, C), ktera je typicka pro stabilni stiibrné
nanocastice vykazujici vysoky antibakterialni ucinek. Agregacni nestabilita byla
prokazana jak viditelnym zbarvenim a tvorbou agregata v piipad¢ rezistentnich bakterie,
tak posunem k delsim vlnovym délkam a nasledné vymizenim absorp¢niho maxima (vétsi
Castice) (Obrazek 21B), tak snimky z transmisniho elektronového mikroskopu, na kterych
jsou jasné rozlisitelné agregaty o velikostech nékolik stovek nm (Obrazek 21A).
Agregace a precipitace ¢astic je tedy hlavnim privodnim jevem bakteridlni rezistence
viiéi nano&asticim stfibra. Castice se shlukuji na dné desticky a vytvaii Sedo-Gerné
agregaty a naruSenim koloidni stability tak ztraci své antimikrobidlni vlastnosti.
[29,57,184] Z téchto vysledk i z vysledki publikovanych Panackem a kol. [255]
je ztejmé, ze si jak Gram-negativni, tak i Gram-pozitivni bakterie po opakovaném
plsobeni nanocdstic vytvoii schopnost vyvolat agregacni nestabilitu, coz vede k eliminaci
jejich antibakteridlniho ucinku. Podle ziskanych vysledki je zifejmé, ze vznik
a mechanismus bakterialni rezistence vic¢i nanocasticim stiibra je tedy u obou skupin
bakterii shodny a spocivd v agregaci nanoCastic stiibra a ztrat€ jejich antibakteridlni

aktivity.

—— AgNPs
B - AgNPs&STAU_R (8 h)
——— AgNPsS&STAU_R (24 h)

T T T 1
300 400 500 600 700

Obrazek 21. A) TEM snimek agregovanych &astic po 24 h kultivaci s rezistentnim S. aureem. B) absorpéni
spektra stfibrnych nanocastic ziredénych v Muellerové-Hintonové bujonu v poméru 1:1 pied (pavodni
disperze) a po kultivaci citlivého a rezistentniho S. aureua CCM 3953.

V ptipad¢ E. coli byl mechanismus rezistence jiz dfive popsan Panackem a kol.,
ktefi uvadi, ze za tvorbou agregati nanocastic stiibra stoji produkce bakterialniho

proteinu flagelinu. Flagelum a flagelin jsou vysadou Gram-negativnich bakterii, a nelze
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tak stejnym zptisobem vysvétlit mechanismus rezistence i u Gram-pozitivnich bakterii
(S. aureus), které nemaji bakterialni flagela. Flagelinem indukovana agregace nanocastic
sttibra v pfipadé¢ Gram-negativnich bakterii tedy nemutze byt pfi¢inou agregace Castic
arezistence bakterii v pfipadé Gram-pozitivnich bakterii. Pribéh vzniku bakterialni
rezistence a jeji mechanismus je u Gram-pozitivnich a Gram-negativnich bakterii shodny,
ale tento spole¢ny mechanismus rezistence je zajimave iniciovan dvéma zcela odliSnymi
zpusoby charakteristickymi zejména pro ob¢ skupiny bakterii. Gram-pozitivni a Gram-
negativni bakterie tedy nasly stejné ,,slabé misto* nanocastic stiibra v koloidni disperzi,
a to jejich agregacni stabilitu. Pouzivaji ale dva rizné zpiisoby, jak ji narusit, pfi¢emz
Vv ptipadé Gram-pozitivnich bakterii je prozatim neznamy, a proto budou v ramci této
kapitoly zkouméany mozZné pficiny, které by u Gram-pozitivni bakterie mohly vést
k agregaci ¢astic a naslednému vzniku rezistence. Jednim v literatufe pomérné ¢asto
popisovanym obecnym mechanismem obrany bakterii vii¢i antibakteridlnim latkdm je
tvorba bakteridlniho biofilmu. [273,421,422] Je znamo, ze bakterie radé&ji ziji
Vv bakterialnich koloniich a vytvareji biofilm, nez aby Zily jednotlivé v planktonnim stavu.
Tato bakterialni spolecenstva zpisobuji 60-80 % vSech bakteridlnich infekci, a jesté vice
komplikuji bakterialni rezistenci. [423] Biofilm vznikd nevratnym navazanim
planktonnich bakterii na jakykoli povrch, dozravanim, rozptylenim v okoli mista
a tvorbou exopolymerni matrice. V disledku toho pak biofilm plsobi jako $tit proti
imunitnimu systému hostitele a brani tak difuzi antimikrobidlnich latek na bakterialni
povrch. [424,425] Kmeny stafylokokt jsou zndamé svou schopnosti tvofit biofilm, a proto
by tvorba biofilmu v disledku zvySené bakterialni rezistence mohla byt také jednou
z moznosti bakterialni rezistence vii¢i nanoc¢asticim stiibra. Proto jsme se v prvnim kroku
zaméfili pravé na detekci biofilmu u bakterii rezistentnich vi¢i nanocasticim stiibra

a jeho mozné nadprodukeci.

Tvorba biofilmu byla analyzovdana a kvantifikovana nékolika metodami
zahrnujicimi skenovaci elektronovou mikroskopii a Christensenovu [426] metodu.
V ramci naSeho vyzkumu byla ke kvantifikaci a porovnani mnozstvi biofilmu
vytvoreného S. aureem 008 citlivym a rezistentnim k ¢inkiim nanocastic stfibra pouzita
modifikovand Christensenova metoda (viz metody). Jiz zobrazku zobrazujiciho
mikrotitracni desticku po obarveni krystalovou violeti (CV) (Obrazek 22A), je ziejmy
rozdil v mnozstvi  produkce  biofilmu  mezi  bakteriemi  citlivymi

a rezistentnimi ke stiibru, pficemz rezistentni kmen produkuje mnohem vice biofilmu
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(obarveného fialovou barvou CV) nez citlivy. Vyssi produkce biofilmu u kmene S. aureus
rezistentniho ke stfibrnym nanocasticim byla potvrzena také méfenim optické hustoty
biofilmu obarveného pomoci CV (Obrazek 22B), ktery produkoval S. aureus citlivy,
respektive rezistentni k nanocasticim stfibra, vystaveny riiznym koncentracim nanocastic
stiibra. V pfitomnosti nanocastic stfibra v niz§ich koncentracich (pod jejich ptislusnou
MIC) produkuji citlivé i rezistentni kmeny nizké a pfiblizné stejné mnozstvi biofilmu.
Takto malé mnoZstvi nanocastic stfibra neinhibuje rist bakterii, proto nejsou bakterie
nuceny zvIastn€ branit G¢inklim nanocéstic a nasledné pfijit s ur¢itym mechanismem
rezistence. Ukazuje se vSak (Obrazek 22B), ze pii dosazeni koncentrace 13,5 mg/L
se mnozstvi biofilmu vytvofeného citlivymi a rezistentnimi kmeny vyrazné 1isi, coz je
v dobré¢ shodé se stanovenou MIC pro citlivé (13,5 mg/L) arezistentni bakterie
(54 mg/L). Pokud je bakterie vystavena stejné nebo vyssi koncentraci antimikrobialni
latky, nez je jeji hodnota MIC, bakterie odumira, a proto neni schopna biofilm dale tvofit
(plati pro citlivy kmen S. aureus). Pti koncentracich vyssich v intervalu 13,5 az 27 mg/L
se bakterie ve snaze eliminovat vysokou koncentraci nanocastic stfibra, musi branit svym
nové vyvinutym mechanismem rezistence, kterym je zvySend produkce bakteridlniho
biofilmu, kterd vyrazné roste srostouci koncentraci nanocastic v systému. Nejveétsi
mnozstvi biofilmu produkuje rezistentni S. aureus vystaveny nejvyssimu testovanému
mnozstvi nanocastic stéibra pod hodnotou MIC (27 mg/L), kterému se jesté dokaze branit.
Pti koncentraci 54 mg/L stiibra jiz mechanismy rezistence bakterie nestaci pro potlaceni
ucinku nanocastic a je to pro bakterie inhibi¢ni koncentrace. Tato metoda tedy jasné
potvrdila vys$i produkci bakteridlniho biofilmu produkovaného rezistentnimi kmeny
oproti bakteriim citlivym vii¢i u€inklim nanocéstic, coz potvrzuje produkei biofilmu jako

mechanismus rezistence stafylokokt vii¢i nanoc¢asticim stiibra.
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Obrazek 22. A) 96jamkova desticka inkubovana bez bakterii (sloupec 1-4, reference), inkubovana s citlivym
(5-8) nebo rezistentnim kmenem (9-11) S. aureus. Biofilm na dné jamek byl po 24 h kultivaci obarven
krystalovou violeti (viz. Christensenova metoda) a nasledné byla zméfena jejich opticka hustota p¥i 570 nm,
a to v zavislosti na mnoZstvi nanocastic stiibra pritomnych pri kultivaci (B). SEM snimKy citlivého
(C) a rezistentniho (D) S. aureua vystaveného u¢inkiim stiibra.

Vzhledem k tomu, Ze zvySena tvorba biofilmu byla prokazana jako mozny
mechanismus rezistence u kmene S. aureus ak eradikaci bakterii je nyni zapotiebi
54 mg/L AgNPs, je tfeba vyvinout nové zpusoby, jak tento nov€ vytvoreny mechanismus
rezistence piekonat. Jednim z moZnych pfistupi, jak bojovat proti tvorbé bakteridlniho
biofilmu, je kombinace nanocastic stfibra s latkou s prokazanym pozitivnim ucinkem
inhibovat tvorbu bakterialniho biofilmu. Nejprve byl vii¢i planktonnim bakteriim a tvorbé
biofilmu aplikovan extrakt z kiry granatového jablka (PGRE), a to s ohledem na jeho
dlouhodobé znamy antimikrobialni ucinek [410,427,428], a také vzhledem k tomu,
ze PGRE byl pouzit k potlaceni rezistence bakterii vii¢i nanoc¢asticim stiibra u E. coli.
[255] Diky tomuto pfistupu by mohl byt extrakt z kiiry granatového jablka pouzit
k inhibici jak produkce flagelinu u E. coli, tak tvorby biofilmu u kmene S. aureus, a to
vSe jen pii pouZiti jediné latky k pfekonani obéma typlim mechanismii bakterialni
rezistence. Z pocatku byl nejprve studovan samotny tucinek extraktu (PGRE) a poté jeho
synergicky ucinek nanocastic stfibra a jejich ptislusné MIC vuci ke stiibru rezistentni
bakterii S. aureus. Obrazek 23 ukazuje schéma mikrotitra¢ni desticky prezentujici rizné
kombinace obou antimikrobialnich latek proti rezistentni bakterii S. aureus. Tyto
kombinace nevykazaly silny synergicky u¢inek (potvrzen byl pouze aditivni efekt), ale
| pfesto PGRE v subinhibi¢ni koncentraci pomohl snizit MIC nanocastic stiibra z vice

nez 54 mg/L na 13,5 mg/L, coz je stejné jako MIC pro citlivy kmen.
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AgNPs & PGRE (S. aureus) AgNPs
1 2 3 4 5 6 7 8 9 10 11 12 [mg/L]
FICavr | 0,71 0,75 54
Effect [ADD 0,75 27
0,62 13,5
6,75
3,375
1,688
0,844
MIC PGRE 0
2,5 1,250,625 0,313 0,156 0,078 0,039 0,020 0,010 0,005 0,002 0
PRGE [mg/L]

IT|IOM|mMmOO|®W (>

Obriazek 23. Schéma znazornujici rist bakteridlniho kmene S. aureus rezistetniho k AgNPs (Sedé)
na mikrotitraénich destickach pri testovani synergického uc¢inku AgNPs spolu s PGRE. V ramci tabulky
jsou vypoctené FIC pro jednotlivé kombinace PGRE-AgNPs a modfie je zobrazena minimalni inhibi¢ni

koncentrace samotnych antibakteridlnich latek.

Inhibice tvorby biofilmu byla v tomto pfipadé¢ hodnocena také modifikovanou
Christensenovou metodou a naméfené optické hustoty obarveného biofilmu pro testovana
koncentrace roztoku PGRE v rozmezi od 0,039 % do 1,25 % (MIC 0,156 % PGRE) jsou
uvedeny na obrazku nize (Obrazek 24). Z obrazku je patrné, ze mnozstvi vytvoiené¢ho

biofilmu klesa s rostouci koncentraci PGRE.
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Obrazek 24. (A) Graf znazornujici optickou hustotu biofilmu vytvoieného v kultivaénim médiu obsahujicim
rizna mnozstvi PGRE v pFitomnosti rezistentniho kmene S. aureus. (B) SEM snimKy biofilmu vytvoreného
v pritomnosti 27 mg/l AgNPs bez PGRE, (C) s 0,039% PGRE, (D) s 0,624% PGRE.
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Dalsim zplsobem, jak piekonat rezistenci bakterii vii¢i nanocasticim stiibra,
by mohlo byt zvyseni stability nanocastic stiibra, a tedy zabranéni jejich agregaci. Vedle
tradi¢nich metod, jako je stabilizace pomoci polymert nebo povrchové aktivnich latek,
které v piipadé pickonani rezistence u E. coli nebyly Gspé$né, [255] se nabizi moznost
stabilizace Castic pevnym navazanim na povrch nanostrukturniho substratu. Jednou
z moznosti by mohlo byt vyuziti kyanografen-stiibrného (GCN/Ag) nanokompozitu, kde
jsou nanocastice stiibra pevné vazany na povrchu grafenu, a proto nemaji tendenci
agregovat. Produkce tvorby biofilmu byla hodnocena stejné jako u PGRE, a to pro
koncentrace nanocastic stiibra v rozmezi 0,422 az 54 mg/L. Optické hustoty naméfeny
pii vinové délce 570 nm jsou uvedeny na obrazku nize (Obrazek 25A) a jsou porovnany
s hodnotami pro nanocastice stiibra. Jak je vidét, mnozstvi biofilmu vytvofeného
Vv pfitomnosti GCN/Ag je vyrazné niz§i neZ pro nanocastice stiibra, u kterych se hlavné
pii vyssich koncentracich stiibra (od 13,5 mg/L) mnozstvi formovaného biofilmu vyrazné
navysuje. Je vSak dilezité zminit, Ze pro v§echny koncentrace GCN/Ag byla vzdy zjisténa
produkce alesponi n&¢jakého mnozstvi biofilmu, coz vysvétluje obrazek B (Obrazek 25B)
a na ném zobrazena kfivka minimalni doby trvani usmrceni, ktera udava, Ze i pro nejvétsi
koncentraci nanokompozitu (a tedy i stfibra) nebyly bakterie usmrceny minimalné po
dobu 13 hodin od zacatku inkubace, bakterie tedy mély dostatek ¢asu na vytvoreni

alespont malého mnozstvi biofilmu.
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Obriazek 25. (A) Graf znazoriiujici optickou hustotu biofilmu vytvoieného v kultivaénim médiu obsahujicim
rizna mnoZstvi nanodastic stfibra, respektive nanokompozitu GCN/Ag u rezistentniho kmene S. aureus.
(B) Graf zobrazujici minimalni dobu usmrceni bakterie, tedy fakt, Ze bakterie umiraji aZ po 13ti hodinach.

77



Grafenovy derivat je tedy mozné vyuzit jako antibakterialni material
pfekonavajici rezistenci bakterie S. aureus vici ucinkiim nanocasticim stiibra. Otazkou
zustava, zda je tento ucinek specificky vici tomuto vybranému Gram-pozitivnimu kmeni,
nebo 1 vici dal§im bakteriim rezistentnim vic¢i u¢inkim nanocastic stiibra. K prokazani
nespecifického ucinku byly testovany minimalni inhibi¢ni koncentrace vii¢i kmentim E.
coli a P. aeruginosa, u nichz Panacek a kol. indukovali rezistenci ke stiibru. [255]
Z tabulky na pocatku této kapitoly (Tabulka 1) a nize uvedeného obrazku (Obrazek 26)
je patrné, ze grafenovy derivat je mnohem uc¢innéjsi, néz samotné stiibrné nanocastice,
vici nimz se bakterie vytvofily rezistenci a ze ho Ize tedy pouzivat vici fadé Gram-
pozitivnich a Gram-negativnich bakteridlnich kment, jeZ jsou rezistentni vici ucinkiim

antibiotik, ale 1 vii¢i kmeniim rezistentnim vii¢i samotnym nanocasticim stfibra.
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Obrazek 26. A) Graf srovnavajici hodnoty MIC pro GCN/Ag, koloidni nanocastice stiibra (Ag28) a iontové

stfibro (AgNOs) pro ruzné bakterialni kmeny. B) E. coli vystavena po nékolik generaci (sériovych pasazi)
subinhibi¢nim koncentracim GCN/Ag a Ag28 (AgNPs).

Aby se jednoznaéné prokazala stalost vysoké antibakterialni aktivity grafenového
kompozitu se stiibrem, tak i v ptipadé tohoto materialu byla ovéfovana moznost indukce
a tvorby rezistence bakterii vici tomuto typu nanokompozitu. Bakterie byly opét
opakované kultivovany se subinhibi¢nimi koncentracemi GCN/Ag jako tomu bylo
v piipad¢ disperzi samotnych nanocastic stfibra. Celkem bylo provedeno Sedesat
kultiva¢nich opakovani, ptficemz hodnota MIC se zm¢nila jen nepatrné (jedno fedéni),
coz nepoukazuje na vyvoj bakterialni rezistence bakterie S. aureus, ktery tak ztistava vici
¢inku kompozitu GCN/Ag stale citlivy. V ptipadé srovnani pribéhu indukce rezistence
u stiibrnych nanocastic je patrné, ze si bakterie S. aureus za naprosto stejnych podminek
vyvinuly rezistenci uz pii dvacatém kroku (Obrazek 26. A) Graf srovnavajici hodnoty
MIC pro GCN/Ag, koloidni nanocastice stiibra (Ag28) a iontové stiibro (AgNO3) pro
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rizné bakterialni kmeny. B) E. coli vystavena po nékolik generaci (sériovych pasazi)
subinhibi¢nim koncentracim GCN/Ag a Ag28 (AgNPs).Obrazek 26B), kdy se hodnoty
MIC nanocastic stiibra zvySily na 108 mg/L. Tyto vysledky potvrdily nasi hypotézu, ze
velmi silna vazba stiibra na GCN dostatecné stabilizuje nanocastice stiibra a muze
prekonat klicovy mechanismus rezistence (vyvolani agregace) téchto bakterii vici
stiibrnym nanocasticim.
14. Testovani spole¢ného tGcinku

Spole¢ny antimikrobialni ti€inek byl hodnocen na zdklad€ porovnani minimalnich
inhibi¢nich koncentraci samotnych antimikrobialnich latek, MIC latek v kombinaci
avypocty frakéniho inhibi¢niho koeficientu (FIC), ktery odrazel prave tyto
charakteristiky. VSechny experimenty byly provedeny na rezistentnich bakteriich, tedy
bakteriich majici MIC vétsi, nez jejich ,breakpoint (termin oznacujici hrani¢ni
koncentrace MIC antibiotika, ktera definuje mikroorganismus jako citlivy nebo
rezistentni) stanoveny EUCAST. [405] Bylo prokazano, Ze jiz nizké koncentrace
nanocastic stiibra v jednotkach mg/L v kombinaci s antibiotiky zvysuji jejich G¢inek proti

multirezistentnim bakteriim, vii¢i nimZ jsou samotna antibiotika zcela bezradna. [136]

Vzhledem k vysoké antibakterialni aktivit¢ GCN/Ag a faktu, ze se vic¢i tomuto
materidlu nepodafilo vyvolat rezistenci, byly testovany i jeho spole¢né ucinky
s antibiotiky majici rizné mechanismy uéinku. V nize uvedené tabulce (Tabulka 3) jsou
shrnuty minimalni inhibi¢ni koncentrace (MIC) antibiotik (ATB) ciprofloxacinu (CIP),
ceftazidimu (CTZ), gentamicinu (GEN), kolistinu (COL) a MIC nanohybridu GCN/Ag
na bazi Ag testované vuci rezistentnim bakteriim E. coli, P. aeruginosa a E. kobei.
V tabulce jsou rovnéZz uvedeny rozsahy MIC GCN/Ag pouZzité pfi kombinaci s ATB.
Mimo to jsou uvedeny 1 nejnizsi, nejvyssi a pramérné frak¢éni inhibi¢nimi koncentrace

(FIC) stanové pro kazdou dvojici antibiotikum-GCN/Ag.
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Tabulka 3. Minimalni inhibi¢ni koncentrace MIC [mg/l] riznych antibiotik a GCN/Ag nanohybridu, primérné
hodnoty FIC pro kombinace antibiotik s nanohybridem GCN/Ag a primérné hodnoty FIC pro kombinace
antibiotik s nanohybridem GCN/Ag. vysledné antibakterialni u¢inky

E. coli P. aeruginosa E. kobei

GEN CTZ CIP GEN CTZ CIP CcoL

ATB 128 32 64 8 8 16 64
GCN/Ag 1,688 1,688 1,688 1,688 1,688 1688 3,375
ATB v kombinaci 4-64 1-16 32 0.5-4 1-4 8 1-32
0,003 0,211 0,105 0,422
GCN/Ag v kombinaci ) 0844 0844 0844 )
0,844 0,844 0,844 1,688
0,16 0,38 038 0,75 0,16
Castecné FIC - - 1,00 . . 1,00 -
053 0,63 056 1,00 0,63
FIC 039 054 100 053 08 100 0729
Efekt S) (PS) (A (PS) (PS)  (A) (S)

Zvysené (tj. synergické nebo Castecné synergické) antibakteridlni U€inky proti
rezistentni E. coli byly pozorovany u kombinaci GCN/Ag (MIC 1,688 mg/L) s GEN, CTZ
a CIP. Negjsilngjsi synergicky tucéinek s primérmym FIC (0,39) atedy zvySeni
antibakterialni aktivity antibiotika po pridavku GCN/Ag u rezistentni E. coli bylo
pozorovano u gentamicinu. Kombinace antibiotika s GCN/Ag vedla ke snizeni MIC
gentamicinu 32krat, a to na pouhé 4 mg/L, kde byla MIC nanohybridu ve stejnou chvili
(0,16). Kromé toho byly pro GEN-GCN/Ag pozorovany ¢tyti dal$i kombinace s nizkymi
hodnotami dil¢iho FIC indexu (v rozmezi 0,19 az 0,31) (Obrazek 27), které naznacuji
silné zvySeni aktivity proti E. coli. Nejvyssi hodnota FIC indexu (0,53) byla ziskana pro
dvojici gentamicin/nanohybrid pfi kombinaci 64 mg/L gentamicinu s 0,053 mg/L
GCN/Ag, coz odpovida spise caste¢nému nez plnému synergickému ucinku. Kumulativni

FIC pro gentamicin s nanohybridem (definovany jako aritmeticky primér vsech
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vypoctenych FIC) byl 0,39, coz pro kombinaci gentamicin-GCN/Ag ukazuje na celkovy

synergicky antibakterialni ucinek.

GEN & GCN/Ag (E. Coli) GEN
1 2 3 a 5 6 7 | 8 9 10 | 11 12 [mg/L]
A | FICys 0,39 256
B | Effect SYN MICGEN| 128
c 053] 052] 051 [050] 0,350 64
D 0,31 32
E 0,25 16
F 0,19 8
G 0,53 028 | 016 a4
H MIC GCN/Ag 0
GCN/Ag[mg/L] 3,375 1,688 0,844 0,422 0211 0,105 0,053 0,026 0,013 0,007 0,003 O

Obriazek 27. Schéma znazoriujici bakterialni rist E. coli (Sed€) na mikrotitraénich desti¢kach pri testovani
synergického ucinku GCN/Ag spolu s gentamicinem. V rameci tabulky jsou vypoétené FIC pro jednotlivé
kvombinace antibiotikum-GCN/Ag nanohybrid a modfe je zobrazena MIC samotnych antibakterialnich latek.
Cervené je zvyraznéna maximalni FIC, zelené minimalni FIC a Zluté je pak uvedena praimérna FIC, ze které
je pak uréen vysledny efekt spole¢ného ucinku (SYN - synergie).

Castena synergie (FIC 0,54) byla u E. coli pozorovéana také u kombinace
ceftazidimu s GCN/Ag. Zesileni antibakterialni aktivity bylo v tomto pfipadé slabsi nez
u gentamicinu (FIC 0,39), ale i tak kombinace ceftazidimu s nanohybridem umoznila
dosahnout na MIC pod hodnotou breakpointu antibiotika a to po kombinaci s 0,844 mg/L
GCN/Ag, kde byla MIC ceftazidimu snizena ze 32 mg/L na 1 mg/L. Nejnizs§i pozorovana
FIC u dvojice ceftazidim-GCN/Ag byla 0,38 a bylo ji dosaZeno pii kombinaci 8 mg/L
ceftazidimu s 0,211 mg/L GCN/Ag a lze ji tedy oznalit jako synergickou. Nejvyssi
vypoctend hodnota FIC pro tuto dvojici (0,63) byla jesté v Castecné synergickém rozmezi
(Obrazek 28).

CTZ & GCN/Ag (E. Coli) cz

1 2 3 a4 5 6 7| 8 9 10 | 11 12 [mg/L]

A | FICus 0,54 64
B | Effect| PSYN miccrz| 32
C 0,63 16
D 050 | 038 8
E 0,63 a4
F 0,56 2
G 0,53 1
H MIC GCN/Ag 0

GCN/Ag[mg/L] 3,375 1,688 0,344 0422 0,211 0,105 0,053 0,026 0,013 0,007 0,003 O

Obrazek 28. Schéma znazoriujici bakteridlni ristu E. coli (Sed€) na mikrotitra¢nich desti¢kach p¥i testovani
synergického u¢inku GCN/Ag spolu s ceftazidinem. V ramci tabulky jsou vypoctené FIC pro jednotlivé
kombinace antibiotikum-GCN/Ag nanohybrid a modfe je zobrazena MIC samotnych antibakterialnich latek.
Cervené je zvyraznéna maximalni FIC, zelené minimalni FIC a 7luté je pak uvedena primérna FIC,
ze kterého je pak usuzovano na vysledny ucinek (PSYN - ¢astecna synergie).

Poslednim testovanym antibiotikem vuc¢i E. coli byl ciprofloxacin, ktery pfi
kombinaci s nanohybridem GCN/Ag vykazoval aditivni u¢inek (FIC 1,00), coz naznacuje

ucinek nezavisly na pfitomnosti nanoc¢astic. Pouze jedna kombinace vykazuje
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potencialng¢ synergicky ucinek pro toto antibiotikum a obsahuje stfedni koncentrace obou

latek, tedy 32 mg/L ciprofloxacinu a 0,844 mg/L GCN/Ag (Obrazek 29).

CIP & GCN/Ag (E. Coli) ap
1 2 3 a4 5 6 7| 8 9 10 | 11 12 [mg/L]
A | FICys 1,00 128
B | Effect| ADD miccP| 64
[ 1,00 32
D 16
E 8
F 4
G 2
H MIC GCN/Ag 0
GCN/Ag[mg/L] 3,375 1,688 0,844 0,422 0211 0,105 0,053 0,026 0,013 0,007 0,003 O

Obrazek 29. Schéma znazoriujici bakterialni rist E. coli (Sed€) na mikrotitraénich desti¢kach p¥i testovani
synergického tucinku GCN/Ag spolu s ciprofloxacinem. V ramci tabulky jsou vypoétené FIC pro jednotlivé
kombinace antibiotikum-GCN/Ag nanohybrid a modi'e je zobrazena minimalni inhibi¢ni koncentrace
samotnych antibakteridlnich litek. Cervené je zvyraznéna maximalni FIC, zelené minimalni FIC a Zluté je
pak uvedena primérna FIC, ze kterého je pak usuzovano na vysledny tcinek (SYN - synergie, PSYN -
¢asteéna synergie, ADD - aditivni u¢inek).

A4 v

V piipad¢ rezistentni P. aeruginosy byly FIC vSech antibiotik o néco vyssi nez
u rezistentni E. coli, ale MIC GCN/Ag po piepocétu na obsah stiibra byla stejna (1,688
mg/L). Primérna FIC pro gentamicin (0,53) byla v rozmezi spojovaném s ¢asteCnou
synergii, ale jeho nejniz$i stanovena FIC (0,38) byla v synergickém rozmezi, kde jiz
pridavek 0,422 mg/LL. GCN/Ag osminasobné snizil potiebnou koncentraci antibiotika.
Dil¢i hodnoty FIC stanovené pro gentamicin v kombinaci s GCN/Ag byly vétSinou
V rozmezi synergického uc€inku, pouze dvé v rozmezi ¢astecné synergického ucinku, coz

vsak vedlo k navyseni primérného FIC do ¢astecné synergického rozmezi (Obrazek 30).

GEN & GCN/Ag (P. aeruginosa) GEN
1 2 3| 45| 6| 7| 8| 9|10]1n 12 |[mg/L]
FICayr 0,53 32
Effect PSYN 16
MIC GEN 8
0,63 | 0,56 4
0,50 2
0,38 1
0,56 0,5
H MIC GCN/Ag 0
GCN/Ag [mg/L] 3,375 1,688 0,844 0,422 0,211 0,105 0,053 0,026 0,013 0,007 0,003 0

Amm(Oo|O|m|>

Obrazek 30. Schéma znazoriujici bakterialni riastu kmene P. aeruginosa (§edé) na mikrotitra¢nich desti¢kach
pri testovani synergického uc¢inku GCN/Ag spolu s gentamicinem. V ramci tabulky jsou vypo¢tené FIC pro
jednotlivé kombinace antibiotikum-GCN/Ag nanohybrid a modie je zobrazena minimalni inhibi¢ni
koncentrace samotnych antibakterialnich latek. Cervené je zvyraznéna maximalni FIC, zelené minimalni FIC
a Zluté je pak uvedena pramérna FIC, ze kterého je pak usuzovano na vysledny u¢inek (SYN - synergie, PSYN
- Castecna synergie, ADD - aditivni u¢inek).
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Céasteéna synergie proti rezistentni P. aeruginose byla pozorovana také
u kombinace ceftazidimu s GCN/Ag, jejiz pramémy FIC 0,88 byl vyssi nez
u gentamicinu (0,53) a také vyssi neZ u ceftazidimu pii pouziti proti rezistentni E. coli
(0,54). Nicméng¢ i v tomto piipadé, kdy se dil¢i FIC pohybovaly v rozmezi 0,75 az 1,00,
dokézala kombinace 0,844 mg/L GCN/Ag snizit koncentraci ceftazidimu potiebnou

k usmrceni rezistentniho kmene P. aeruginosa ¢tyinasobné (Obrazek 31).

CTZ & GCN/Ag (P. aeruginosa) CT1Z
1 2 3 4 5 6 7 8 9 10 11 12 [mg/L]

A [FIC, R 0,88 64
B | Effect PSYN 32
C 16
D MICCTZ 8
E 1,00 4
F 0,75 2
G 1
H MIC GCN/Ag 0

GCN/Ag [mg/L] 3,375 1,688 0,844 0,422 0,211 0,105 0,053 0,026 0,013 0,007 0,003 0

Obrazek 31. Schéma znazoriujici bakterialni rist kmene P. aeruginosa ($ed€) na mikrotitraénich desti¢kach
pri testovani synergického ucinku GCN/Ag spolu s ceftazidinem. V ramci tabulky jsou vypoétené FIC
pro jednotlivé kombinace antibiotikum-GCN/Ag nanohybrid a modfe je zobrazena minimalni inhibi¢ni
koncentrace samotnych antibakteridlnich latek. Cervené je zvyraznéna maximalni FIC, zelené minimalni FIC
a 7Zluté je pak uvedena primérna FIC, ze kterého je pak usuzovano na vysledny ucinek (SYN - synergie,
PSYN - ¢astecna synergie, ADD - aditivni ucinek).

Index FIC pro kombinaci ciprofloxacinu s nanohybridem GCN/Ag pfi testovani
proti kmenu P. aeruginosa byl 1,0, coz naznacuje aditivni ucinek bez vyznamného

zlepSeni antibakterialni aktivity a je v souladu s vysledky ziskanymi pro ciprofloxacin

pfi testovani vuci rezistentni E. coli (Obrazek 32).

CIP & GCN/Ag (P. aeruginosa) cip
1 2 3 4 5 6 7 8 9 10 11 12 [mg/L]

A [FICys 1,00 64
B | Effect ADD 32
C MIC CIP 16
D 1,00 8
E 4
F 2
G 1
H MIC GCN/Ag 0

GCN/Ag [mg/L] 3,375 1,688 0,844 0,422 0,211 0,105 0,053 0,026 0,013 0,007 0,003 0

Obrazek 32. Schéma znazoriujici bakterialni rist kmene P. aeruginosa (Sed¢) na mikrotitra¢nich destickach
pri testovani synergického u¢inku GCN/Ag spolu s ciprofloxacinem. V ramci tabulky jsou vypoctené FIC
pro jednotlivé kombinace antibiotikum-GCN/Ag nanohybrid a modie je zobrazena minimalni inhibi¢ni
koncentrace samotnych antibakterialnich latek. Cervené je zvyraznéna maximalni FIC, zelené minimalni FIC
a Zluté je pak uvedena primérna FIC, ze kterého je pak usuzovano na vysledny ucinek (SYN - synergie,
PSY - ¢astecna synergie, ADD - aditivni ucinek).
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Minimalni inhibi¢ni koncentrace nanohybridu GCN/Ag proti E. kobei rezistentni
vuci kolistinu byla 3,375 mg/L. Kombinovany efekt GCN/Ag a kolistinu pfinesl silny
synergicky ucinek s velmi nizkym FIC indexem 0,29 a naznacuje tedy mozné piekonani
rezistence E. kobei vuc¢i aéinkam Kolistinu. Za optimalnich podminek (v kombinaci
50,422 mg/L. GCN/Ag) se podafila snizit MIC kolistinu 32krat, na pouhé 2 mg/L.
Touto kombinaci byla MIC nanohybridu sniZzena osminasobné a poskytla velmi nizky
FIC 0,16. Dalsi kombinace kolistinu (1-16 mg/L) s GCN/Ag v koncentracich 0,422-0,844
mg/L mély ¢astecné FIC mezi 0,19 az 0,38, coz potvrzuje silny synergicky ucinek této
dvojice (Obrazek 33). Nejvyssi FIC pozorovany pro parovani kolistinu s GCN/Ag proti
E. kobei byl 0,63, coz bylo pozorovano pifi kombinaci 32 mg/L kolistinu s 0,422 mg/L
GCN/Ag.

GEN & GCN/Ag (E. kobei) coL
1 2 | 3| a|ls] 6| 7| 8| 9]]10]n 12 |[mg/L
A FIChs | 0,29 MICGEN| 64
B Effect | SYN 0,63 32
C 0,38 16
D 0,25 8
E 0,19 4
F 0,16 2
G 0,52 | 0,27 1
H |MicGcN/Ag 0

GCN/Ag[mg/L] 3,375 1,688 0,844 0,422 0,211 0,105 0,053 0,026 0,013 0,007 0,003 O

Obrazek 33. Schéma znazoriujici bakterialni rist bakterie E. kobei (Sed€) na mikrotitra¢nich desti¢kach p¥i
testovani synergického u¢inku GCN/Ag spolu s kolistinem. V ramci tabulky jsou vypoétené FIC pro jednotlivé
kombinace antibiotikum-GCN/Ag nanohybrid a modie je zobrazena minimalni inhibi¢ni koncentrace
samotnych antibakteridlnich latek. Cervené je zvyraznéna maximalni FIC, zelené minimalni FIC a Zluté je
pak uvedena primérna FIC, ze kterého je pak usuzovano na vysledny ué¢inek (SYN - synergie, PSYN -
castecna synergie, ADD - aditivni u¢inek).

Kazd¢ z antibiotik testovanych v ramci tohoto vyzkumu patii do jiné ttidy
antibiotik a piisobi na bakterie jinym mechanismem. [140] Gentamicin patii do skupiny
aminoglykosidovych antibiotik, kterd inhibuji syntézu proteini vazbou na podjednotku
30S prokaryotického ribozomu. Bakterie E. coli studované v této praci odolavaji
gentamicinu sniZzenim své bunécné propustnosti, kterd byla pfekonana prostfednictvim
schopnosti nanohybridu GCN/Ag narusSit vngj$i membranu a bunéfnou sténu
(Obrazek 34). Naruseni bakteridlni bunééné membrany a bunétné stény zvysuje
propustnost bakteridlnich bunc€k, coz umoziiuje gentamicinu dosdhnout jeho

intracelularniho cilového mista.

84



Obrazek 34. SEM snimky neoSeti‘ené E. coli (A), E. coli s naru$enou bunéénou sténou po oSetieni GCN/Ag
(B, C) a GCN/Ag spolu s gentamycinem (D).

Ceftazidim je antibiotikum, jehoz zptisob ucinku je zalozen na inhibici syntézy
bunééné stény. Kmeny E. coli si vyvinuly rezistenci vi¢i jeho u€inku tim, ze produkuji
B-laktamazy s rozsSitenym spektrem, [404] které hydrolyzuji beta-laktamové jadro
v molekule téchto antibiotik, ¢imz jim znemoziuji vazbu na jejich obvyklé cilové misto.
Je pravdépodobné, ze nanohybrid plisobi proti této rezistenci tim, ze pronikd vnéjsi
membranou, coz umoziuje intenzivnéjsi a snadnéjsi uvoliovani B-laktamaz, a to ve vétsi
mife neZ v ptipadé¢ bakterie s neporusenou membranou, ¢imz tak oslabuje jejich negativni

ucinek na antibiotika.

Naproti tomu kolistin je antibiotikum, které cili na vnitini bunéénou membranu
bakterii tim, ze se vaze na klicové slozky bunééného obalu (fosfolipidy
a lipopolysacharidy) a vytésnuje ionty hoté¢iku a vapniku, které membranu stabilizuji.
Tim se zvySuje propustnost membrany, coz vede ke ztraté bunécnych slozek a k bunécéné
smrti. [429] Rezistentni kmen E. kobei zkoumany v této praci vykazuje rezistenci vaci
kolistinu, pfi niz je vné&j$i membrana modifikovana (ma mirny zaporny naboj rovny
-8 mV ve srovnani s - 38 mV citlivého kmene) zpiisobem, ktery zabraniuje antibiotiku
(kladn€ nabité s hodnotou zeta-potencialu 20 mV) dosédhnout svého cile, tj. vnitini
membrany. ZvySeni antibakteridlni aktivity kolistinu pii kombinovaném piisobeni
S GCN/Ag je pravdépodobné zplsobeno adsorpci pozitivné nabitého kolistinu (zeta
potencial: 20 mV) na negativné nabity nanohybrid GCN/Ag (zeta potencial: -35 mV)
prostiednictvim elektrostatickych interakci. To by umoznilo nanohybridu ptisobit jako

nano-nosi¢ kolistinu, coz muze oslabit odpudivé interakce mezi kolistinem a vné&jsi
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membranou. Krom¢ toho mtize nanohybrid narusit vnéj$i membranu bakterii a bunéénou
sténu, coz antibiotiku usnadni pfistup k vnitini membrané. V tomto piipad¢ jsou sice
mechanismy ucinku antibiotika a nanohybridu podobné, ale jejich kombinace vede

k silnému posileni antimikrobialni aktivity.

Poslednim testovanym antibiotikem v této praci byl ciprofloxacin, ktery patii do
skupiny chinolonovych antibiotik, jejichZ mechanismus u¢inku spoc¢iva v inhibici syntézy
nukleovych kyselin inhibici DNA gyrazy a topoizomeraz typu II a IV, které jsou klicové
pro déleni bakteridlni DNA a buné¢né déleni. Rezistence k ciprofloxacinu u testovaného
kmene E. coli vznika v disledku mutace DNA gyrazy, [404] ktera brani spravné vazbé
antibiotika. Na rozdil od dfive diskutovanych mechanismu rezistence tento nezahrnuje
zmény v bunécné sténé¢ nebo membrané; misto toho ovliviiuje strukturu jaderného
proteinu. V disledku toho nema nanohybrid Zadny chemicky nebo biologicky zpisob,
jak tento mechanismus ovlivnit, takze v tomto piipad€ byly pozorovany pouze aditivni,

nikoli synergické nebo ¢aste¢né synergické ucinky.

Aktivita nanohybridu GCN/Ag v kombinaci s riznymi antibiotiky byla testovana
proti riznym bakteridlnim kmendm rezistentnim vuci antibiotikiim. Ziskané vysledky
naznacuji, ze kombinovany antibakterialni efekt v nékterych ptipadech zvySuje
antibakterialni aktivitu, a Ze stupenn a povaha tohoto zvySeni zdvisi na zakladnim
mechanismu rezistence a zplisobu U¢inku antibiotika. Slibné vysledky byly ziskany pro
antibiotikum, které blokuje syntézu bakterialnich proteini vazbou na 30. podjednotku
bakteridlniho ribozomu (gentamicin), a pro antibiotikum, které oslabuje integritu
cytoplazmatické membrany (kolistin). Pfi pouziti téchto antibiotik v kombinaci
s nanohybridem byly pozorovany synergické antimikrobialni ucinky, které zpusobily,
ze citlivost téchto bakteridlnich kmenti pro dana antibiotika vyrazn€ zvysila
I U multirezistentnich bakterialnich kment. Dulezité je, ze i velmi nizké koncentrace
nanokompozitu (obvykle 0,422 mg/L) byly dostatecné k obnoveni baktericidni aktivity
proti bakterialnimu kmentm E. coli i P. aeruginosa. Pozitivni vysledky byly ziskany také
pro ceftazidim, ktery pusobi inhibici syntézy bakterialni bunécné stény. Naopak
kombinace nanohybridu s ciprofloxacinem, tedy antibiotikem inhibujicim syntézu
bakterialni DNA, nijak vyrazné nezvysilo jeho aktivitu. VSechna tato zjisténi pomahaji
Iépe pochopit mechanismy kombinovanych antibakterialnich G¢inkd antibiotik spolu
s dalsimi antimikrobidlnimi latkami a oteviraji cestu, jak obnovit antibakterialni ti¢innost

béznych antibiotik a pfekonat bakterialni rezistenci.
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15. Nanocastice stfibra ve fototermalni terapii
Fototermalni ucinek nanocastic stfibra byl v ramei tohoto vyzkumu pouzivan

k cilenému poskozeni proteini v bunikaich kultivovanych na plazmonickych
nanocasticich stfibra nanesenych ve form¢ vrstvy na kultiva¢nich destickach. Povrch
mikrotitracnich desticek byl modifikovan vrstvou anizotropnich stfibrnych nanocastic,
které po ozareni lasery pouzivanymi ve skenovacich mikroskopech umoziuji fizeny

ohtev a tepelné mikroozatovani jednotlivych bun¢k nebo subceluldrnich kompartment.

Anizotropni Castice stiibra byly piipraveny dvoukrokovou syntézou, kde byly
sttibrné ionty nejprve redukovany silnym redukénim cinidlem (tetrahydridoboritanem
sodnym), coz vedlo k vytvofeni velkého mnozstvi zarode¢nych ¢&astic. V zavislosti
na mnozstvi stabiliza¢niho ¢inidla (citronanu sodného) pak byly v druhém redukénim
kroku v zavislosti na mnozstvi stabilizatoru a reduk¢ni latky (redukce hydrazinem)
syntetizovany castice riznych tvart a velikosti (Obrazek 35), tedy i rtiznych optickych
vlastnosti projevujicich se rtuznou polohou maxima v UV-VIS absorpénim spektru
(Obrazek 36). V zavislosti na mnozstvi citratu (0,25-4 ml) a koncentraci redukéni latky
pak byly pfipraveny castice liSici se polohou plasmonového piku, ato Vv rozmezi

440-750 nm.

Obrazek 35. TEM snimky anizotropnich ¢astic stfibra pouZivanych pro depozici na desticku (vzorek 5).
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Obrazek 36. Vodné disperse anizotropnich nanoéastic stiéibra (A) a jejich absorpéni spektra (B).

Timto zplisobem piipravené nanocastice byly nasledné nanaSeny na povrch
kultiva¢ni desky metodou samouspoiadani po vrstvach (layer-by-layer assembly), ktera
umoznuje navazani zaporn¢ nabitych stiibrnych ¢astic na povrch kultivaéni desticky,
ktery byl dopfedu modifikovan (Obrazek 37) tenkym polymernim filmem sestavajicim
se z vrstvy naadsorbované kyseliny polyakrylové (PAA) a poly(diallyl dimethylamonium
chloridu) (PDDA), jez slouzily Kk zajisténi vyssi smacivosti (vrstva PAA), respektive silné
elektrostatické sile a schopnosti vazat negativné nabité nanocastice stiibra (vrstva
PDDA). [430] V tomto ptipad¢ byly vybrany ¢astice s maximem povrchové plasmonové
rezonance, co nejblize hodnoté 561 nm, coz je vinova délka pouzitého excita¢niho laseru.
Takto modifikovany kultivacni povrch je stabilni a plné kompatibilni se standardnimi

metodami tkdnové kultivace, véetné adherence bunck, jejich ristu a zivotaschopnosti.
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Obrazek 37. Schematické znazornéni konceptu mikrotepelného poskozeni bunéénych proteinii.
Povrch bunééné kultivaéni desky byl modifikovan tenkou polymerni vrstvou sestavajici z PAA a PDDA
pro ucinnou vazbu plasmonickych nano¢astic.

Fototermicky efekt a tepelnd emise plazmonicky modifikovaného povrchu
kultivacnich desek po ozafeni laserem byla pomoci termovizniho zobrazovani

detekovatelna v oblasti LWIR spektra (7,5-14 um) (Obrazek 38).
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Obrazek 38. UV-VIS spektrum funkcionalizované mikrotitrac¢ni desticky (A). Termovizni zobrazeni
znazoriujici vyzafované teplo v jamce na nemodifikovanych (kontrola) a modifikovanych desti¢kach
(Ag vrstva) po aktivaci laserem o vinové délce 561 nm (B).

K analyze schopnosti modifikovaného povrchu vyvolat mikrotepelné poskozeni
proteinit v zivych bunikdch byla pouzita lidskd reportérovd bunécnd linie U-2-OS
exprimujici protein HSP70 (Heat shock protein 70) znaceny GFP, ktery se podili
na zpracovani neslozenych, nebo agregovanych proteint. [431] Tento protein se pak
okamzit¢ po expozici laserem (béhem 8 s) nahromadil v mistech mikrotepelného
poskozeni a vytvofil piesny vzor laserové drahy, ktery umoznil rozpoznani tepelné

poskozenych proteintt HSP70 v bunikach. (Obrazek 39)

t=0s dréha laseru 8s 16s 60s 180s
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Obrazek 39. Zapojeni riznych GFP-znacenych proteini souvisejicich s tepelnym Sokem proteint v mikro
oblastech v buiikach U-2-OS zahi‘atych laserem (561 nm, definovana draha znazornéna bile)
na Ag-modifikovanych desti¢kach.

Podrobngjsi vysledky jsou publikovany v praci Mistrik a kol., jedna se
0 univerzalni metodiku, jezumoziuje nahlédnout do molekularnich mechanismt
bunéénych reakci na tepelné poskozeni v redlném case, véetné sledovani kinetiky
komplementarnich drah stresové odpoveédi, ¢ehoz lze dale vyuzivat ve vyzkumu
vénovaném zpracovani poskozenych bunécnych proteinti, coz je zadsadni aspekt bunécné
biologie s Sirokymi disledky pro neurodegenerativni, prionové a dalsi Zivot ohrozujici

choroby.
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16. Cytotoxicita nanocastic

Jak jiz bylo Siroce diskutovano v teoretické ¢asti prace, nanocastice stiibra jsou
znamy ipro svlj cytotoxicky ucinek, jez mlze byt v nékterych piipadech zadouci
(protinadorova terapie), [432] ale v ptipadé ostatnich bio-medicinskych aplikaci, jako
napiiklad v ptipadé antibakterialni terapie, je dulezita jejich biokompatibilita a potlac¢eni

nezadoucich u¢inkl vic¢i zdravym buitkam.

Nanocastice stiibra pfipravené redukci maltézou byly testovany viici NIH/3T3
bunécné linii fibroblasti, pficemz bylo prokazano, ze do koncentrace 30 mg/L Castice
nevykazuji zadné toxické G¢inky. [93] U mensich nanocastic jsou pak pro stejné bunécné
linie toxické o néco vyssi koncentrace (12 mg/L), tak i tak jsou to ale mnohem vyssi

koncentrace, nez by byly pouzivany v ramci antibakterialni terapie (Obrazek 40B).

V ptipadé grafenového derivatu byla cytotoxicita zkoumana za pouZiti pritokové
cytometrie (s pouzitim propidium jodidu a kalceinovych fluorescenénich sond)
na lidskych koznich fibroblastech (BJ) a na lidskych plicnich fibroblastech (HEL 12469).
V obou ptipadech byl grafenovy derivat tolerovan az do koncentrace 60 mg/L (7,5 mg/L
obsahu stiibra) (Obrazek 40A), coz je piiblizné 4 az 37krat vice nez jeho antibakterialni
hodnoty MIC (Tabulka 1) a vykazuje tak tedy malou cytotoxicitu. [48]
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Obrazek 40. Zivotaschopnost lidskych plicnich fibroblasti HEL, lidskych koZnich fibroblasti BJ, mySich
embryonalnich fibroblasti NTH/3T3 a nadorovych bunék HeLa osetfenych GCN/Ag (A) Ag8 (B).

Zivotaschopnost bundk g-C3Ns4 a nanokompoziti Ag/g-C3Ns byla taktéZ
po 24hodinové inkubaci s materialy hodnocena pomoci pritokové cytometrie na butikach
CCFR-CEM, THP-1, HEL, HeLa a A549. Samotné nanovrstvy nitridu uhliku (kontrola —
C) nevykazovaly cytotoxicitu pro zddnou z bunéénych liniich ani pii nejvyssi testované
koncentraci (300 mg/L) a vSechny bunky si zachovaly 90 % zivotaschopnost (Obrazek
41, sloupec C), stejné vysledky byly potvrzeny i pro 1% Ag/g-CsN4 s vyjimkou CCRF-
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CEM, kde zivotaschopnost bun¢k poklesla pod 90 % pro koncentraci 50 mg/L, az na
63 %, jakakoliv vyssi testovana koncentrace stibra pak vedla ke snizeni zivotaschopnosti

pod 10 % (Obrazek 41A).
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Obrazek 41. Zivotaschopnost bunék CCFR-CEM, THP-1, HEL, HeLa a A549 o3etienych riiznymi
koncentracemi a) 1%Ag/g-CsNs a ¢) 5%Ag/g-C3sN4 po dobu 24 hodin. C zna¢i kontrolu samotného g-C3Ny
0 koncentraci 300 mg/L.

Zivotaschopnost bunéénych linii po vystaveni nanokompozitu 5% Ag/g-CsNa,
(Obrazek 41B) se pak vyrazné lisila. Adherentni rakovinné bunky Hela a A549 byly
obecné méné citlivé k ucinklim kompozitu s vys$§im obsahem stiibra, av§ak bunky HEL,
jako zastupce zdravych adherentnich bun&cnych linii, byly k u¢inkiim nanokompozitu
mnohem citlivéjsi neZ ostatni adherentni buniky, pfi¢emz oSetfeni 75 mg/L 5% Ag/g-C3Na
zpisobilo vyznamné snizeni jejich zivotaschopnosti. Buitky bunééné linie CCRF-CEM
odumiraly 1 pfi oSetfeni minimalni testovanou koncentraci 10 mg/L, zatimco bunky

THP-1 si zachovaly vice nez 90 % Zivotaschopnost aZ do oSetieni 25 mg/L.

Nakonec byla cytotoxicita rizné velkych nanocastic stéibra zkoumana i vici AGS
aNCI N87 bunkam adenokarcinomu zaludku (Obrazek 42). Obecné lze fici,
Castic neprojevila Zadna toxicita a menSi nanocastice nebyly pfili§ toxické az do
koncentrace 13,5 mg/L. Jelikoz se jedna o rakovinné bunky, jez jsou ¢asto spojovany
s infekci zpisobenou bakterialnim kmenem Heliobacter pylori, nanocastice stiibra tak do
budoucna mohlo byt vyuzito at’ uz k eradikaci samotnych bakteriich, tak ke studiu jejich

vlivu na patogenicitu kmene H. pylori v AGS bunkach.
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ZAVER

V ramci disertacni prace byly redukci stiibrnych iontl rizné€ silnymi redukénimi
¢inidly pfipraveny nanocastice stiibra s rozdilnymi velikostmi. Pro pfipravu vétSich
nanocastic o velikosti 28 nm byla jako redukéni latka pouzita maltdza, v piipad€ téch
mensich (8 nm), pak bylo vyuzité silnéjsi redukcni Cinidlo tetrahydridoboritan sodny.
Castice jako takové byly sami o sobé ve vodné disperzi stabilni, s ohledem na dalsi vyuziti
a dalsi testovani byla studovana i stabilita v médiich, jez obsahuji fadu iontl a proteini,
jejichz ptitomnost md vliv na iontovou silu roztoku, a tedy stabilitu pfipravenych
nanocastic. Pro navySeni stability byly nanocastice vV rdmci diserta¢ni prace dodate¢né
stabilizovany fadou stabilizacnich ¢inidel a také kovalentné imobilizovany na uhlikové
nanomaterialy, jeZ pevné navazaly nanocastice na svij povrch a zabranily tak jejich

agregaci.

Hlavni naplni této prace bylo studium antibakteridlnich uc¢inki nanomateriali
na bazi stiibra, a to jak vici standardnim sbirkovym kmentim, tak vici bakteriim, jez jsou
rezistentni vuci Siroké Skale bézné€ pouzivanych antibiotik. V ramci vyzkumu byl
pozorovan vliv velikosti ¢astic stiibra a typu bakteridlni buiiky na silu antibakterialniho
ucinku, pficemz obecné aktivnéjsi byly castice viici Gram-negativnim bakteriim, mensi
Castice a Castice imobilizované na povrch uhlikatych nanomateriald, jez vykazovaly vyssi
antibakterialni aktivitu nez samotny dusi¢nan sttibrny, ktery je zndmy pro své vyrazné
antimikrobidlni Uc¢inky. Mechanismy Uuc¢inku samotnych nanocastic stfibra jsou
Vv literatuie pomérné Siroce studovany, a proto byl podrobnégji testovan pouze Ucinek
grafenového derivatu se stiibrem, jez ze vSech testovanych materialti vykazoval nejlepsi
antimikrobialni u¢inky. Stejné jako v ptipad¢ stiibrnych nanocastic, je jednim z hlavnich
mechanismi ucinku grafenového derivatu produkce reaktivnich kyslikovych radikald,
jejichz produkce v pfitomnosti nanomaterialu vyrazné vzrostla. Krom tohoto mechanismu
bylo na snimcich ze skenovaci elektronové mikroskopie pozorovano také poSkozeni
bunétné stény a membrany, jez taktéz patii mezi znamé mechanismy ucinku

nanomaterialu.

Kromé samotného antibakteridlniho Uc¢inku grafenového derivatu byl taktéz
studovan spole¢ny uc¢inek v kombinaci s antibiotiky, jeZ vic¢i danym bakteridlnim
kmeniim ztratily svoji U€¢innost a li§i se mechanismem svého U¢inku. V rdmeci tohoto
vyzkumu bylo zji$téno, Ze ucinek antibiotik 1ze v piipadé gentamicinu, ceftazidimu

a kolistinu obnovit uz ptidavkem grafenového kompozitu s koncentraci stiibra mensi nez
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1 mg/L. Ciprofloxacin byl pak jediné testované antibiotikum, u kterého se ani u jedné
z testovanych bakterii (E. coli, P. aeruginosa) nepodatilo t¢inek obnovit, coz bylo patrné
zpusobeno tim, ze u ciprofloxacin-rezistentnich kment dochazi k mutaci DNA gyrazy,
ktera brani spravné vazbé na antibiotikum a tuto genetickou mutaci nelze za pomoci

ucinki nanocastic stiibra chemicky, ani biologicky pfekonat.

Podle doposud publikovanych a dostupnych vysledkt véetné vysledkt ziskanych
V ramci této disertacni prace se nanocastice stribra jevi jako dobra alternativa k soucasné
antibakterialni terapii. Doposud vsSak nebyl publikovan dostatek praci, jez by studoval
mozny vznik bakterialni rezistence viici tomuto materidlu a zarucil tak dlouhodobé&;jsi
vyuziti této alternativy. Pokud se rezistenci v ramci nékterych praci podafilo indukovat,
tak az na jednu vyjimku nebylo nastinéno, jak by mohl byt dany mechanismus nové
vzniklé rezistence pfekonan. Vyzkum indukce rezistence vici i€inklim nanocéstic stiibra
navazal na praci doc. Panacka, jenz popsal vznik a piekonani bakterialni rezistence
u bakterialniho kmene E. coli. Postupnym vystavovanim bakterie malym koncentracim
nanocastic stéibra se v ramci této prace podafilo indukovat rezistenci i u bakterialniho
kmene S. aureus, jez se oproti E. coli lisi sloZzenim své bunééné stény. V tomto piipadé
byla rezistence indukovana v pozd&Sim kultivatnim kroku, nicméné stejné jako
v piipad¢ E. coli se projevila destabilizaci Castic stéibra a vznikem agerati. V piipadé
rezistence u Gram-negativni bakterie E. coli za agregaci nano¢astic sti'ibra stala produkce
bakterialniho proteinu flagelinu, ale jelikoz Gram-pozitivni bakterie tento protein
neprodukuji, nemohlo se jednat o stejny mechanismus. Na zakladé¢ Christensenovy
metody a snimkidl ze skenovaci elektronové mikroskopie byla jako mechanismus
rezistence v tomto piipadé urcena tvorba bakterialniho biofilmu, jejiZ pfitomnost vyrazné
snizuje pronikani nanocastic k jednotlivym bakteridlnim bunkédm a narusuje agregatni
stabilitu nanocastic. Noveé vznikly mechanismus rezistence se podafilo piekonat jak
ptidavkem extraktu z klry granatového jablka (stejn¢ jako v pfipadé E. coli),
tak navazanim nanocastic na nosi¢ (kyanografen), jez umoznil rovnomérné a pevné
kovalentni navazani ¢astic stfibra na jejich povrch a tim bylo zabranéno jejich ptipadné

agregaci.

Posledni ¢ast disertacni prace byla zameétena na syntézu anizotropnich nanocastic
stiibra a nanaSeni jejich vrstev na kultivaéni desticky, jeZ po ozéafeni laserem umoznili
fizeny ohfev atepelné mikroozatovani jednotlivych bunék nebo subcelularnich

kompartmentii. Na zavér byla pozornost zaméfena na studium cytotoxického ucinku
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pfipravenych nanomateriali vii¢i zvifecim i lidskym bunikdm, jez méli za cil prokazat
netoxické ucinky nanocastic stiibra v koncentracich vyuzivanych v ramci antibakteridlni
terapie. Ve vSech pfipadech bylo prokdzano, Zze nanocastice stiibra jsou toxickeé
k eukaryotnim bunkam pii mnohem vysSich koncentracich nez vuci bunkam
bakterialnim, coz je dobrym piedpokladem pro dal$i vyuziti nanocastic pro eliminaci

bakterii a infekci jimi vyvolanych.

Vyuziti at’ uz samotnych nanocCastic stéibra, tak nanocastic v kombinaci
s antibiotiky miize do budoucna slouzit jako dopln€k ke stavajici terapii, nebo ji ¢asteéné
nahradit a omezit tak naristajici problém s infekcemi zpusobenymi rezistentnimi
bakterialnimi kmeny. S ohledem na dlouhodobé&jsi vyuziti je vSak zapotiebi studovat
moznost ziskani bakteridlni rezistence i vic¢i t€émto nanomaterialim a popsat mozné
zpisoby, jak ji pfedchézet, nebo ji pfekonat. Prevedeni nanocastic do klinické praxe musi
ale nejprve predchazet vyzkum, jez poda hlubsi informace o mechanismech bakterialni
rezistence, mechanismech G¢inku nanocastic a jejich toxicité jak v in vitro, tak in vivo
podminkach. K lepSimu pochopeni farmakokinetiky a biodistribuce ¢astic a nanocastic
v kombinaci s antibiotiky, musi byt tedy antibakterialni a synergicky ucinek sledovan i na

infek¢énich modelech in vivo, jez vylouci kombinace s extrémné vysokou toxicitou.

95



SUMMARY

Silver nanoparticles with different sizes and silver-based nanocomposites were
prepared by reduction of silver ions with different reducing agents. Maltose was used as
a reducing agent for the synthesis of the larger nanoparticles (28 nm), while stronger
reducing agent sodium borohydride was used for the synthesis of the smaller ones (8 nm).
The particles themselves were stable in water solution, but with respect to further use and
testing, the stability in various media containing a wide range of ions and proteins were
studied to ensure the stability of prepared nanoparticles. In order to increase the stability,
the nanoparticles were additionally stabilized with a number of stabilizing agents and also
covalently immobilized on carbon nanomaterials, which bound the nanoparticles tightly

to their surface and prevented their aggregation.

The main focus of this work was to study the antibacterial effects of silver-based
nanomaterials, both against standard strains and against bacteria that are resistant to
awide range of commonly used antibiotics. The effect of the size of the silver
nanoparticles and bacterial cell type on the strength of the antibacterial effect was
observed in the study. The particles were generally more active against Gram-negative
bacteria and at the same time smaller particles and particles immobilized on the surface
of carbon nanomaterials showed higher antibacterial activity than silver nitrate alone,
which is known for its profound antimicrobial effects. The mechanisms of action of silver
nanoparticles alone have been studied quite extensively in the literature and therefore
only the effect of the graphene hybrid, which showed the best antimicrobial effects of all
the tested materials, was studied in more detail. As in the case of silver nanoparticles, one
of the main mechanisms of action of the graphene hybrid is the production of reactive
oxygen species, whose production increased significantly in the presence of the
nanohybrid. In addition to this mechanism, damage to the cell wall and membrane, which
are also known mechanisms of action of various nanomaterials were also observed on

scanning electron microscopy images.

In addition to the antibacterial effect of the graphene hybrid alone, the joint effect
in combination with antibiotics that have lost their effectiveness against the bacterial
strains in question and differ in their mechanism of action has also been studied. In this
research, it was found that the effect of antibiotics could be restored in the case of the
antibiotic gentamicin, ceftazidime, colistin after the addition of a graphene hybrid with

silver concentration lower than 1 mg/L. Ciprofloxacin was the only tested antibiotic that
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did not show any enhanced effect with any of the tested bacteria (E. coli, P. aeruginosa).
The failure to restore the effect is probably connected to the fact that ciprofloxacin-
resistant strains undergo a DNA gyrase mutation that prevents proper binding to the
antibiotic and this genetic mutation cannot be chemically or biologically overcome by

the effects of silver nanoparticles.

After the testing of the antibacterial activity of silver nanoparticles and reading
the first review, silver nanoparticles appeared to be a good alternative to antibacterial
therapy. However, not enough papers have been published so far studying the possible
emergence of bacterial resistance to this material to secure a long-term use of this
alternative. Plus, even if the resistance was induced, no further research focusing on
overcoming this newly formed mechanism of resistance was carried out (besides one
exception). The research on the induction of resistance to the effects of silver
nanoparticles has been built upon work published by Panacek at al., who described the
induction and overcoming of bacterial resistance in a bacterial strain E. coli. By gradually
exposing the bacterium to low concentrations of silver nanoparticles, resistance was
induced in S. aureus, which is different bacterial strain differing in the composition of its
cell wall. In this case, resistance appeared later but, as in the case of E. coli, it was
manifested by destabilisation of the particles and the formation of aggregates. In the case
of the resistance in Gram-negative E. coli, the aggregation of silver nanoparticles was
caused by the production of the bacterial protein flagellin, but since Gram-positive
bacteria do not produce this protein, it could not be the same mechanism. Based on
Christensen's method and scanning electron microscopy images, the resistance
mechanism in this case was determined as bacterial biofilm formation, whose presence
significantly reduces the penetration of the nanoparticles to individual bacterial cells and
disrupts the aggregation stability of the nanoparticles. The newly developed mechanism
of resistance was overcome both by the addition of pomegranate rind extract (as in the
case of E. coli) and by binding of the nanoparticles to a carrier (cyanographene), which
allowed the particles to be uniformly covalently bound to their surface and thus prevent
their eventual aggregation.

The last part of the dissertation work was focused on the synthesis of anisotropic
silver nanoparticles and the deposition of their layers on culture plates. Plasmonic layers
allowed controlled heating and thermal microirradiation of individual cells, subcellular

compartments and targeted protein damage after laser irradiation. Finally, attention was
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focused on studying the cytotoxic effect of the prepared nanomaterials against animal and
human cells, which aimed to demonstrate the non-toxic effects of silver nanoparticles at
concentrations used in antibacterial therapy. In all cases, silver nanoparticles were shown
to be toxic to eucaryotic cells at much higher concentrations than to bacterial cells, which

Is a good precondition for further use of nanoparticles.

The use of silver nanoparticles alone or in combination with antibiotics may serve
as an alternative to existing antibacterial therapies and eliminate the growing problem
of infections caused by resistant bacterial strains. However, with respect to long-term use,
the possibility of acquiring bacterial resistance also towards these nanomaterials needs to
be studied and possible ways how to prevent or overcome it need to be described. Also,
the translation of nanoparticles into clinical practice must be preceded by research that
provides more in-depth information on the mechanisms of bacterial resistance,
the mechanisms of action of the nanoparticles and their toxicity under both in vitro and
in vivo conditions. Thus, to better understand the pharmacokinetics and biodistribution
of the particles, the synergistic effect must be also monitored in in vivo infection models

that would exclude combinations with extremely high toxicity.
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Anotace

Diserta¢ni prace se zaméiuje na vyzkum Vv oblasti syntézy nanostrukturnich
materialtl na bazi stiibra, studiu jejich interakce s bakterialnimi a savéimi buikami, a
potencidlni vyuziti v biologickych aplikacich. V soucasné dobé¢ predstavuje nartst poctu
bakterialnich infekci vyvolanych bakteriemi rezistentnimi vii¢i bézné vyuzivanym
antibiotikim velky terapeuticky problém, a proto je vramci této prace studovana
antibakterialni aktivita nanomaterialti, jez pfedstavuji moznou alternativu v boji proti
rezistentnim bakteridlnim kmentim. Krom samotnych ucinki a mechanismt U¢inkd
nanomaterialll na bazi stiibra jsou testovany jejich antibakterialni u¢inky i v kombinaci
s antibiotiky, jez jsou vuéi danym rezistentnim bakteridlnim kmenim neucinné, a
piidavkem velmi malého mnozstvi antibakterialniho materialu k antibiotiku se pokousi
dané mechanismy rezistence piekonat. S ohledem na to, Ze jsou si bakterie schopny
vytvofit rizné mechanismy obrany vici Siroké Skale antibiotik, je tato schopnost
studovana i Vv pfipadé¢ nanomaterialli. Krom samotné biologické aktivity nanocastic
stiibra jsou testovany i toxické G¢inky vici zvitecim a lidskym bunkam, jejichz vysledky
slouzi k eliminaci toxickych koncentraci, jez s ohledem na jejich negativni ucinky nelze
v antibakterialni terapii pouzit. Kromé pfimého biologického efektu nanocastic stiibra je
také vyuzivano jejich biologické aktivity vyvolané prostiednictvim fototermalniho
efektu, tedy za vyuziti absorbované svételné energie a nasledné transformace na tepelnou,
ktera v disledku zvySeni teploty vede napiiklad K usmrceni nadorovych bunék nebo

sledovani tepelného poskozeni bunéénych proteinti.
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Annotation

The dissertation focuses on the synthesis of silver-based nanostructured materials,
studying their interaction with bacterial and mammalian cells and their potential use
in biological applications. Nowadays, the increase in the number of bacterial infections
caused by bacteria resistant to commonly used antibiotics is a major therapeutic problem.
Therefore, the antibacterial activity of the nanomaterials is studied as a possible
alternative in the fight against resistant strains. In addition to the antibacterial studies and
studies of the mechanisms of action of silver-based nanomaterials, their antibacterial
effects are also tested in combination with antibiotics that are currently ineffective against
given resistant strains. The addition of very small amounts of antibacterial material to the
antibiotic attempts to overcome the given resistance mechanisms and are studied in
respect to the mechanism of action of the antibiotic. Bacteria are able to develop different
defence mechanisms against a wide range of antibiotics, therefore this ability is
investigated also in the case of the nanomaterials. In addition to the biological activity of
silver nanoparticles themselves, toxic effects against animal and human cell lines are
tested, and toxic concentrations are eliminated for further antibacterial therapy.
In addition to the direct biological effect of silver nanoparticles, their biological activity
induced by photothermal action, i.e. the use of absorbed light energy and subsequent
transformation to thermal energy. The increase of the temperature cause thermal damage
to cellular proteins and is further exploited within this study.
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Restoration of antibacterial activity
of inactive antibiotics via combined
treatment with a cyanographene/
Ag nanohybrid

Lucie Hochvaldova?, David Panaéek®?, Lucie Valkova?, Robert Prucek?, Véra Kohlova?,
Renata Veéefova?®, Milan KolaF?, Libor Kvitek' & Ale$ Panaéek***

The number of antibiotic-resistant bacterial strains is increasing due to the excessive and
inappropriate use of antibiotics, which are therefore becoming ineffective. Here, we report an
effective way of enhancing and restoring the antibacterial activity of inactive antibiotics by applying
them together with a cyanographene/Ag nanohybrid, a nanomaterial that is applied for the first

time for restoring the antibacterial activity of antibiotics. The cyanographene/Ag nanohybrid was
synthesized by chemical reduction of a precursor material in which silver cations are coordinated on

a cyanographene sheet. The antibacterial efficiency of the combined treatment was evaluated by
determining fractional inhibitory concentrations (FIC) for antibiotics with different modes of action
(gentamicin, ceftazidime, ciprofloxacin, and colistin) against the strains Escherichia coli, Pseudomonas
aeruginosa, and Enterobacter kobei with different resistance mechanisms. Synergistic and partial
synergistic effects against multiresistant strains were demonstrated for all of these antibiotics except
ciprofloxacin, which exhibited an additive effect. The lowest average FICs equal to 0.29 and 0.39 were
obtained for colistin against E. kobei and for gentamicin against E. coli, respectively. More importantly,
we have experimentally confirmed for the first time, that interaction between the antibiotic’s mode
of action and the mechanism of bacterial resistance strongly influenced the combined treatment’s
efficacy.

Misuse and overuse of antibiotics has led to the rapid emergence of bacterial resistance to antibiotics follow-
ing their introduction'. As a result, we are entering the so-called “post-antibiotic era” in which some bacterial
infections risk becoming untreatable as they were in the past. In the US alone, 2.8 million people are infected
by antibiotic-resistant bacteria every year, and about 35,000 of them die as a result. The US centres for disease
control and prevention (CDC) states that constantly increasing tendency of emerging bacterial resistance can be
prevented by adopting a strategy concentrating on preventing infection and transmission, effective treatment,
and diagnosis-based antimicrobial usage.

Current antibiotics cannot treat all known resistant bacterial infections, so there is a need for new antibiot-
ics that should ideally target cellular pathways that microbes cannot readily modify. However, established drug
development pathways have only yielded modifications of known antibiotic classes rather than the discovery
of new ones. As a result, the number of newly developed antibiotics has decreased steadily over the last three
decades and there is now a lack of effective treatment options for multidrug resistant infections. Additionally,
inventing new drugs seems unattractive because of the high cost of research, the time-consuming drug approval
process, the rather short window during which a new treatment remains effective and an effort to limit the using
of antibiotics according to the principles of Antibiotic Stewardship®~/, including shortening the duration of
antibiotic application. Because of these factors, many pharmaceutical companies are leaving the antimicrobial
field or struggling to stay in business®.
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Because new antibiotics seem unlikely to provide a way of quickly overcoming bacterial resistance in the near
future, we need alternative ways of overcoming bacterial resistance. A very promising option is combination
therapy, in which traditional antibiotics are combined with other substances that enhance their effectiveness.
Bacteria can build up resistance towards certain antibiotics in various ways; consequently, antibiotics should ide-
ally be applied in conjunction with a substance that can block the appropriate resistance mechanism. For example,
because resistance to penicillins is driven by the production of B-lactamases, the efficacy of these antibiotics
could be restored by applying them in tandem with p-lactamase inhibitors such as clavulanic acid, tazobactam,
and sulbactam®. However, bacteria have since developed resistance even to these combined treatments, so there
is a need for other options, preferably involving a complementary antibacterial agent capable of acting on mul-
tiple cellular levels simultaneously. Inorganic nanoparticles of materials such as silver, TiO,, ZnO, or graphene
may be appropriate for this purpose; they exhibit strong antibacterial activity at very low concentrations (in
the ppm range) and show no cytotoxicity towards various mammalian cell lines (human skin fibroblasts BJ or
mouse embryonic fibroblast NIH/3T3 cell lines)!%-'2 Since antibiotics and nanoparticles have different modes
of action, a combined treatment using low doses of both agent types could be highly effective. For example, it
has been shown that treatment with silver nanoparticles (sometimes even at concentrations below 1 mg/L) can
restore the susceptibility of resistant strains to antibiotics that are otherwise ineffective!!~'>. However, several
recent publications have reported the development of bacterial resistance to even strong antibacterial agents
such as silver nanoparticles!®-!8. For instance, Panacek et al. described a mechanism of bacterial resistance to
silver nanoparticles based on aggregation induced by secretion of the bacterial protein flagellin. To maintain the
strong antibacterial effectiveness of nanoparticles, their aggregation must be prevented. This can be achieved to
some extent by surface modification and stabilization, but such approaches are unfortunately insufficient in most
cases. Aggregation can be also suppressed by using nanocomposite materials that provide a supporting structure
for strongly bonded silver nanoparticles and thereby suppress their aggregation'®.

Graphene and its derivatives are an interesting class of supporting materials with promising antibacterial
properties. For instance, graphene oxide (GO) exhibits antibacterial activity at concentrations as low as 40 mg/L,
potentially making it suitable for medicinal applications. However, its strong inter-plane interactions promote
aggregation, reduce the surface area of nanoparticles, and block certain antibacterial modes of action, lead-
ing to reduced antibacterial activity'®-?!. The aggregation of GO and the associated reduction in antimicrobial
activity could be minimised by surface modification or functionalisation with metals, antibiotics, enzymes, or
polymers?. For example, GO can be modified with silver nanoparticles*?*, whose deposition on a graphene
surface may suppress their aggregation and improve their antibacterial properties. Accordingly, Panacek et al.®
recently reported the synthesis of cyanographene/Ag nanoparticles and showed that they exhibit highly promis-
ing activity against bacteria.

Given the strong antibacterial activity of cyanographene decorated with silver nanoparticles and the fact that
antibiotics and silver nanoparticles are known to exhibit synergistic antibacterial activity, it was hypothesised
that the minimal inhibitory concentrations of antibiotics when applied together with the cyanographene/Ag
composite would be below the susceptibility breakpoints of resistant bacteria, making their effectiveness against
resistant strains comparable to that seen for sensitive strains'’. Therefore, this work investigates the synergistic
antibacterial effects resulting from combining a cyanographene/Ag nanohybrid with inactive antibiotics having
different modes of action (gentamicin, ceftazidime, ciprofloxacin and colistin) against bacteria with different
resistance mechanisms. The objective was to find the combinations of antibiotics and the cyanographene/Ag
nanohybrid exhibiting the greatest activity against the resistant strains and to thereby identify effective ways
of overcoming bacterial resistance for individual antibiotics against particular resistant bacteria based on their
mode of action and mechanism of resistance, respectively.

Methods

Chemicals and biological materials. The cyanographene/silver (GCN/Ag) nanohybrid was synthesized
using fluorinated graphite (extent of labelling: > 61 wt% F), ammonia (28-30% [w/w], p.a.), sodium borohydride,
and sodium citrate dihydrate (p.a.), all obtained from Sigma-Aldrich. Mueller-Hinton Broth (Becton, Dickson,
and Company) was used as the culture medium. Synergetic effects were tested for combinations of the GCN/
Ag nanohybrid with the antibiotics gentamicin (GEN), ceftazidime (CTZ), ciprofloxacin (CIP) against the mul-
tiresistant strain Escherichia coli CE5556. Resistance mechanisms of Escherichia coli CE5556 to -lactams, qui-
nolones and aminoglycosides described within this work were previously studied and confirmed by Roderova
et al.,?® who identified cefotaximase-Munich CTX-M-15 type of extended spectrum B-lactamases and mutation
of the gyrA gene [Ser (83) Leu; Asp (87) Asn], parc [Ser (80) Ile; Glu (84) Val], PMQR [cr] resulting in changes
in the target enzyme DNA gyrase causing resistance to fluoroquinolones. Additional antimicrobial tests were
performed against Pseudomonas aeruginosa 21,425 using combinations of GEN, CIP and CTZ with GCN/Ag;
this strain shows similar resistance to antibiotics like E. coli CE 5556 as it was confirmed by phenotypic methods
according to EUCAST®. Finally, tests were performed using colistin (COL) with GCN/Ag against Enterobacter
kobei 3683/C/2017. Resistance to colistin was confirmed by phenotypic methods according to EUCAST?. The
zeta potential of the sensitive and resistant strains (according to their MIC) was measured and a significant
drop (from — 30 to — 5 mV) was observed, which has an effect on the interaction of the bacteria with positively
charged colistin. All bacteria were obtained from the microorganism collection of the Department of Microbiol-
ogy at the Faculty of Medicine of Palacky University in Olomouc. MIC (mg/L) values of used strains are shown
in supplementary material (SI Fig. 4).

Synthesis and characterization of GCN/Ag nanohybrid. The GCN/Ag nanohybrid was prepared by
synthesizing cyanographene and then coordinating silver NPs on the GCN sheet as described previously by
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E. coli | P. aeruginosa | E. kobei
CIP 512 256 -

CTZ 1024 256 -

GEN 1024 128 -

CoL |- - 256

Table 1. Stock solution concentrations of the tested antibiotics in mg/L.

Panacek et al.”>. Briefly, GCN/Ag was synthesized by chemical reduction of a precursor material, then silver
cations from AgNO; were coordinated on the GCN sheet under vigorous stirring for 24 h at room temperature.
The resulting dispersion of Ag*-modified GCN was purified by washing with distilled water to remove silver ions
not firmly coordinated on the GCN flakes. Chemical reduction was then initiated by adding NaBH, solution
to the dispersion, which was then kept in darkness for one hour. The final silver-nanoparticle-decorated GCN/
Ag product was washed with distilled water and dried. The GCN/Ag nanohybrid was characterised by various
instrumental techniques; for details, see the supporting material.

Determination of synergetic effects of antibiotics and AgNPs. A standard checkerboard microdi-
lution method was used to determine the minimum inhibitory concentration (MIC) of the GCN/Ag nanohybrid
and each antibiotic (ATB) by themselves and the MICs of different concentrations of nanohybrids in combina-
tion with different concentrations of antibiotics. The nanohybrid and antibiotics were always diluted in a geo-
metric progression in Mueller-Hinton broth when determining MICs. Based on its strong antibacterial effect,
the initial concentration of the GCN/Ag nanohybrid for microbial evaluation was set to 13.5 mg/L. The initial
concentrations of the antibiotics depended on their reported susceptibility breakpoints and are shown in Table 1.
Both nanoparticles and antibiotics were diluted in geometric progressions; the tested ATB concentrations were
256,128, 64, 32, 16, 8, 4, and 2 mg/L for those with high initial concentrations and 1, 0.5, and 0.25 mg/L for those
with lower initial concentrations. Due to the strong antibacterial activity of the GCN/Ag nanohybrid, its initial
concentration was lower; the dilution series began at 3.375 mg/L (based on the mass of silver) and progressed to
1.688, 0.844, 0.422, 0.211, 0.105, and 0.002 mg/L. To determine the enhancement of antibacterial activity result-
ing from combined treatment with GCN/Ag and the studied antibiotics, 96-well microtitration plates were filled
with vertically diluted antibiotics and horizontally diluted GCN/Ag.

For each antimicrobial assay, a fresh bacterial suspension was prepared from bacteria that had been grown
on blood agar at 35 °C for 24 h. The optical density of the bacterial inoculum was determined to be equal to
1 based on McFarland s standard using a densitometer (Densi-La-Meter, LACHEMA, Czech Republic); after
appropriate dilution, this gave a starting concentration of 10° CFU for microbial testing. Antibacterial activ-
ity was assessed according to standard testing protocols (CLSI, EUCAST) and the MIC was determined as the
lowest concentration of antibacterial agent that visibly inhibited bacterial growth after 24 h incubation at 35 °C.

The fractional inhibitory concentration (FIC) index was calculated using the following equation:

MICag in combination ~ MICatp in combination

FIC =
MICyg alone MICap alone

Results are reported as average FIC values (calculations shown in SI); antibacterial effects are classified as
synergistic (FIC<0.5), partially synergetic (0.5 <FIC < 1), additive (FIC=1), indifferent (1 < FIC <4), or antago-
nistic (FIC>4)!>282,

Results

A cyanographene/silver nanohybrid (GCN/Ag) was synthesized via a previously published method based on the
reduction of Ag* ions bound to a cyanographene derivative modified with nitrile groups referred to as the GCN/
Ag" precursor®. High-resolution transmission electron microscopy images of the GCN/Ag* precursor (Fig. 1a)
confirmed the absence of AgNPs prior to the application of the reducing agent. Furthermore, chemical elemental
mapping revealed dense and homogeneous coverage of the graphene flakes with both nitrogen and silver atoms
(Fig. 1b). After removing unbound silver ions by thorough washing, reduction with NaBH, provided a final GCN/
Ag product consisting of small AgNPs (Fig. 1¢,d) with diameters of 4 to 8 nm (Fig. ¢, inset).

Absorption spectrophotometry of the precursor GCN/Ag" and GCN/Ag water dispersions confirmed that
the nanoparticles formed only after treatment with the reducing agent (Fig. 2a) based on the appearance of the
characteristic surface plasmon resonance of metallic AgNPs at a wavelength of 400 nm™. Nitrile groups were
also observed by FT-IR before and after immobilization of AgNPs, confirming their stability even after AgNPs
binding; the inset of Fig. 2a shows that the nitrile peak at around 1500 cm™ is present in the spectra of both
the precursor and the reduced product. The Ag content of the GCN/Ag hybrid was 1.8 at. % (atomic content),
according to X-ray photoelectron spectroscopy (Fig. 2b). The exact amount of silver in water dispersions of
GCN/Ag after purification before the antibacterial assays was 330 mg/L, corresponding to 125 mgof Agper1g
of GCN/Ag nanohybrid based on the AAS data.

The antibacterial activity of the purified GCN/Ag nanohybrid dispersion towards selected resistant bacteria
was then tested both alone and in combination with various antibiotics. Note that all of the MICs reported for
GCN/Ag in this work are based on the silver content of the GCN/Ag water dispersion (the silver concentration in
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Figure 1. (a) HRTEM image of the GCN/Ag" precursor. (b) Combined chemical mapping of nitrogen and
silver on the graphene surface. (c,d) TEM images of GCN/Ag and size distribution of the AgNPs (inset in panel
).
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Figure 2. (a) UV-Vis absorption spectra of pure GCN (black line), GCN with immobilized ionic silver (red
line), and GCN with immobilized AgNPs (blue line); the corresponding FT-IR spectra are shown in the inset of
panel (a). (b) XPS survey spectrum of the GCN/Ag nanohybrid showing atomic content of the material.

the dispersion was 330 mg/L as determined by AAS). Table 2 summarises the minimum inhibitory concentrations
(MICs) of the antibiotics (ATBs) ciprofloxacin (CIP), ceftazidime (CTZ), gentamicin (GEN), and colistin (COL)
as well as the Ag-based MICs of the GCN/Ag nanohybrid against E. coli, P. aeruginosa, and E. kobei. The table
also shows the MIC ranges of GCN/Ag and each ATB when applied in combination together with the lowest,
highest, and mean fractional inhibitory concentrations (FICs) determined for each antibiotic/nanohybrid pair.
Enhanced (i.e., synergistic or partially synergetic) antibacterial effects against resistant E. coli were observed for
the combinations of GCN/Ag (Ag-related MIC: 1688 mg/L) with GEN, CTZ, and CIP. The strongest synergis-
tic effect and enhancement of activity against E. coli was observed for gentamicin with GCN/Ag: this pairing
yielded the lowest partial FIC (0.16) and average FIC (0.39). Combined treatment with GCN/Ag reduced the
MIC of gentamicin 32-fold, to just 4 mg/L, and reduced that of the nanohybrid eightfold, to 0.211 mg/L. Four
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E. coli P. aeruginosa E. kobei
GEN CTZ CIP | GEN CTZ CIP | COL
ATB alone 128 32 64 8 8 16 64
GCN/Ag alone 1.688 1.688 1.688 | 1.688 1.688 1.688 | 3.375
ATB in combination 4-64 1-16 32 0.5-4 1-4 8 1-32
GCN/Ag in combination 0.003-0.844 | 0.211-0.844 |0.844 | 0.105-0.844 | 0.844 0.844 | 0.422-1.688
Partial FIC 0.16-0.53 0.38-0.63 1.00 0.38-0.56 0.75-1.00 | 1.00 0.16-0.63
FIC 0.39 0.54 1.00 0.53 0.88 1.00 0.29
Effect S (PS) (A) (PS) (PS) (A) S)

Table 2. Minimum inhibitory concentrations MIC [mg/L]? of various antibiotics and the GCN/Ag
nanohybrid, average FIC® values for combinations of antibiotics with the GCN/Ag nanohybrid, and the
resulting antibacterial effects. *The MIC determination is a qualitative assay and the estimated error is of

the order of magnitude of the value; (n=3). ®Average value (SD); (n=3). *(S) synergy, (PS) partial synergy,
(A) additive. **GCN/Ag shows silver related concentration. ***The ranges given in the ATB in combination
row of this table indicate the ranges of MICs obtained for the indicated antibiotic when applied with varying
concentrations of the GCN/Ag nanohybrid. Similarly, the ranges given in the GCN/Ag in combination

row indicate the ranges of MICs obtained for the nanohybrid when applied in combination with varying
concentrations of the indicated antibiotic.

additional antibacterial combinations with low partial FIC index values (ranging from 0.19 to 0.31) indicating
strong enhancement of activity against E. coli were also discovered (see Figure S1, Supplementary information).
The highest FIC index value for the gentamicin/nanohybrid pair (0.53) was obtained when combining 64 mg/L
gentamicin with 0.053 mg/L GCN/Ag (see Figure S1). While this FIC value corresponds to a partial rather than
full synergistic effect, the cumulative FIC for gentamicin with the nanohybrid (defined as the arithmetic mean
of all calculated FICs; see the SI for details) was 0.39, indicating a synergistic antibacterial effect. Partial synergy
(FIC 0.54) was also observed for the combination of ceftazidime with GCN/Ag when used against E. coli. The
enhancement in this case was weaker than for gentamicin (FIC 0.39), but even so, combining ceftazidime with
the nanohybrid made it possible to achieve an MIC below the susceptibility breakpoint; the MIC of ceftazidime
was reduced from 32 to 1 mg/L when applied together with 0.844 mg/L GCN/Ag. The lowest FIC observed for the
ceftazidime/nanohybrid pair was 0.38, which was achieved when combining 8 mg/L ceftazidime with 0.211 mg/L
GCN/Ag. The highest calculated FIC for this pair (0.63) was still within the partially synergetic range (Figure S1).
The final antibiotic tested against E. coli was ciprofloxacin, which exhibited an additive effect (FIC=1.00) when
combined with the GCN/Ag nanohybrid, suggesting an indifferent effect without significant enhancement of
activity. The only combination showing any potentially synergistic effect for this antibiotic featured intermediate
concentrations of both agents — 32 mg/L ciprofloxacin and 0.844 mg/L GCN/Ag (Figure S1).

In the case of resistant P. aeruginosa, the FICs of all antibiotics were slightly higher than for resistant E. coli,
but the Ag-related MIC of GCN/Ag was the same (1.688 mg/L) as for E. coli. The average FIC for gentamicin
(0.53) was in the range associated with partial synergy, but its lowest determined FIC (0.38) was in the syner-
gistic range. In this case, combined treatment with just 0.422 mg/L GCN/Ag reduced the antibiotic concentra-
tion needed to get below the gentamicin breakpoint by a factor of eight. The partial FIC values determined for
gentamicin combined with GCN/Ag were mostly in the synergistic effect range, with just two in the partially
synergetic range, but this was sufficient to raise the average FIC for this combination into the partially synergetic
range (Figure S2). Partial synergy against resistant P. aeruginosa was also observed for the pairing of ceftazidime
combined with GCN/Ag, whose average FIC of 0.88 was higher than that of gentamicin (0.53) and also higher
than that for ceftazidime when used against E. coli (0.54). However, even in this case, with partial FICs ranging
from 0.75 to 1.00, combined treatment with 0.844 mg/L GCN/Ag reduced the ceftazidime concentration needed
to kill resistant P. aeruginosa by a factor of four. The FIC index for the combination of ciprofloxacin with the
GCN/Ag nanohybrid when tested against P. aeruginosa was 1.0, indicating an additive effect with no significant
improvement in antibacterial activity; this is consistent with the results obtained for ciprofloxacin when used
against resistant E. coli.

The MIC of the GCN/Ag nanohybrid against colistin-resistant E. kobei was 3.375 mg/L. Combined treatment
with GCN/Ag and colistin yielded a strong synergistic effect with a very low FIC index of 0.29, overcoming the
strain’s antibiotic resistance. Under optimal conditions, the combined treatment reduced the MIC of colistin
32-fold, down to just 2 mg/L when applied together with 0.422 mg/L GCN/Ag. This combined treatment also
reduced the MIC of the nanohybrid eightfold and yielded a very low FIC of 0.16. Other combinations of colistin
with GCN/Ag at concentrations of 1-16 mg/L and 0.422-0.844 mg/L, respectively, had partial FICs between
0.19 and 0.38, confirming a strong synergistic effect for this pairing (Figure S3). The highest FIC observed for
the pairing of colistin with GCN/Ag against E. kobei was 0.63, which was seen when combining 32 mg/L colistin
with 0.422 mg/L GCN/Ag.

Discussion

A GCN/Ag nanohybrid was prepared according to a previously published protocol®® that involves cyanographene
synthesis followed by coordination of silver NPs on the GCN sheet. Many previous studies have used graphene
oxide (GO) as a solid support for the immobilization of AgNPs due to its ability to prevent their aggregation® -,
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However, its surface is chemically inhomogeneous with many different oxygen-containing groups, which prevents
strong and selective silver binding at the surface’»*. Furthermore, the hard soft acid base theory suggests that
oxygen-containing functional groups are unsuitable ligands for silver binding®. To overcome these limitations,
densely functionalized graphene (cyanographene, GCN)*” was used as a solid support and was shown to be a
very effective covalent trap for silver ions due to the strong coordination of silver ions by nitrile groups*®. This
strong binding enabled the preparation of a highly pure GCN/Ag" precursor and subsequent reduction of only
those Ag ions that remained firmly anchored to the GCN support (Fig. 1a).

According to Panacek et al. and the results presented herein, dispersions of the cyanographene silver nano-
hybrid in water have ultralow MICs ranging from 1.8 to 14.7 mg/L. If MIC values are based solely on the silver
content of the hybrid rather than its total mass, the MICs are lower still (up to 3.375 mg/L) and fall below those
reported for 28 nm AgNPs dispersed in water (3.4-108 mg/1)'"*. The strong covalent immobilization and dense
coverage of the graphene surface with AgNPs yielded a material with excellent properties that was recently used
as a very effective antibacterial material against AgNPs-resistant bacterial strains®. Because the GCN/Ag nano-
hybrid has greater antibacterial activity than typically used silver nanoparticles, it was expected that it would
also show strong antibacterial properties when combined with antibiotics. The aim of this work was to restore
the antibacterial activity of antibiotics that have become ineffective against resistant strains. Reducing the MICs
of antibiotics via combined treatment with GCN/Ag has important therapeutic advantages because it reduces
the amount of the antibiotic and nanocomposite that must be applied to control bacterial infections, reducing
the risk of adverse effects in patients. Moreover, the GCN/Ag nanohybrid shows little cytotoxicity in human
embryonic lung fibroblasts (HEL), human skin fibroblasts (BJ) and human cervix adenocarcinoma cells (HeLa);
it was fully tolerated at concentrations of 60 mg/L (based on the total mass of the composite) or 7.5 mg/L (based
only on its silver content)®.

Each of the antibiotics tested in this work belongs to a different antibiotic class and interacts with bacteria via
a different mechanism®. Gentamicin belongs to the group of aminoglycoside antibiotics, which inhibit protein
synthesis by binding to the 30S subunit of the prokaryotic ribosome. The bacteria E. coli studied in this work
resist gentamicin by reducing their cell permeability, which was overcome via the outer membrane- and cell
wall-disrupting ability of the GCN/Ag nanohybrid (see Fig. 3). Disruption of the bacterial cell membrane and
cell wall increases the permeability of the bacterial cells, allowing gentamicin to reach its intracellular target site.

Ceftazidime is an antibiotic whose mode of action is based on inhibiting cell wall synthesis. E. coli strains
have developed resistance to its activity by producing extended spectrum -lactamases®® that hydrolyse the
beta-lactam core of these antibiotics, making them unable to bind to their usual target site. It is most likely that
the nanohybrid counteracts this resistance by penetrating the outer membrane, allowing a more intense and
easier release of B-lactamases in higher extent than in the case of a bacteria with an intact membrane and thereby
weakening their negative effect on the antibiotics.

In contrast, colistin is an antibiotic that targets the inner cell membrane of bacteria by binding to key compo-
nents of the cellular envelope (phospholipids and lipopolysaccharides) and displacing magnesium and calcium
ions that stabilize the membrane. This increases the membrane’s permeability, leading to loss of cellular compo-
nents and cell death®. The resistant E. kobei strain examined in this work exhibits colistin resistance in which
the outer membrane is modified (has slight negative charge equal to—8 mV compared to—38 mV of sensitive
strain) in a way that prevents the antibiotic (positively charged with zeta-potential value 20 mV) from reaching
its target, i.e. the inner membrane. The enhancement of colistin’s antibacterial activity upon combined treat-
ment with GCN/Ag is probably due to adsorption of the positively charged colistin (zeta potential: 20 mV) on
the negatively charged GCN/Ag nanohybrid (zeta potential: — 35 mV) via electrostatic interactions. This would
allow the nanohybrid to act as a nanocarrier of colistin, which may weaken the repulsive interactions between
colistin and the outer membrane. Additionally, the nanohybrid may disrupt the bacterial outer membrane and
cell wall, giving the antibiotic easier access to the inner membrane. In this case, although the mechanisms
of action of the antibiotic and the nanohybrid are similar, their combination results in strong enhancement of
antimicrobial activity.

The final antibiotic tested in this work was ciprofloxacin, which belongs to the quinolone class of antibiotics
whose mechanism of action involves inhibiting nucleic acid synthesis by inhibiting DNA gyrase and the type
II and type IV topoisomerases, which are crucial for bacterial DNA separation and cell division. Ciprofloxacin
resistance in the tested E. coli strain originates from a DNA gyrase mutation® that prevents proper binding of
the antibiotic. Unlike the previously discussed resistance mechanisms, this one does not involve changes in the
cell wall or membrane; instead, it affects the structure of a nuclear protein. Consequently, the nanohybrid has
no chemical or biological way to affect this mechanism, so only additive rather than synergistic or partially
synergetic effects were seen in this case.

The activity of a GCN/Ag nanohybrid in combination with various antibiotics has been tested against various
antibiotic-resistant bacterial strains. The results obtained suggest that combined treatment enhances antibacterial
activity in some cases but that the degree and nature of the enhancement depends on the underlying mechanism
of resistance and the mode of action of the antibiotic. Promising results were obtained for an antibiotic that blocks
bacterial protein synthesis by binding to the 30 s subunit of the bacterial ribosome (gentamicin) and for one that
weakens cytoplasmic membrane integrity (colistin). Synergistic antimicrobial effects were observed when these
antibiotics were applied in combination with the nanohybrid, causing their MICs to fall below their susceptibil-
ity breakpoints even against multiresistant bacterial strains. Importantly, even very low concentrations of the
nanocomposite (usually 0.422 mg/L) were sufficient to restore bactericidal activity against E. coli and P. aerugi-
nosa. Positive results were also obtained for ceftazidime, which acts by inhibiting bacterial cell wall synthesis.
However, combined treatment with the nanohybrid did not greatly enhance the activity of ciprofloxacin, which
acts by inhibiting bacterial DNA synthesis. The present findings help to better understand the mechanisms of
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Figure 3. SEM images of (a) untreated E. coli and E. coli with disrupted cell walls after treatment with (b,c)
GCN/Ag (bacteria on image (c) were captured at higher magnification), (d) GCN/Ag and gentamicin.

combination antibacterial therapy using antibiotics together with other antimicrobials and open the way how to
restore antibacterial efficiency of conventional antibiotics and overcome bacterial resistance.

Data availability
All data generated or analyzed during this study are included in this published article (and its Supplementary
Information files).
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Abstract: When combined with nanomaterials, antibio-
tics show antibacterial activity against susceptible and
resistant bacterial strains at significantly lower concen-
trations. Unfortunately, to date, no research study has
examined the effect of the antibiotic mode of action and
mechanism of bacterial resistance on the effectiveness of
combined antibacterial treatment with nanomaterials.
Therefore, in this review, we performed a thorough ana-
lysis and critical evaluation of previously published data
related to the combined antibacterial effect of antibiotics
with nanostructured materials with a targeted focus on
relationships between antibiotic’s modes of action and
bacterial resistance mechanisms for relevant nanomater-
ials and their impact on the resulting synergistic effects.
Following thorough data analysis and critical discussion,
we have discovered and are the first who present that anti-
biotic’s mode of action and bacterial resistance mechanism
determine the final effectiveness of combined antibacterial
treatment with nanomaterials. We therefore conclude that
only certain combinations of nanomaterials with antibiotics
can lead to the enhancement and restoration of the anti-
bacterial effectiveness of antibiotics against certain resistant
bacteria. Moreover, the recently occurring development of
bacterial resistance towards nanomaterials is also discussed
together with a possibility of how to prevent it. All discov-
ered findings provide a new view and perspective on this
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issue helping to navigate further approaches to combat the
antibiotic crisis.
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1 Introduction

Bacterial infections still represent a serious and increasing
therapeutic problem despite exponentially increasing knowl-
edge in all fields of medicine and considerable improvements
in both diagnostic and therapeutic medicine. The main rea-
sons are: (i) the endogenous character of a large proportion
of bacterial infections, that is, pathogens originating from the
human microflora; (ii) increasing resistance to the effect of
antimicrobial drugs; (iii) increasing numbers of immunocom-
promised patients and persons with artificial materials; and
(iv) a high frequency of invasive diagnostic and therapeutic
procedures.

Antibacterial agents, as currently known, have been
used for more than 75 years. Despite their boom in the
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1960s and 1970s, documented by the development and
implementation of numerous novel drugs, they remain a
major issue. Today’s medicine even faces a real threat of
antimicrobials losing their effectiveness against bacteria,
and thus their ability to treat bacterial infections. According
to a September 2016 statement by the UN General Assembly,
it may be estimated that if bacterial resistance continues to
increase at the same rate as before, untreatable infections
caused by multidrug-resistant bacteria will be the most
common cause of death by 2050 [1]. The increasing resis-
tance of bacterial pathogens to antibacterial agents raises
the possibility of a return to the no-antibiotic era, in which
adequate drugs will be unavailable to treat bacterial infec-
tions with the etiological role of multidrug-resistant bac-
teria. According to the European Antimicrobial Resistance
Surveillance Network (EARS-Net) interactive database, the
high percentages of isolates with resistance to key antimicro-
bial groups reported from many European countries are of
great concern and represent a serious threat to patient safety.
For invasive bacterial infections, prompt treatment with
effective antimicrobial agents is especially important and is
one of the single most effective interventions to reduce the
risk of a fatal outcome. Moreover, due to the emergence
and spread of bacterial resistance by a mechanism based
on the takeover of genetic material from resistant bacterial
cells via recombination processes, an unstoppable spread
of resistance to antibiotics occurs, regardless of their con-
sumption [2]. Concerns about the approaching end of
the nearly 80-year era of classic antibiotics caused by
increasing bacterial resistance are more than justified
and it is high time to adequately address this issue at all
possible levels, including the development of new antimi-
crobial drugs effective against multidrug-resistant bac-
terial pathogens. At the present time, developing novel
antibacterial drugs is not very popular and despite serious
threats caused by bacteria (multidrug-resistant strains,
newly emerging pathogens, bioterrorism), most big phar-
maceutical companies have completely abandoned the
development of antibacterials. Among others, this is mainly
due to economic factors since higher profits may be earned
by developing drugs against other types of diseases (hyper-
tension, cancer, AIDS, etc.). The economic calculations must
include considerable competition in the market and strict
drug approval regulations. Finally, the process of developing
novel antibacterials is also technically demanding and time-
consuming.

One option for overcoming bacterial resistance is the
combination of selected penicillin antibiotics (e.g., ampi-
cillin, amoxicillin, or piperacillin) with bacterial B-lacta-
mase inhibitors (clavulanic acid, sulbactam, or tazobactam)
[3]. However, numerous bacterial species exhibit markedly
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increased resistance against such combinations of antibio-
tics with other substances that block the defined bacterial
resistance mechanism [4]. Thus, if a novel, developmental,
antimicrobial drug is to be effective at conquering bacterial
resistance, it must act at several cellular levels and not at
a specific level, unlike traditional antibiotics. An option
to overcome biofilm formation and bacterial resistance is
restoring the antibacterial effects of antibiotics by their
combination with novel nanostructured antibacterial sub-
stances. Nanomaterials have emerged as novel antimicro-
bial agents for the treatment and prevention of infectious
diseases with demonstrated efficacy against resistant
bacteria due to their high surface area to volume ratios
resulting in higher ratios between atoms on the surface
and atoms inside of materials in comparison with corre-
sponding bulk materials [5-7]. The nanostructured anti-
bacterial materials include metal or nonmetal nanopar-
ticles (NPs) such as silver, gold, copper, bismuth, and
selenium, and metal oxide NPs such as ZnO, TiO,, CaO,
MgO, Fe,03, or Al,03; NPs. Most of these nanostructured
materials show antibacterial effects themselves through
nonspecific activity, which can limit the development of
bacterial resistance. Silver and its compounds including
nanoscale silver materials represent well-known and
highly effective antibacterial substances and thanks to
that silver in various forms (metallic silver, silver salts,
and colloidal silver) has been used as an effective anti-
bacterial agent for many centuries. Silver NPs can inhibit
the growth of pathogenic microorganisms including highly
resistant strains at very low concentrations of units of ppm
showing no cytotoxicity to mammalian cells [8-11]. Gold,
copper, and copper oxide NPs themselves show lower anti-
bacterial activity compared to silver NPs, but they signifi-
cantly enhance the antibacterial effects of antibiotics in
mutual combinations or in combinations with other metal
NPs [12-15]. Copper oxide NPs cause bacterial leakage of
the cellular content of methicillin-resistant Staphylococcus
aureus and show high activity against staphylococcal bio-
film formation [16]. Chemically (redox reaction) or bio-
logically (using microbes) synthesized selenium NPs mainly
inhibit staphylococcal bacteria including bacterial biofilm
formation and slightly less Gram-negative Escherichia coli
[17-19]. Bismuth NPs exhibit antibacterial properties just
at relatively high concentrations (1 mM). Their antibac-
terial properties are limited by their low solubility in water,
although it can be increased by chelation with dimercap-
topropanol, for example [20]. Titanium dioxide and zinc
oxide NPs show antibacterial activity against both Gram-
negative and Gram-positive bacteria thanks to photocata-
Iytic properties and the generation of reactive oxygen
species (ROS), which can damage the bacterial membrane,
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DNA, and other bacterial functions, resulting in cell death
[21,22]. In addition, zinc oxide NPs are compatible with
human skin cells so they can be used as a coating material
for medical devices and textiles that come into contact
with the human body, and therefore act as wound dressing
material [23]. Magnesium and calcium oxide NPs exhibit
strong antibacterial effects with minimum inhibitory con-
centrations of 6 and 100 mg L7, respectively, thanks to the
production of ROS and their high alkalinity [24,25]. Alu-
minium oxide exhibits poor antibacterial properties and
needs to be used in really high concentrations exceeding
1,000 mg L [26].

Recently, several studies have indicated that nano-
structured materials and especially silver, gold, copper,
bismuth, and other NPs may strengthen the antibacterial
effects of conventional antibiotics at low doses of both
antibiotics and nanobased compounds. This finding clearly
suggests that it is possible to find an effective combination
of an antibiotic with nano-based compounds, resulting in a
synergistic antimicrobial effect allowing efficient inhibition
of bacterial pathogens using significantly lower doses as
compared with the antibiotic alone [27-30]. High syner-
gistic antibacterial effects of silver NPs even at a concentra-
tion below 1mgL™ in combination with antibiotics have
been reported [31-35]. Such low concentrations do not exert
cytotoxic effects on human cells or blood as was proved in
earlier studies [36-38]. More importantly, restoring of sus-
ceptibility of resistant bacterial strains to antibiotics through
the synergistic effect in combination with silver, gold, and
TiO, NPs has been reported [37,39-44]. In other words,

disruption of
cell membrane function
e.g. polymyxins

Figure 1: Mechanisms of action of antibiotics.
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antibiotics that originally were totally ineffective show bac-
tericidal effects against multidrug-resistant bacterial strains
when combined with metal and metal oxide NPs. This con-
stitutes a great perspective for nanostructured materials as
antibacterial agents; combining antibiotics with nanomater-
ials provides one potential approach to an effective fight
against the unresolved problem of increasing resistance of
pathogenic bacteria against traditional antibiotics.

On the other hand, bacteria can resist the antibacterial
effect of metal cations and oxyanions by, among others,
energy-dependent active efflux of toxic ions [45]. Given the
constant changes of bacterial genomes and their ability to
adapt to negative conditions, it is apparent and predict-
able that bacteria are able to counter the antibacterial
effects of metal and metal oxide NPs even though, unlike
classic antibiotics, NPs show a multilevel mode of action
that makes the development of bacterial resistance more
complicated and difficult but cannot prevent it completely.
Recently, Graves et al. reported that bacteria can easily
develop resistance to silver NPs due to relatively simple
genomic changes [46]. On the contrary, Panacek et al. and
Gunawan et al. reported silver resistance in Escherichia coli
strains, which is not due to changes in the bacterial DNA.
Gunawan et al. found that Bacillus subtilis has a natural
ability to adapt to cellular oxidative stress induced by Ag*
leaching upon prolonged exposure to silver NPs supported
on crystalline TiO, [47]. Panacek et al. stated that the Gram-
negative bacteria Escherichia coli and Pseudomonas aerugi-
nosa can develop resistance to silver NPs after repeated
exposure by flagellin production, which triggers the
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aggregation and destabilization of silver NPs [48]. Zhang et
al. reported that Escherichia coli develops adaptive resis-
tance to ZnO NPs after several days’ exposure to the NPs,
consisting of changes in the shape of the bacteria and the
expressions of membrane proteins [49].

2 Antibiotics and bacterial
resistance

Antibiotics are classified as antibacterial substances with
bacteriostatic (inhibiting bacteria) or bactericidal (killing
bacteria) properties. They are classified into several groups
based on their mode of action, chemical structure, or spec-
trum of activity. Generally, the bacteriostatic or bacteri-
cidal effects of antibiotics are based on affecting bacterial
growth processes and bacterial functions. On the other
hand, an individual antibiotic with an appropriate mode of
action usually acts upon one specific target site of the bac-
terial cell. Based on the mode of action (Figure 1), we recog-
nize antibiotics inhibiting bacterial cell wall synthesis (e.g.
B-lactams or glycopeptides), disturbing the cell membrane
(polymyxins), inhibiting nucleic acid synthesis (fluoroquino-
lones), proteosynthesis (tetracyclines, aminoglycosides, or
macrolides), and folic acid synthesis (sulfonamides) [50].
In order to exert its antimicrobial action, an antibiotic
has to go through a few steps. First, it must enter the bac-
terial cell (influx), and then remain stable or be activated
and accumulated to inhibitory concentrations. Afterwards,
it can locate and interact with its target and perform anti-
microbial action. Changes to any of these steps result in
bacterial resistance to the antibiotic, no matter its mode of
action, chemical structure, or spectrum of activity [21].
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Bacterial resistance to antibacterial agents may be
understood as the ability of the bacterial population
to survive the effect of a defined concentration of a
particular antibacterial. However, it is necessary to dis-
tinguish (i) natural (primary) resistance, that is, the resis-
tance of bacterial species that are outside the range of
effects of that antibacterial agent; an example of natural
resistance is the absence of a target structure for a parti-
cular antibacterial; and (ii) acquired (secondary) resis-
tance, that is, a change from an originally susceptible
bacterium to a resistant one. The mechanisms of resis-
tance to the effects of antibacterial agents may be char-
acterized as follows: (i) production of bacterial enzymes
that disrupt or modify the structure of antibacterials; (ii)
changes in the permeability of the bacterial wall and cyto-
plasmic membrane; (iii) modification of antibacterial target
sites; and (iv) increased elimination of an antimicrobial
from bacterial cells (bacterial efflux) [51-53] (Figure 2).

The latter presents a more serious problem as its full
extent cannot be defined in advance and needs to be
detected by relevant microbiological tests. These require
some time, which may be a problem, particularly in case
of severe bacterial infections. Antibiotic therapy must be
initiated as soon as possible, or immediately after the
diagnosis is made, due to higher mortality of patients
in whom adequate antibiotic therapy was delayed [54].

It should be stressed that the development and spread
of bacterial resistance must be seen as natural processes
that cannot be fully prevented but may be used and influ-
enced, both positively and negatively. The majority of
resistance mechanisms in bacteria developed long before
the first modern antibacterial agents were used for treat-
ment. This is probably determined by the fact that most
antibacterials are derived from compounds commonly
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produced by other microorganisms. Resistance mechan-
isms usually do not occur by accident and suddenly but
wait for conditions that allow them to succeed in the bac-
terial population. A typical example may be the resistance
of Staphylococcus aureus to B-lactam antibiotics. After
penicillin was introduced into treatment, strains resistant
to penicillin occurred rapidly. In the early 1940s, less than
1% of Staphylococcus aureus strains in English hospitals
were resistant to penicillin. The rate increased to as much
as 60% in 1946 [55].

The most important causes for the development of
bacterial resistance are changes in bacterial genotype.
These may be defined by chromosomal mutations fol-
lowed by a selection of resistant cells (chromosomal resis-
tance) that may be negatively influenced by the selection
pressure of antibacterial drugs, that is, antibiotic therapy itself.
However, a more important mechanism is a process based on
the transfer of genetic material through recombination pro-
cesses, that is, conjugation, transformation, and transduction
(extrachromosomal resistance). Therefore, a very worrying
possibility must be considered that an imaginary threshold
has been crossed and resistance of numerous bacteria to
broad-spectrum antibiotics “lives its own life” through the
transfer of mobile genetic elements encoding resistance, for
example, production of broad-spectrum f-lactamases. The
threshold means a certain level of resistance genes circu-
lating in the bacterial population that are horizontally
transferred by recombination processes (mainly conjuga-
tion), causing the unstoppable spread of resistance to
antimicrobials independently of their consumption [56].
Bacterial resistance is not a theoretical microbiological
term but a reality with serious negative clinical impacts.

Many studies have been published that document
higher mortality and shorter survival of patients with infec-
tions caused by multidrug-resistant bacteria compared to
infections caused by susceptible strains of the same species.
For example, Rello et al. reported 86% mortality of patients
with ventilator-associated pneumonia due to methicillin-
resistant strains of Staphylococcus aureus as compared
with 12% in the case of Staphylococcus aureus isolates sus-
ceptible to methicillin/oxacillin. Tumbarello et al. found
that the mortality of patients with bloodstream infections
caused by enterobacteria with positive production of broad-
spectrum [-lactamases reached 60% in case of inadequate
antibiotic therapy but only 19% if antibiotic therapy was
effective. Kang et al. documented a difference in 30-day
mortality from infections caused by Pseudomonas aerugi-
nosa between adequate initial antibiotic therapy (28%)
and delayed initiation of effective treatment (43%). Herkel
et al. showed a statistically significant difference in mor-
tality between adequate and inadequate antibiotic therapy
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of ventilator-associated pneumonia. The mortality rates
were 27% for patients receiving adequate therapy and
45% for inadequate therapy, meaning that bacterial patho-
gens were resistant to initial antibiotic treatment [54,57-59].

The development of bacterial resistance is unstop-
pable and will continue despite all measures taken. One
possible solution is undoubtedly nanotechnology, for
example, a combination of existing antibacterials with
silver NPs. These are highly active against numerous bac-
teria including multidrug-resistant strains, for example,
methicillin-resistant strains of Staphylococcus aureus, van-
comycin-resistant enterococci, and enterobacteria produ-
cing broad-spectrum p-lactamases.

3 Antibacterial nanomaterials and
their mechanism of action

The mode of action of metal and metal oxide NPs is not
fully described and clear yet, but for relevant metals,
several modes of action have been proposed (Figure 3).
Each of the NPs, regardless of the chemical composition,
is able to fight bacteria by various mechanisms and such
a multilevel mode of action makes the development of
bacterial resistance much more difficult. Besides, NPs
are able to deliver antibiotics to the bacteria, while acting
as a drug carrier, which results in drug potency enhance-
ment and limits overall drug exposure. The most com-
monly applied ways of how NPs fight a wide range of
pathogens are disruption of the cell wall, cytoplasmic
membrane, and production of ROS leading to oxidative
stress, followed, to a lesser extent, by enzymatic inhibi-
tion, changes in gene expression, and protein deactiva-
tion [5,60,61].

NPs are accumulated on the surface and create “pits”
in the bacterial wall. Therefore, they are able to penetrate
the cell wall, causing changes to the cell membrane,
structural damage, and cell death [62]. The bactericidal
effect of positively charged ions released by NPs is enhanced
by hinding with the negatively charged surface of bacteria
(carboxyl, phosphate groups) in a process known as biosorp-
tion [5,60]. Besides that, electrostatic binding to the cell wall
leads to membrane depolarization, change of membrane
potential, and loss of its integrity, resulting in interruption
of energy transduction and cell death [22]. However, thanks
to the thick peptidoglycan layer of Gram-positive bacteria,
penetration of NPs into bacteria is harder and, therefore,
NPs interact with the bacterial surface only [63,64].

Oxidative stress is induced by ROS, which has strong
positive redox potential. ROS are induced by respiratory
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Figure 3: Mechanisms of action of nanostructured materials.

chain disruption or by NPs themselves [65]. ROS include
hydrogen peroxide (H,0,), singlet oxygen (O,), hydroxyl
radical (OH), and superoxide radical (0%). Different com-
binations of ROS are produced by different NPs, resulting
in different antimicrobial properties. For example, Ag and
Cu NPs generate all types of ROS, whereas MgO NPs only
produce the superoxide radical and ZnO NPs produce
a combination of hydrogen peroxide and the hydroxyl
radical only [5]. ROS production occurs during the basic
mechanism and it is caused by defects and vacancies in
the crystal [66]. Normally, the production and the removal
of ROS are balanced. However, under high levels of stress,
there is excessive production of ROS, which changes the
permeability of the cell membrane and causes bacterial
damage [60,67,68]. The production of ROS is mediated
by various mechanisms. The photocatalytic hypothesis is
based on the irradiation of NPs with energy greater than
the band gap, which leads to the stimulation of electrons
in the valence band and their transition to the conduction
band, resulting in a hole in the valence band and the
production of highly reactive reactants on the surface of
and inside the material. Intracellular and extracellular
ROS can disrupt the cell membrane by lipid oxidation,
easily producing free radicals [69,70]. Thanks to its thick-
ness and negatively charged surface, the cell wall structure
of Gram-positive bacteria is more difficult to penetrate,
which slows down the penetration of oxygen radicals such
as OH". Besides oxidative stress, ROS can cause cell damage
to macromolecules, leading to lipid peroxidation, alteration
of protein, inhibition of enzymes, and RNA or DNA damage.

amage to proton
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Significant antimicrobial effects via production of ROS can
be observed in the case of Ag [71-73], ZnO [74,75], TiO,
[76-78] and iron oxide [79] NPs.

3.1 Silver NPs

The mechanism of action is not fully understood, which
complicates the understanding of interactions between
NPs and bacterial cells. However, all existing data sug-
gest that Ag NPs exhibit various antibacterial mechan-
isms in parallel and bind non-specifically to a wide
variety of targets. By doing so, they disturb many aspects
of the cell metabolism, which makes the development of
resistance towards them much more difficult [80,81]. It is
thought that silver NPs serve as a reservoir for silver ions
released via the oxidative dissolution process [82,83]. NPs

Figure 4: Scanning electron microscopy images of (a) native E. coli
cells and (b) cells treated with silver NPs created “pits.” Reproduced
with permission [92]; Copyright 2004, Journal of Colloid and Inter-
face Science.
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are then able to adhere to the negatively charged bacterial
cell wall and create “pits” (holes) in it (Figure 4b), which
leads to depolarization and collapse of plasma membrane
potential [62,84]. As a result, the cytoplasmic contents
flow out and the cell membrane becomes more permeable,
making penetration of NPs into the cells and their interac-
tion with intercellular components much easier [85-87]. A
released Ag* ion inhibits the site between cytochrome o2
and b-cytochromes in the respiratory chain. NPs can also
interrupt the cellular respiration process, inhibit the cyto-
chrome in the electron transport chain or denature the 30 S
ribosomal subunit (prevent protein translation) [60,88]. The
second mechanism proposes the production of ROS at the
cell membrane, which leads to DNA replication damage,
destruction of biomolecules and contributes to oxidative
stress. Furthermore, silver NPs bind easily to thiol, amino,
and phosphate groups, which are important parts of DNA,
peptides, and enzymes. Interaction of NPs with those groups
can therefore inactivate enzymes, change protein expression
and interrupt metabolic processes, which might lead to
damage or inhibition of DNA/RNA replication and cause
irreversible bacterial damage and cell death [84,85,89,90].
The antibacterial mechanism involved in the synergism is
the production of hydroxyl radicals and degradation of the
function and protective factors, which leads to reduction
of the antibiotic concentration and decline of bacterial
viability [91].

3.2 Gold NPs

The most common antibacterial action of gold NPs is
through inhibition of tRNA binding to the ribosome during
DNA transcription or attachment of the NPs to the bacterial
cell wall, changing its potential and leading to the adeno-
sine triphosphate level decrease, leakage of cell contents,
and cell death [93,94]. Gold NPs are more effective against
Gram-negative bacteria, which is due to easier incorpora-
tion of the NPs into the bacteria [95,96]. Since gold NPs
might have a ROS-independent mechanism, they seem to
be safer for mammalian cells [97].

3.3 Titanium dioxide NPs

Thanks to their photocatalytic properties, TiO, NPs are
able to kill bacteria just by simple UV illumination, which
induces the generation of ROS, leading to oxidative stress,
DNA, lipid, and protein damage [77,98]. However, even
without illumination, TiO, NPs keep their antibacterial
properties. In this case, NPs adsorb on the surface and
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interact directly with the cell wall, resulting in the loss
of membrane integrity [99]. Doping by other metal NPs
enhances their antibacterial properties and helps them
fight bacteria [76,100-102].

3.4 Zinc oxide NPs

Similar to TiO, NPs, zinc oxide NPs exhibit strong photo-
catalytic properties. After UV irradiation or even without
it, they produce ROS that might further cause inhibition of
DNA replication, protein denaturation, or cell membrane
disruption, resulting in high antibacterial effects [75,103].
Another proposed mechanism of action is zinc ion release
followed by accumulation of ZnO NPs on the bacterial
membrane (by electrostatic forces), therefore interrupting
transmembrane electron transport or entrance into the
cell causing enzymatic inhibition, DNA or mitochondrial
damage, which all lead to inhibition of bacterial growth
and cell death [104-106]. Recently, Kadiyala et al. sug-
gested a mechanism of action related to energy meta-
bolism alteration within the cell resulting in increased
pyrimidine biosynthesis (especially uridine monopho-
sphate biosynthesis), carbohydrate metabolism, and decreased
amino acid synthesis. This mechanism also explains
higher antibacterial activity against S. aureus in compar-
ison with E. coli, because E. coli does not require uridine
for anaerobic growth [107,108].

3.5 Iron oxide NPs

The mode of action of iron oxide NPs is through the dis-
solution of metal ions, which interact with the bacterial
cell, penetrate the membrane and interfere with electron
transfer or through the formation of ROS, which damage
DNA and proteins [5,109,110].

3.6 Platinum NPs

Like other metal NPs, platinum NPs diffuse through the cell
wall and cytoplasmic membrane and induce ROS genera-
tion, DNA damage, accumulation of cells during the S-phase
of the cell cycle, and consequently, cell death [111-113].

3.7 Copper and copper oxide NPs

Copper NPs and their subsequent ion release can cause
morphological changes and interact with the cell membrane
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and decrease its transmembrane electrochemical potential,
which affects the membrane integrity and causes cellular
death [114]. Besides, they are able to generate ROS, which
might result in mitochondrial damage, lipid peroxidation,
and DNA damage. Copper oxide also produces ROS, which
is followed by DNA degradation or membrane disrup-
tion leading to damage of vital enzymes and cell death
[115-120]. In the presence of CuO NPs, the expression of
key proteins is changed, which has a major influence on
bacterial denitrification and other metabolic processes
such as active transport and electron transfer [65,121].

3.8 Selenium NPs

Selenium oxyanions released from selenium NPs can dis-
rupt the cell wall or produce ROS able to react with thiol
groups present in the cell; together, they produce super-
oxide radicals that result in oxidative stress. Another
mechanism of action might be disruption of intercellular
adenosine triphosphate concentrations or depolarization/
disruption of the bacterial membrane, which has a nega-
tive effect on cell division and membrane transport and
leakage of the cytosolic content, respectively [122-124].

3.9 Magnesium oxide NPs

Antibacterial properties of magnesium oxide depend not
only on the size of particles but also on pH, while high pH
damages the cell membrane and causes bacterial cell
death [115,125-127]. MgO NPs also generate ROS on the
surface and damage the cell wall, which results in intra-
cellular contents leakage and cell death [128-130].

4 Synergistic effect of antibiotics in
combination with antibacterial
nanomaterials

4.1 Synergistic activity against antibiotic-
susceptible bacteria

In the previous section, the antibacterial activity of various
metal or metalloid NPs and their compounds including
their mechanism of action at different bacterial cellular
levels have been reviewed and discussed. Additionally,
nanostructured materials may also be applied in combina-
tion with antibiotics to enhance their antibacterial effects
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at significantly lower concentrations of both NPs and anti-
biotics. Many scientific papers have described synergistic
effects of metal and metal oxide NPs in combination with
antibiotics resulting in increased antibiotic activity and
decreased nanoparticle toxicity to mammalian cells. The
current state of the art on this synergistic activity has been
repeatedly summarized [65,109,115,131]. However, most of
the synergies reported in those reviews were observed
using antibiotic-sensitive bacteria. The synergic effects
were usually examined by either the disc diffusion method
or the microdilution method (Figure 5). The microdilution
method provides information on the level of synergy by
determining the fractional inhibitory concentration (FIC),
enabling to specify the enhancement of antibacterial activity
as synergistic, additive, indifferent, and antagonistic effects.
On the contrary, the disc diffusion method does not enable
quantifying the synergistic effect in principle, and it is diffi-
cult to differentiate between synergistic and additive, indif-
ferent or antagonistic effects.

To date, synergistic effects of antibiotics combined with
metal and metal oxide NPs have been predominantly
evaluated against antibiotic-sensitive bacteria. Most of the
experiments determining synergistic effects were conducted
on silver [33,35,133-140] and gold NPs [34,141-144]. How-
ever, synergistic effects have also been evaluated using
other metal and metal oxide NPs showing antibacterial
properties such as copper [28,145,146], titanium dioxide
[147,148], and zinc oxide [30,64,149]. The synergy of silver
NPs has been deeply studied in combination with antibio-
tics of various modes of action and chemical structures, for
example, antibiotics inhibiting protein synthesis (aminogly-
cosides), cell wall synthesis (B-lactams and carbapenems),
nucleic acid synthesis (quinolones), and antibiotics dis-
rupting the cytoplasmic membrane (polymyxins). In this
particular case, synergistic effects of silver NPs combined
with B-lactams (ampicillin, methicillin, penicillin), glycopep-
tides (vancomycin), quinolones (ciprofloxacin), sulfonamides
(trimethoprim), aminoglycosides (amikacin, gentamicin,
kanamycin, streptomycin), macrolides (erythromycin), and
tetracyclines (tetracycline) [33,34,39,133-135,138,139,150,151],
have been confirmed against a wide range of both Gram-
negative and Gram-positive bacteria. Silver NPs enhance anti-
biotic activity at very low concentrations ranging from tens to
several units of ppm, which is beneficial to nanopatrticle toxi-
city because low silver concentrations do not show toxic
effects on mammalian cells and humans. Synergistic effects
of gold NPs in combination with different antibiotics against
sensitive bacteria have been observed in almost all cases
including both Gram-negative and Gram-positive bacteria.
For example, high synergistic effects of gold NPs combined
with meropenem against Acinetobacter baumannii [143] and
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amoxicillin and streptomycin against Staphylococcus aureus
and Escherichia coli [34] at concentrations ranging from 1 to
16mg L™ gold have been reported. In the case of bismuth
NPs, synergistic effects have only been evaluated using anti-
hiotics inhibiting nucleic acid synthesis (fluoroquinolones).
Enhancement of antibacterial activity was only shown for
ciprofloxacin combined with bismuth NPs against Kieb-
siella pneumoniae [27]. Copper NPs enhance the antibac-
terial activity of antibiotics at concentrations ranging from
20 to 50 mg L™ depending on the antibiotic or bacterial
strain. For example, synergistic effects of copper NPs com-
bined with ampicillin, amoxicillin, ciprofloxacin, and gen-
tamicin have been observed against various bacteria such
as Bacillus subtilis, Escherichia coli, and Salmonella typhi-
murium [28]. Zinc oxide NPs at concentrations ranging
from 30 to 80 mg L™! have been combined with fluoroqui-
nolones (norfloxacin, ofloxacin) [30] or B-lactams (cepha-
lexin, ceftriaxone, cefotaxime) [152] in order to highly
enhance their activity against both Gram-positive (Staphy-
lococcus aureus) and Gram-negative (Escherichia coli)
bacteria. Titanium dioxide NPs have been studied as a
potential antibacterial agent in combination with strep-
tomycin, with increased antibacterial properties being
shown against Klebsiella pneumoniae, Salmonella typhi-
murium, Escherichia coli, and Staphylococcus aureus.

4.2 Synergistic activity against antibiotic-
resistant bacteria

It must be noted that all the mentioned results on high
synergistic effects of metal and metal oxide NPs have
been conducted on bacteria sensitive to antibiotics. On
the one hand, those experiments are crucial to prove the
ability of NPs to enhance the antibacterial properties of
antibiotics. On the other hand, such research is relatively
unnecessary, insignificant, and senseless as there is no need
to increase the effectiveness of antibiotics reliably shown
to fight bacteria. Enhancing and restoring the effects of
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antibiotics only make sense in the case of antibiotic-resistant
bacteria that currently complicate the treatment of bacterial
infections, increasing patient’s mortality. Therefore, the
following parts of this review are concerned with the
synergistic effects and enhancement of the antibacterial
activity of antibiotics combined with nanomaterials
against antibiotic-resistant bacteria, which is important
and significant to explore possible ways of overcoming
bacterial resistance. All data are summarized in Table 1
and Figure 6. Moreover, relationships between antibiotic
modes of action, bacterial resistance mechanisms, and
types of nanostructured materials and their impact on
the final synergistic effects are discussed below.
Enhancement of antibacterial activity of various anti-
biotics combined with silver [39-44], gold [13,153-156],
and TiO, NPs [147] against resistant Gram-positive and
Gram-negative bacteria has only been studied so far.
Generally, bacteria can resist the antibacterial effects of
antibiotics primarily (naturally) or secondarily (through
genetic mutations or a gene transfer from other bacteria)
(see the Antibiotics and Bacterial Resistance section).
Enhancement of antibacterial activity of antibiotics against
primarily resistant bacteria was only investigated in combi-
nation with silver NPs, whereas in the case of secondarily
resistant bacteria, the synergistic effects of antibiotics com-
bined with silver, gold, and TiO, NPs have been evaluated.

4.2.1 Silver NPs
4.2.1.1 Primarily resistant bacteria

Silver NPs are currently among the most studied biologi-
cally active metal NPs, with most experiments on syner-
gistic effects against resistant bacteria being conducted
exclusively with silver NPs. More importantly, the combina-
tion of silver NPs with antibiotics may result in increased
antibacterial activity and restored activity of currently inef-
fective antibiotics against resistant bacteria [8].
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Figure 5: Disc diffusion method showing antibacterial activity of (a) an antibiotic alone and (b) in combination with Ag NPs. Reproduced with
permission [37]; Copyright 2016, Colloids and Surfaces B: Biointerfaces. (c) Microdilution checkerboard method for simultaneous MIC and
FIC determination. Reproduced with permission [132]; Copyright 2018, Journal of Visualized Experiments.
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Table 1: Summary of antibacterial effects of antibiotics combined with silver, gold, and TiO, NPs against resistant bacteria

NPs R

Mode of action

Antibiotic class

Antibiotic

No enhancement

Enhancement

Ag  Primary resistance

Secondary
resistance

Cell wall
synthesis

Cell wall
synthesis

Cell membrane

B-Lactams

Glycopeptides

B-Lactams

Glycopeptides

Polymyxins

Ampicillin

Vancomycin

Imipenem

Meropenem
Amoxicillin

Penicillin

Ampicillin

Cefotaxime

Ceftazidime

Cefpodoxime

Cefuroxime

Vancomycin

Colistin

A. baumannii
E. coli
P. aeruginosa

A. pleuropneumoniae
E. coli

S. gordonii
S. oralis

P. aeruginosa

A. baumannii

E. faecalis
S. gordonii
S. oralis

E. faecalis
S. gordonii
S. oralis

B. subtilis
E. faecalis
M. luteus
S. aureus

A. baumannii
E. cloacae

K. pneumoniae
P. aeruginosa
E. coli

A. baumannii

B. subtilis

E. faecalis

E. coli

K. pneumoniae

. luteus

. aeruginosa

. aureus

. pneumoniae

. actinomycetemcomitans
. baumannii
pleuropneumoniae
aerogenes

coli

aureus

mutans

sonnei
aeruginosa
pleuropneumoniae
aureus

mutants

. actinomycetemcomitans
. baumannii

coli

E. faecium

M. pneumoniae

S. typhimurium
sonnei

. aureus

. gordonii

oralis

mutants

coli

. pneumoniae

coli

. pneumoniae

. mutants

. actinomycetemcomitans

mME>LULUEPILLLUMMER>RLDR
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. mutants
S. mutants

S. aureus
S. mutants

A. pleuropneumoniae
P. multocida

(Continued)
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Table 1: Continued

NPs R Mode of action  Antibiotic class  Antibiotic No enhancement Enhancement
Protein Aminoglycosides Amikacin A. baumannii A. baumannii
synthesis E. cloacae

E. coli
E. faecium

K. pneumoniae
M. pneumoniae

P. aeruginosa
S. typhimurium
S. sonnei
S. aureus
Gentamicin A. baumannii
A. actinomycetemcomitans
A. pleuropneumoniae
B. subtilis
E. faecalis
A. baumannii K. pneumoniae
E. coli M. luteus
E. faecalis P. aeruginosa
S. gordonii P. multocida
S. typhimurium
S. oralis
S. epidermidis
S. mutants
S. sonnei
S. aureus
Neomycin - S. typhimurium
Kanamycin - A. baumannii
E. aerogenes
P. aeruginosa
S. typhimurium
Clyndamycin E. coli A. actinomycetemcomitans
E. faecalis
P. aeruginosa S. aureus
S. aureus S. gordonii
S. oralis
Erythromycin A. actinomycetemcomitans
E. coli P. aeruginosa
E. faecalis S. aureus
S. gordonii
S. oralis
Chloramphenicol — A. actinomycetemcomitans
P. aeruginosa
S. oralis
Tetracycline S. oralis A. actinomycetemcomitans
S. gordonii
Folate synthesis  Sulfonamides Trimethoprim A. baumannii —
B. subtilis
E. coli
E. faecalis
K. pneumoniae
M. luteus
P. aeruginosa
S. aureus
NA synthesis Qinolones Ciprofloxacin A. baumannii
E. faecalis A. baumannii

(Continued)



1126 —— Lucie Hochvaldova et al. DE GRUYTER
Table 1: Continued
NPs R Mode of action  Antibiotic class  Antibiotic No enhancement Enhancement
E. coli A. actinomycetemcomitans
M. luteus
P. aeruginosa B. subtilis
S. epidermidis K. pneumoniae
S. gordonii S. mutants
S. oralis
Au  Secondary Cell wall B-Lactams Amoxicillin — S. aureus
resistance synthesis Methicillin S. epidermidis -
S. haemolyticus
Cefotaxime - E. coli
K. pneumoniae
S. aureus
Ceftriaxone — E. coli
K. pneumoniae
S. aureus
Glycopeptides Vancomycin S. haemolyticus E. faecalis
E. faecium
S. aureus
S. epidermidis
S. mutants
Protein Aminoglycosides Gentamicin - S. epidermidis
synthesis
NA synthesis Quinolones Ciprofloxacin - E. coli
K. pneumoniae
S. aureus
S. epidermidis
S. haemolyticus
Levofloxacin - E. coli
K. pneumoniae
S. aureus
Nalidixic acid — S. epidermidis
S. haemolyticus
Rifampicin S. epidermidis S. epidermidis
S. haemolyticus
TiO, Secondary Cell wall B-Lactams Penicillin G — S. aureus
resistance synthesis Ampicillin
Cloxacillin
Oxacillin
Amoxycillin
Glycopeptides Vancomycin
Cephalosporins  Cefotaxime
Ceftazidime
Cephalexin
Protein Aminoglycosides Amikacin
synthesis Gentamycin
Streptomycin
Azalides Clarithromycin
Lincosamides Clindamycin
Macrolides Erythromycin
NA synthesis Fluoroquinolones Ciprofloxacin
Norfloxacin
Sulfonamides Tetracycline
Cotrimoxazole
Rifampicin
Sulphazidime
Chloramphenicol
Quinolone Nalidixic acid S. aureus —
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enhancement — 70% (silver NPs)

NA sythesis;
3%

protein sythesis;
30%

cell wall sythesis
(R-lactams); 35%

cell membrane;
2%
cell wall sythesis folate sythesis;
(glycopeptides); 0% 0%

enhancement — 86% (gold NPs)

NA sythesis;
40% cell wall sythesis

(B-lactams); 23%

cell wall sythesis
(glycopeptides); 13%

protein sythesis;
10%

cell membrane; folate sythesis;
0% 0%

enhancement — 96% (TiO, NPs)

folate sythesis;
23%

NA sythesis;
9%

protein sythesis;
27%

cell wall sythesis

(R-lactams); 36%

cell wall sythesis
(glycopeptides); 5%

cell membrane;
0%
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cell wall sythesis
(glycopeptides); 3%

— 1127

no enhancement — 30% (silver NPs)
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Figure 6: Percentages of enhancement and indifferent effects (no enhancement) of antibiotic classes divided based on the mode of action

against resistant bacteria.

Synergistic enhancement of antibacterial activity using
silver NPs against Acinetobacter baumannii, Enterobacter
cloacae, Klebsiella pneumonia, and Pseudomonas aerugi-
nosa primarily resistant to ampicillin and Acinetobacter
baumannii, Pseudomonas aeruginosa, and Escherichia coli
primarily resistant to vancomycin has been studied by
Lopez-Carrizales et al. [39] and Naqvi et al. [42].

Ampicillin and vancomycin belong to a group of
antibiotics inhibiting cell wall synthesis, albeit through
different molecular mechanisms. Ampicillin inhibits the
synthesis of peptidoglycan, a building unit of the cell wall,
through binding to a penicillin-binding protein (enzyme
transpeptidase reforming the peptide cross-links) involved
in peptidoglycan synthesis in both Gram-negative and

Gram-positive bacteria. Vancomycin binds to the monomers
of N-acetylmuramic acid and N-acetylglucosamine, building
blocks of peptidoglycan, preventing the transpeptidase from
acting on these newly formed blocks and thus cross-linking
of the peptidoglycan layer, but only in the case of Gram-
positive bacteria. Nevertheless, all tested bacteria naturally
resist the effects of ampicillin and vancomycin. In the case
of ampicillin, all tested bacteria naturally produce B-lacta-
mases, enzymes changing the configuration of ampicillin
molecules; this prevents binding to the target site (peni-
cillin-binding protein) and inhibits peptidoglycan synthesis.
Vancomycin is not active against Gram-negative bacteria
due to the different mechanisms by which Gram-nega-
tive bacteria produce their cell walls and various factors
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related to entering the outer membrane of Gram-negative
organisms.

Synergistic effects and restored antibacterial effects
of antibiotics have been observed for all experiments with
ampicillin (a B-lactam antibiotic targeting cell wall synth-
esis) against all tested resistant bacteria (Acinetobacter
baumannii, Enterobacter cloacae, Klebsiella pneumoniae,
Pseudomonas aeruginosa), as reported by Lopez-Carrizales
et al. [39] It is probably thanks to silver NPs that can dis-
rupt the bacterial cell wall and cytoplasmic membrane
easily. Cell wall disruption leads to the leakage of the
periplasmic contents (including B-lactamases) out of the
bacteria. As a result, the concentration of B-lactamases in
the periplasm decrease, and the bacteria are not able to
resist the ampicillin action. After that, the antibiotic may
bind to the target site and exert its antibacterial activity.
Silver NPs can also damage several molecular systems of
efflux pumps working at the cell wall and cytoplasmic mem-
brane. Therefore, antibiotic molecules cannot be pumped
out of the bacteria, reach the minimum inhibitory concen-
tration within the cell, and the antibiotic can become effec-
tive again.

Unlike ampicillin, the synergistic effects of silver NPs
combined with vancomycin have not been demonstrated
in all of the cases. Naqui et al. reported that silver NPs
combined with vancomycin do not show enhancement
of antibacterial activity against Acinetobacter baumannii
and Escherichia coli. In the case of Pseudomonas aerugi-
nosa, the vancomycin inhibition zone slightly increased
from 14 to 17 mm when the drug was combined with silver
NPs. However, such an increase is insignificant and
cannot clearly confirm the enhancement of antibacterial
activity. Considering the mechanism of primary resis-
tance of Gram-negative bacteria involving the lacking
target site for vancomycin, it may be expected that silver
NPs cannot enhance the antibacterial effects of antibio-
tics. If there is no specific target site to bind an antibiotic
in bacteria, its antibacterial activity cannot be enhanced.
On the other hand, Kaur et al. and Ma et al. described the
enhancement of antibacterial effect in Escherichia coli,
where the vancomycin was bounded to the nanoparticle
surface, so this interaction was able to provide effective
delivery of the antibiotic to the bacteria, where both silver
ions and vancomycin interacted with the cell membrane
and inhibited bacterial growth [157,158].

4.2.1.2 Secondarily resistant bacteria

Synergistic effects of silver NPs with antibiotics and their
ability to restore the activity of antibiotics against bacteria
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showing acquired (secondary) antibiotic resistance have
not been studied as extensively as in antibiotic-sensitive
bacteria [39-44]. Overall, approximately 100 experiments
evaluating the synergistic effects of antibiotics with dif-
ferent modes of action and chemical structures combined
with silver NPs against various resistant bacteria have
been performed. This is a relatively small number com-
pared to more than 700 experiments on the synergistic
effects of silver NPs combined with antibiotics against
antibiotic-susceptible bacteria. Most of the tested resistant
bacteria involved Gram-negative strains causing the most
problematic and difficult-to-treat infections in humans.
Twenty percent of all tested resistant bacteria with described
resistance mechanisms originated from public strain collec-
tions and 80% of resistant strains were isolated from human
clinical materials; for these, unfortunately, any description
of resistance mechanisms is missing. As for the mode of
action, 43% of the reported antibiotics are protein synthesis
inhibitors, 27% cell wall synthesis inhibitors, 25% nucleic
acid inhibitors, and 5% cytoplasmic membrane disruptors.
The synergistic effects of B-lactam antibiotics (cell wall
synthesis inhibitors) combined with silver NPs have been
reported by Sharma et al., Panacek et al.,, and Ono et al.
[37,159-161] The best outcomes have been observed with
imipenem and meropenem (carbapenems). In the case of
imipenem, the synergistic effects have been seen for all
the tested resistant bacteria (Gram-negative Acinetobacter
baumannii, Escherichia coli, Klebsiella pneumoniae, Pseu-
domonas aeruginosa, and Gram-positive Bacillus subtilis,
Enterococcus faecalis, Micrococcus luteus, and Staphylococcus
aureus). Meropenem combined with silver NPs showed higher
antibacterial activity against Klebsiella pneumoniae. In the
case of Gram-negative bacteria, the mechanisms of resistance
to carbapenems usually involve plasmid-mediated carbape-
nemase production and loss of porin channels [159]. A Gram-
positive strain of E. faecalis is known for resistance to
imipenem through carbapenemase production and also for
overproduction of peptidoglycan strengthening the cell wall
[160]. All these mechanisms of resistance to imipenem and
meropenem can be overcome by the effects of silver NPs
located in the cell wall (peptidoglycan overproduction) and
periplasmic space (carbapenemase production). Silver NPs
may interact with porin channels and peptidoglycan on the
surface of the bacteria, disrupt and penetrate the cell wall,
allowing the antibiotic to get inside and be effective again.
Moreover, disrupting the cell wall and outer membrane may
result in carbapenemase leaking out of the bacterial cell and
decreasing its activity inside the periplasmic space.
Enhancing antibiotic effects with silver NPs has also
been proven for amoxicillin, ampicillin, penicillin, ceftazidime,
and cefotaxime, that is, -lactam antibiotics inhibiting cell wall
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synthesis. Silver NPs enhance the antibacterial effects of amox-
icillin against Acinetobacter baumannii, Aggregatibacter acti-
nomycetemcomitans, Enterobacter aerogenes, Pseudomonase
aeruginosa, Streptococcus mutans, Shigella sonnei, or
Staphylococcus aureus [140,162,163]. They also act synergisti-
cally or additively against Actinobacillus pleuropneumoniae
and Escherichia coli, depending on the particle size. Ipe
et al., on the other hand, described an antagonistic effect
in Streptococcus oralis and no enhancement in Strepto-
coccus gordonii [163]. Surprisingly, larger silver NPs (25 nm)
showed slightly stronger synergistic effects than smaller
silver NPs (8 nm). A size-dependent final synergistic effect
was also observed for penicillin against A. pleuropneumoniae;
in this case, however, better antibacterial synergistic effects
were obtained if penicillin was combined with smaller silver
NPs. Besides, synergistic effects have been observed against
Staphylococcus aureus and Streptococcus mutants [139,140].
Silver NPs additively or synergistically enhance effects of
ampicillin against Acinetobacter baumannii, Aggregatibacter
actinomycetemcomitans, Enterococcus faecium, Escherichia
coli, Salmonella typhimurium, Shigella sonnei, Staphylococcus
aureus, Streptococcus mutants, Streptococcus gordonii, and
Streptococcus oralis. Enhanced antibacterial activity was
reported in all of them, but the one described by Ipe
et al., no enhancement was observed [39,41,140,162-165].
Panacek et al. reported synergistic or additive enhancement
of ceftazidime and cefotaxime combined with silver NPs
against Escherichia coli and Klebsiella pneumoniae. The
reason why silver NPs enhance the antibacterial activity
of penicillins against resistant bacteria in the same way as
in combination with carbapenems is the similar mechanism
of bacterial resistance, that is, B-lactamase production and
decreased uptake that can be overcome by effects of silver
NPs. Singh et al. reported the enhancement of the antibac-
terial properties of ceftazidime against Streptococcus mutants.
On the other hand, no effect has been observed in the case of
Acinetobacter baumannii and the strain remained resistant
even after the addition of silver NPs. Although these results
are slightly inconsistent with the theory, no assumptions
should be made based on a single negative result [140]. In
the same way, there is not enough data available to evaluate
the link between bacteria and their synergistic effect with
antibiotics cefpodoxime and cefuroxime. Enhancement of
their antibacterial effect was observed in Streptococcus
mutants and Aggregatibacter actinomycetemcomitans but
was not in Enterococcus faecalis, Streptococcus oralis, and
Streptococcus gordonii [163].

Synergistic effects of vancomycin, a cell wall synthesis
inhibitor, combined with silver NPs have not been observed
for Gram-positive Enterococcus faecalis, Staphylococcus
aureus, Bacillus subtilis, and Micrococcus luteus. Only a
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very slight increase in the inhibition zone from 14 mm to
17 mm for vancomycin alone and in combination with silver
NPs, respectively, was observed against Micrococcus luteus.
The reason why antibacterial effects cannot be enhanced by
silver NPs can be found in the resistance mechanism of
Gram-positive bacteria, which commonly involves a che-
mical change of the target site. The mechanism of acquiring
vancomycin resistance in Gram-positive bacteria involves
alteration of the peptidoglycan synthesis pathway. This
includes the conversion of p-alanyl-p-alanine to p-alanyl-
p-lactate or to p-alanyl-p-serine, leading to normal trans-
peptidase-mediated cross-linking of peptidoglycans in
the cell wall. This resistance mechanism involving che-
mical changes of the target site is probably difficult to over-
come for silver NPs. On the other hand, some authors
[139,140,157,158] reported the increased antibacterial activity
of silver NPs combined with vancomycin against Staphylo-
coccus aureus and Staphylococcus mutants. Resistance to van-
comycin is likely to be caused by a mechanism other than the
one described above. The mechanisms are not described in
any of the studies but since the synergistic effects were
reported, we assume that bacterial resistance was acquired
by a genetic mutation, accompanied by cell wall thickening
and reduction of the cell’s negative charge as previously
described for Staphylococcus species [166,167]. Although van-
comycin alone is unable to penetrate the bacterial cell wall,
in combination with silver NPs, synergistic effects can be
observed, resulting from the ability of NPs to penetrate the
cell wall and create pits in it [92]. This allows vancomycin to
get inside the bacteria and bind to the usual binding site.
Additive effects have been observed for colistin (a
polymyxin antibiotic targeting the outer and cytoplasmic
membranes) in combination with silver NPs against
Actinobacillus pleuropneumoniae and Pasteurella multocida.
Colistin is a polycationic peptide having both hydrophilic
and lipophilic moieties. These cationic regions interact with
bacterial lipopolysaccharides of the outer membrane by dis-
placing magnesium and calcium bacterial counter ions in the
lipopolysaccharide. Hydrophobic/hydrophilic regions interact
with the cytoplasmic membrane just like a detergent, solubi-
lizing the membrane in an aqueous environment. The most
documented mechanisms of colistin resistance in bacteria
involve mcr-1 gene-mediated modification of the lipid A sub-
unit of the outer membrane by phosphoethanolamine and
4-amino-4-deoxy-L-arabinose residues by the enzymatic
activity of diphosphate-glucose dehydrogenase, Ara4N
biosynthetic enzymes, and lipid A phosphoethanolamine
transferase. The altered lipid A has a much lower negative
charge and affinity for colistin and related polymyxins,
resulting in reduced activity and uptake of the antimicro-
bial substance. In addition, multidrug efflux systems can
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also be responsible for polymyxin resistance in bacteria.
Silver NPs are able to enhance the antibacterial activity of
colistin by disrupting the outer membrane and cell wall,
allowing colistin to penetrate them (i.e., silver NPs open
doors to colistin) and target the cytoplasmic membrane.
As the mechanisms of action of silver NPs and colistin
are similar (disruption of the outer membrane, cell wall,
and cytoplasmic membrane), their combinations result in
increased antibacterial activity.

Aminoglycosides such as amikacin, kanamycin, neo-
mycin, and gentamicin represent a group of antibiotics
inhibiting protein synthesis in bacteria. Amikacin was
successfully evaluated for its synergistic effect in combi-
nation with silver NPs against Acinetobacter baumannii,
Enterobacter cloacae, Enterococcus faecium, Escherichia
coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and
Staphylococcus aureus in a study by Lopez-Carrizales et al.
[39] and against Acinetobacter baumannii, Salmonella
typhimurium, and Shigella sonnei in a study by Singh
et al. [140]. Deng et al. reported that kanamycin and neo-
mycin combined with silver NPs showed synergistic effects
against Salmonella typhimurium [40]. For kanamycin,
Ramirez and Tolmasky proved enhancement against Aci-
netobacter baumannii, while Singh et al. proved it for
Enterobacter aerogenes, Pseudomonas aeruginosa, and
Salmonella typhimurium [140,168]. Synergistic effects have
been confirmed for gentamicin combined with silver NPs
against Bacillus subtilis, Enterococcus faecalis, Klebsiella
pneumoniae, Micrococcus luteus, Pseudomonas aeruginosa,
Staphylococcus aureus, Streptococcus oralis, Streptococcus
mutants, Staphylococcus epidermidis, Pasteurella multocida,
Salmonella typhimurium, Shigella sonnei, Acinetobacter bau-
mannii, Actinobacillus pleuropneumoniae, and Aggregati-
bacter actinomycetemcomitans. On the contrary, synergistic
effects have not been confirmed in the case of gentamicin
combined with silver NPs against Streptococcus gordonii,
Escherichia coli, Enterococcus faecalis, and Actinobacillus
baumanii [42,43,140,163,169]. Among those widely studied
aminoglycosides, Ipe et al. also studied synergistic effect
between silver NPs and clindamycin, erythromycin, chloram-
phenicol, and tetracycline, respectively. In most of the resis-
tant strains, the antibacterial effect has been enhanced but
there were always some strains, where it was not enhanced.
Unfortunately, the mechanism of resistance was not
described in any of the strains, so no assumptions can
be made based on the available information (Table 1).

Aminoglycosides act primarily by inhibiting the bac-
terial protein synthesis through binding to the 30 S and
50 S subunits of prokaryotic ribosomes. In addition, they
also disrupt the bacterial cell walls of Gram-negative bac-
teria. Passage of these highly polar molecules across the
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outer membrane of Gram-negative bacteria is a self-pro-
moted uptake process involving drug-induced disrup-
tion of Mg?* bridges between adjacent lipopolysaccharide
molecules. Bacteria can resist the antibacterial effects of
aminoglycosides by four different mechanisms including
reduced uptake and decreased cell permeability, altera-
tions at the ribosomal binding sites, or production of
aminoglycoside-modifying enzymes. Although silver NPs
enhance the antibacterial effects of aminoglycosides against
most tested resistant bacteria, the enhancement was not
proven in some cases (Escherichia coli and Acinetobacter
baumannii). Enhanced or indifferent effects of silver NPs
combined with gentamicin against resistant bacteria pos-
sibly depend on the resistance mechanisms of bacterial
strains. Some of them, such as reduced uptake and decreased
cell permeability can be overcome by disrupting the outer
membrane and cell wall by the effects of silver NPs. On the
other hand, alterations at the ribosomal binding sites and
production of aminoglycoside-modifying enzymes can be dif-
ficult to overcome by silver NPs. Unfortunately, the exact
resistance mechanisms were not described in all tested bac-
teria resistant to gentamicin, and therefore, it is not possible
to clearly determine which can be overcome and which
cannot.

Silver NPs were evaluated for their synergistic effects
in combination with trimethoprim, an antibiotic inhibiting
folic acid synthesis (sulfonamide antibiotic). Trimethoprim
acts on bacteria by blocking the production of tetrahydro-
folic acid from dihydrofolic acid by binding to and reversibly
inhibiting the required enzyme, dihydrofolate reductase.
Thus, sulfamethoxazole and trimethoprim block two conse-
cutive steps in the biosynthesis of nucleic acids and proteins
essential to many bacteria. Bacterial resistance to trimetho-
prim is mostly acquired by a chromosomal mutation that
results in the production of the enzyme dihydrofolate reduc-
tase, which is less vulnerable to trimethoprim inhibition.
Due to irreversible mutation, bacterial resistance was not
overcome by silver NPs for any of the tested bacteria
Acinetobacter baumannii, Bacillus subtilis, Escherichia coli,
Klebsiella pneumoniae, Micrococcus luteus, Staphylococcus
aureus, Enterococcus faecalis, and Pseudomonas aerugi-
nosa [42].

Quinolones are antibiotics whose antibacterial action
involves inhibition of nucleic acid synthesis. Although
ciprofloxacin is the only antibiotic from this wide group
evaluated for synergistic effects in combination with
silver NPs, a wide range of resistant bacteria has been
included. The reported results on the synergistic effects
of ciprofloxacin in combination with silver NPs are rather
inconsistent. Enhancement of antibacterial activity was
shown for Bacillus subtilis, Klebsiella pneumoniae,
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Aggregatibacter actinomycetemcomitans, Streptococcus
mutants, Acinetobacter baumannii, and Escherichia coli
[37,42,163]. On the contrary, indifferent effects were deter-
mined for Acinetobacter baumannii, Enterococcus faecalis,
Escherichia coli, Micrococcus luteus, Pseudomonas aerugi-
nosa, Staphylococcus epidermidis, Streptococcus oralis, and
Streptococcus gordonii [42,44,163].

Ciprofloxacin is a broad-spectrum antibiotic active
against both Gram-positive and Gram-negative bacteria.
It functions by inhibiting DNA gyrase and topoisomerase
IV, a type II topoisomerase [170], necessary to separate
bacterial DNA, thereby inhibiting cell division. Three
mechanisms of resistance to quinolones are currently
recognized: mutations that alter the drug targets’ bac-
terial topoisomerases and DNA gyrase and mutations
that reduce drug accumulation and efflux resistance mechan-
isms. The reason why synergistic effects have or have not
been proven is probably similar to that for gentamicin
combined with silver NPs. The final effect depends on
the resistance mechanisms of bacterial strains. While some
of them such as reduced uptake and decreased cell perme-
ability can be overcome by disturbing the outer membrane
and cell wall via silver NPs, others such as changing the
target site probably cannot.

Silver NPs may facilitate the interaction of antibiotics
with cells in numerous ways. For example, silver NPs
may help antibiotics penetrate into the bacterial cell by
changing membrane permeability; alternatively, both can
cooperate to disrupt the cell wall. In the case of f-lactam
antibiotics, silver NPs may decrease the activity of -

lactamases produced by bacteria by allowing their leakage
after cell wall disruption. The cells can be damaged and
weakened by the simultaneous action of antibiotics and
silver NPs, leading to cell death. Hwang et al. suggested
that this synergism is associated with the generation of
hydroxyl radicals, alteration of protective cellular func-
tions, and anti-biofilm potential [138].

The synergism between silver NPs and antibiotics
(Figure 7) can be explained by the binding reaction
between them [40,139]. Namely, the amino and hydroxy
groups of an antibiotic are bonded to the nanoparticle via
chelation, which results in the creation of a conjugate in
which the silver core is surrounded by antibiotic mole-
cules [162]. Silver NPs are then selectively attracted to
the cytoplasmic membrane consisting of glycoproteins
and phospholipids, so that the NPs act as drug carriers
transporting the antibiotic near the cytoplasmic mem-
brane (1), resulting in an enhanced contact with the cell
wall and increased concentrations of the antibiotic and
silver close to the cell membrane (2). The local increase in
the silver ion concentration near the bacterial surface
causes bacterial toxicity by binding silver ions to the pro-
teins and DNA molecules of the cell wall as well as those
inside the cell (3), leading to bacterial death. Membrane
permeability might also be increased by binding silver NPs
to sulfur-containing proteins, improving the infiltration of
the antibiotic into the cell [171]. Another mechanism of
action involved in the synergism could be ROS production
(OH), alteration of the cell’s protective function, and
unwinding of DNA leading to bactericidal effects [138,172].
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4.2.2 Gold NPs

Gold NPs were also widely evaluated for their impact on the
antibacterial activity of antibiotics against resistant bacteria.
The synergistic effects have been proven for antibiotics
whose mode of action is targeted at the inhibition of cell
wall synthesis, namely, amoxicillin (B-lactam) [153] and cefo-
taxime or ceftriaxone (carbapenems) [155] against methi-
cillin-resistant Staphylococcus aureus and Escherichia coli,
Klebsiella pneumoniae, and Staphylococcus aureus, respec-
tively. Because gold NPs may attack bacteria in a way similar
to silver NPs, the mechanism of overcoming bacterial resis-
tance is very likely to be similar to that of silver NPs com-
bined with B-lactam antibiotics, as described above.

On the other hand, no synergy has been observed in
the case of another B-lactam antibiotic, methicillin, tested
with Staphylococcus epidermidis and Staphylococcus hae-
molyticus [156]. The reason why bacteria still resist methi-
cillin after combination with gold NPs is the resistance
mechanism involving a change of the target site, namely
modification of transpeptidase (penicillin-binding protein).

In the case of vancomycin (glycopeptide antibiotic
targeting cell wall synthesis), synergistic effects have been
proven against the Gram-positive bacteria Staphylococcus
aureus, Enterococcus faecalis, Enterococcus faecium, and
Staphylococcus epidermidis [13,154,156]. The possible
mechanism of restoring the antibacterial activity was pro-
posed by Fayaz et al., who confirmed synergistic effects of
vancomycin combined with gold NPs against vancomycin-
resistant Staphylococcus aureus. They suggest that the
mechanism involves the formation of complex vanco-
mycin-gold NPs which, instead of binding to terminal pep-
tides, bind to the transpeptidase of glycol-peptidyl groups
on the cell wall and disrupt it [13].

Roshmi et al. have reported that the combination of
gold NPs with gentamicin [156] (an aminoglycoside anti-
biotic targeting protein synthesis) against Staphylococcus
epidermidis resulted in the enhancement of antibacterial
activity. Unfortunately, the authors did not describe the
mechanism of resistance of Staphylococcus epidermidis to
gentamicin, and therefore, it is hard to discuss by which
mechanism gold NPs can overcome the resistance. Espe-
cially in the case of gentamicin whose antibacterial effects
are resisted by four different mechanisms (reduced uptake
and decreased cell permeability, alterations at the ribo-
somal binding sites, or production of aminoglycoside-
modifying enzymes), it is extremely difficult to identify
exactly the particular mechanism overcome by gold NPs.
Roshmii et al. and Pradeepa Vidya et al. also reported enhance-
ment of antibacterial activity of ciprofloxacin, levofloxacin,
and rifampin (antibiotics inhibiting nucleic acid synthesis)
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against both Gram-positive (Staphylococcus aureus, Sta-
phylococcus epidermidis, Staphylococcus haemolyticus)
and Gram-negative bacteria (Escherichia coli, Klebsiella
pneumoniae) [155,156]. Synergies of ciprofloxacin and
levofloxacin with gold NPs were confirmed against
Escherichia coli, Klebsiella pneumoniae, and Staphylococcus
aureus and, in the case of ciprofloxacin, also against Sta-
phylococcus epidermidis and Staphylococcus haemolyticus.
In the case of rifampin, the synergistic effect has been
observed against Staphylococcus epidermidis and Staphylo-
coccus haemolyticus. On the other hand, synergistic effects
against Staphylococcus epidermidis and Staphylococcus hae-
molyticus have not been confirmed for nalidixic acid. The
reason why gold NPs show or do not show synergistic
effects is similar to that for silver NPs combined with qui-
nolones. The final effect depends on the resistance mechan-
isms of bacterial strains. Some of them such as reduced
uptake and decreased cell permeability can be overcome
by disrupting the outer membrane and cell wall via silver
NPs; others probably cannot be overcome, for example,
change of the target site.

4.2.3 Titanium dioxide NPs

Roy et al. reported the synergistic effects of titanium
dioxide combined with different classes of antibiotics against
methicillin-resistant Staphylococcus aureus [147]. Antimicro-
bial activity increased in the case of antibiotics inhibiting
cell wall synthesis (B-lactams, cephalosporins, glycopeptides)
and protein synthesis (aminoglycosides, lincosamides, macro-
lides, azalides). In the case of antibiotics inhibiting nucleic
acid synthesis, only a slight increase in the inhibition zone
was observed and, therefore, the synergistic effect was weak
[147]. The best results have been observed for penicillin, ampi-
cillin (B-lactam), amikacin, and gentamicin (aminoglycosides).
Only nalidixic acid (an antibiotic inhibiting bacterial DNA
synthesis) has not shown increased antibacterial effects in
combination with TiO, NPs. According to Muzammil et al,
the enhancement of antibacterial action may be explained
by the interaction of titanium NPs with efflux pumps normally
responsible for bacterial resistance [115].

4.3 Impact of antibiotic’s mode of action and
mechanism of bacterial resistance on the
effectiveness of combined antibacterial
treatment with nanomaterials

Pie charts in Figure 6 help to visualize that the mechan-
isms of action of antibiotics strongly determine the



DE GRUYTER

resulting synergistic effects between different antibiotics
and metal NPs. These, together with the above informa-
tion, provide an interesting insight into whether an anti-
bacterial activity can be increased or not. Enhancement
of antibacterial properties of antibiotics combined with
silver NPs was observed for all tested combinations with
antibiotics causing cell membrane disruption (colistin).
NPs enhance their antibacterial activity by disrupting the
outer membrane and cell wall, which allows colistin to
penetrate them and target the cytoplasmic membrane.
Antibacterial effects of almost all antibiotics disrupting
cell wall synthesis (amoxicillin, ampicillin, cefotaxime,
ceftazidime, meropenem, imipenem, penicillin) and pro-
tein synthesis (amikacin, gentamicin, kanamycin, neo-
mycin) could be enhanced; the few exceptions were
amoxicillin, amikacin, and gentamicin since not all the
combinations were evaluated by all authors in the same
way. Generally, however, it may be said that bacterial
resistance to antibiotics acting on cell membrane/pro-
tein/cell wall synthesis (B-lactams) could be reversed
and antibiotics combined with silver NPs regain their
antibacterial properties even at lower concentrations than
before. Silver NPs probably interact with porin channels
and peptidoglycan on the surface of the bacteria, disrupting
and penetrating the cell wall, allowing the antibiotic to get
inside and be effective again. In the case of p-lactam anti-
biotics, disruption of the cell wall and outer membrane may
result in carbapenemase leaking out of the bacterial cell and
decreasing its activity inside the periplasmic space, there-
fore reversing their mechanism of resistance. On the con-
trary, the antimicrobial activity of glycopeptide antibiotics
(vancomycin) acting on cell wall synthesis could not be
enhanced in all of the cases. Resistance mechanisms in
most cases involve chemical changes of the target side
(e.g., p-alanyl-p-alanine to p-alanyl-p-lactate conversion)
and those are difficult to overcome. However, if the
mechanism of resistance is cell wall-related, NPs help anti-
biotics to penetrate the wall while creating pits in it [92],
which allows antibiotics to get inside the bacteria and bind
to its usual binding site.

The enhancement of antibacterial activity was not
observed for antibiotics inhibiting folate acid synthesis
(trimethoprim) and for almost all cases tested with anti-
biotics inhibiting nucleic acid synthesis (ciprofloxacin);
however, certain differences between the obtained results
were noted. Resistance to those antibiotics is mostly
acquired by an irreversible chromosomal mutation that
cannot be so easily reversed by the NPs.

The pie charts (Figure 6) also show results for other
nanomaterials (gold NPs, TiO, NPs) but those materials
have not been tested as extensively as silver NPs. In
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several cases, a single bacterial strain was tested with a
certain antibiotic, so the results might be skewed. Overall,
gold NPs have the ability to increase the antibacterial
properties of antibiotics inhibiting protein synthesis (gen-
tamicin), synthesis of nucleic acids (ciprofloxacin, levo-
floxacin, nalidixic acid, rifampicin) and cell wall synthesis
(only glycopeptide antibiotics, vancomycin). However, in
the case of vancomycin and rifampicin, a single bacterium
tested had no effect on the enhancement of antibacterial
properties. In the case of B-lactam antibiotics acting on cell
wall synthesis, enhancement was observed for amoxi-
cillin, cefotaxime, and ceftriaxone, but not for methicillin
and two of the tested bacteria. Finally, the bacterial resis-
tance of S. aureus was overcome by the combination of
titanium dioxide NPs with all tested antibiotics acting on
cell wall/protein/nucleic acid synthesis except for nali-
dixic acid. However, it must be stressed that only one
bacterial strain was evaluated by one author.

5 Bacterial resistance to silver

It is generally known that bacteria are able to resist the
antibacterial action of heavy metals by various mechan-
isms including efflux, extracellular barrier, reduction of
metal ions, and extracellular and intracellular sequestra-
tion. The most frequent mechanism of resistance is the
efflux of toxic ions outside the bacteria or forming an
extracellular barrier (e.g. extracellular polymer substance
of the biofilm), which prevents the ions from entering the
cell and prevents them from the stress induced by toxic
metals [173-175]. Besides that, bacteria are able to upre-
gulate genes, which are responsible for ROS elimination,
DNA damage reparation, and hydrolysis of abnormally
assembled proteins, which might repair damages caused
by toxic ions [176-178].

Resistance to silver and its compounds represents
one of the most studied metal resistances in bacteria.
Silver-resistant bacteria were first isolated in 1960 from
burns treated with silver nitrate [179]. Examples of bac-
terial strains resistant to silver include Escherichia coli,
Enterobacter cloacae, Klebsiella pneumoniae, Acinetobacter
baumannii, Staphylococcus aureus, and Pseudomonas aeru-
ginosa [180]. Bacteria can resist silver by several mechan-
isms such as reduction of Ag* to less toxic oxidation states
and decreased permeability of the cytoplasmic membrane.
Nevertheless, active efflux is the most applied mechanism
of how bacteria resist and eliminate the toxic effects of
silver cations. The mechanism of resistance to ionic silver
involves active efflux of Ag* from the cell by P-type
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adenosine triphosphatases or chemiosmotic Ag*/H* anti-
porters [181-185]. Simon Silver reported the resistance to
silver compounds by bacterial plasmids and genes in
Salmonella spp. strains. Silver resistance conferred by
the Salmonella plasmid pMGH100 involves nine genes in
three transcription units. A sensor/responder (SilRS) two-
component transcriptional regulatory system governs the
synthesis of a periplasmic Ag()-binding protein (SilE) and
two efflux pumps (P-type ATPase (SilP) plus a three-protein
chemiosmotic RND Ag(1)/Hp exchange system (SilCBA)) [181].
Thanks to their ability to resist silver ions together
with the constant changes of the bacterial genome and
their ability to adapt to negative conditions, it is expected
that bacteria may develop a resistance mechanism to
AgNPs as well. Certain bacteria, at least if they have the
ability, can be partially resistant to metal and metal oxide
NPs by eliminating the toxic effects of metal cations or
oxyanions. In this way, bacteria can eliminate one of the
mechanisms of nanoparticle antibacterial activity con-
sisting of the toxic effects of metal ions released from
the NPs and, therefore, they can tolerate the toxic effect
of metal NPs to a certain extent. Valentin et al. described
resistance to both ionic silver and silver NPs in Staphylococcus
aureus, which was associated with gene mutations
involved in nucleotide synthesis, oxidative stress defense,
and changes in cysteine metabolism [186]. Resistance in
Staphylococcus aureus was also described by Elbehiry
et al., who has induced resistance to both silver and gold
NPs, while no cross-resistance was observed [187].
Bacteria might resist NPs via two main approaches,
they can either prevent the entrance of silver NPs or silver
ions into the cell, or once it gets there reduce the amount
of the antibacterial agent within the cell. For instance,
Pseudomonas putida is able to decrease the bacterial
membrane fluidity via cis—trans isomerization of unsatu-
rated fatty acids [188]. However, in most cases, bacteria
produce extracellular substances, which immobilize NPs
and do not allow them to have contact with bacteria
[189]. Yang and Alvarez described increased stimulation
of biofilm development after prolonged exposure to AgNPs
and upregulated quorum sensing and liposaccharide bio-
synthesis as the main mechanisms of resistance in Pseu-
domonas aeruginosa [190]. Khan et al. reported bacterial
resistance in Bacillus pumilus and suggest that exopolysac-
charide-capped AgNPs show less toxicity to various bac-
terial strains [191]. Protein corona formation was also
reported in Escherichia coli after chronic exposure to NPs
in continuous culture in bioreactors [192]. Besides extra-
cellular polymeric substances other compounds can be
produced by bacteria to withstand the negative effects
of antimicrobials. Ellis et al. described the mechanism of
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resistance in Pseudomonas aeruginosa based on increased
phenazine pigment production, which limits bacterial expo-
sure to AgNPs [193]. Panacek et al. described bacterial resis-
tance in Escherichia coli and Pseudomonas aeruginosa,
which stems from the production of the adhesive flagellum
protein flagellin. This protein triggers the aggregation and
destabilization of AgNPs, which reduces their stability and
therefore eliminates their antibacterial activity [48].

Once silver NPs get to the cell, the minimal inhibition
concentration (MIC) has to be reached to perform their
antibacterial action. Bacteria can develop resistance to
AgNPs through simple genomic changes (e.g., mutation
of the mdtb gene) resulting in adaptation to released ions
via an efflux system, which transports released ions through
the plasma membrane to periplasm [46]. Besides, the pre-
sence of an efflux network, which works as a mechanism of
resistance towards AgNPs was described also in Bacillus
subtilis [47], Salmonella seftenberg [194], Staphylococcus
aureus, Klebsiella pneumoniae [195], and Escherichia coli
[46,192,195]. In this case, antimicrobials are pumped out
of the cell and therefore MIC cannot be reached, so they
cannot act as they are supposed to and perform sufficient
antibacterial action.

Only Panacek et al. have tried to overcome the newly
built mechanism of resistance. Additional stabilization
via various surfactants and polymers was not successful,
but they were able to inhibit flagellin production by the
addition of pomegranate rind extract, which has sup-
pressed the aggregation of the NPs, so NPs were able to
keep their antibacterial properties [48]. As mentioned in
this section, bacteria are able to build up resistance even
to silver NPs, therefore, the mechanisms of resistance
should be studied in more detail and new ways how to
overcome them should be outlined in the near future.

6 Conclusion

The treatment of bacterial infections is no longer a simple
task. Antibiotics remain the mainstay to fight bacterial
infections, but due to overprescription, misuse, and overuse
in animal production, episodes of resistant infections are
alarmingly on the rise, and resistance of bacterial strains
to antibiotics is becoming a pressing public health problem
that is predicted to only worsen in the future. Many efforts
have been made to overcome the emerging problem of
losing the effectiveness of major antibiotics against resistant
strains. Fortunately, advances in biomedical nanotech-
nology applications may offer a great opportunity for
research in this field, open new doors, and advance the
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way bacterial infections and resistant bacteria are coped
with. For their small size and increased surface area, metal
NPs are known to possess strong antibacterial activities, as
seen from several studies. Their impact on both growth and
maturation of bacterial biofilm suggests a broad spectrum
of antimicrobial properties, which can be applied in the
dressing of surgical tools, dental products, catheters, but
also in other products as cosmetics, clothing, and food
packaging [196].

Since many metallic NPs with promising antibac-
terial activities have not been fully investigated in com-
bination with antibiotics against resistant strains, more
studies should be conducted. To the best of our knowl-
edge, only silver, gold, and titanium dioxide NPs have
been tested in combination with antibiotics, especially
against resistant strains. In many of those papers, the
long-lost effectiveness of antibiotics against resistant strains
was restored via combination with small concentrations of
inorganic NPs. This finding is of great importance and could
become a game-changer in combating bacterial resistance
to commonly used antibiotics. However, as shown in this
review, there are some combinations that do not possess
those enhanced properties. As of now, no one has tried to
explain the reasons why some combinations work, and
others do not. The answer to this question might be found
in the mechanism of action of the antibiotics or the
mechanism of bacterial resistance. These have not been
studied yet and might be crucial for subsequent research.
Right now, it is really difficult to generalize from individual
studies, mainly due to the fact that there is no standar-
dized method for the evaluation of the synergistic effects
and also because researchers perform experiments based
on available NPs and bacteria, rather than targeting spe-
cific bacteria with previously described mechanisms of
resistance. Without a properly characterized material (size,
morphology, surface modification) and the knowledge of
resistance mechanisms, correlation with basic physicochem-
ical properties and evaluation of the synergistic effect is not
possible. Therefore, standardized methods, NPs, and bac-
teria should be included in future studies.

The application of metal NPs in combination with
antibiotics against various bacterial infections holds pro-
mise in paving the way for future therapeutics in nano-
medicine. This approach may serve as an adjunct to the
existing therapies and might restrain the escalating pro-
blem with resistant strains. At the same time, the possi-
bility of acquiring bacterial resistance even to those
nanomaterials needs to be studied and possible ways
of preventing or overcoming it need to be described.
Furthermore, the translation to clinical medicine should
be preceded by a deeper knowledge of the mechanisms of
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bacterial resistance, mechanisms of action of NPs and by
verification of combinations of certain NPs and antibio-
tics by in vivo infection models in order to better under-
stand their pharmacokinetics and biodistribution. Finally,
an important part of in vitro and in vivo testing is toxicity
tests, which help us exclude combinations with extremely
high toxicity.
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The ability of bacteria to develop resistance to antibiotics is threatening one of
the pillars of modern medicine. It was recently understood that bacteria can
develop resistance even to silver nanoparticles by starting to produce flagellin,
a protein which induces their aggregation and deactivation. This study shows
that silver covalently bound to cyanographene (GCN/Ag) kills
silver-nanoparticle-resistant bacteria at concentrations 30 times lower than
silver nanoparticles, a challenge which has been so far unmet. Tested also
against multidrug resistant strains, the antibacterial activity of GCN/Ag is
systematically found as potent as that of free ionic silver or 10 nm colloidal
silver nanoparticles. Owing to the strong and multiple dative bonds between
the nitrile groups of cyanographene and silver, as theory and experiments
confirm, there is marginal silver ion leaching, even after six months of
storage, and thus very high cytocompatibility to human cells. Molecular
dynamics simulations suggest strong interaction of GCN/Ag with the
bacterial membrane, and as corroborated by experiments, the antibacterial
activity does not rely on the release of silver nanoparticles or ions. Endowed
with these properties, GCN/Ag shows that rigid supports selectively and
densely functionalized with potent silver-binding ligands, such as

1. Introduction

Antimicrobial resistance threatens the very
core of modern medicine,l'! undermining
the humankind’s discoveries of the last cen-
tury against many routinely treated bacte-
rial infections. According to a 2016 report
by the United Nations General Assembly,
it may be estimated that if bacterial resis-
tance continues to grow at the same rate,
untreatable infections caused by multidrug-
resistant bacteria will become the primary
cause of death by 2050.2! It is therefore vital
to adequately address this issue systemati-
cally, or the probability of returning to the
pre-antibiotic era, when a simple infection
was fatal, may alarmingly increase.®!
Inorganic/“®! and carbon-based nano-
materials,[*2] polymers and peptides,'*14
as well as light-activated nanomaterials!>16]
have emerged as promising antimicrobial
agents for treatment and prevention of in-

cyanographene, may open new avenues against microbial resistance.

fectious diseases. Particularly silver colloids
can inhibit growth of pathogens at very low
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Figure 1. a) Reaction scheme for the preparation of silver nanoparticles bonded on the nitrile groups of cyanographene (GCN/Ag). b) HAADF-STEM
image (and TEM image, inset) of a GCN flake after interaction with AgNO5. EDS chemical mapping of c) nitrogen and d) silver. ) Combined chemical
mapping of nitrogen and silver on the flake shown in panel (b). f,g) TEM images of GCN/Ag and size distribution of the AgNPs (inset in panel (g)).
h) HAADF-STEM image of GCN/Ag showing the AgNPs as bright spots. i) Light absorption spectra of the starting GCN (bottom green curve), the
GCN/Ag* precursor (middle red curve), and after reduction, the GCN/Ag product (top blue curve).

concentrations.['”**) However, the development of resistance
even to silver nanoparticles (AgNPs) was demonstrated,!?’]
whereby bacteria started to secret a protein (flagellin) which
induced coagulation of the AgNPs and reduced dramatically
their antibacterial activity. Only after administration of additional
molecular substances the release of flagellin was blocked and
AgNPs restored their antibacterial activity. These results high-
light the risk of entering another race for the discovery of anti-
flagellin substances faster than the development of resistance
from bacteria to them. Although methods to increase colloidal
stability of AgNPs via surface modification have been applied to
prevent aggregation and preserve antibacterial activity, they were
insufficient against flagellin-induced aggregation.[??! Graphene
oxide (GO) has been used as a rigid support for AgNP immobi-
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lization to bypass aggregation,[10-1221-23] but its surface is chem-
ically inhomogeneous with many different oxygen-containing
groups,?*%] preventing a strong and selective surface chemistry
for silver binding. Furthermore, according to the hard-soft acid-
base theory, oxygen functionalities are poor coordination ligands
for silver.[26:27]

To tackle such issues, we used a densely functionalized
graphene (cyanographene, GCNI?]), which proved a very effi-
cient covalent trap for silver ions, exploiting the high coordi-
nation proclivity of nitrile groups toward silver.[2*?’] The trap-
ping of single Ag ions allowed the high-quality purification of
the GCN/Ag" precursor and the subsequent reduction of only
those Ag ions that remained coordinated on GCN (Figure 1a, and
Methods in the Supporting Information). The strong covalent

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Theoretical models of GCN interacting a) with one silver cation and b) with a silver nanoparticle; 2.21 A corresponds to the shorter bond.
c) XPS survey spectrum of the GCN/Ag. d) Deconvoluted N1s HR-XPS of the starting GCN and the GCN/Ag product. €) Raman spectra for GCN and

GCN/Ag.

immobilization afforded a material with groundbreaking proper-
ties: i) potent antibacterial activity, similar to free ionic silver, even
against multidrug-resistant bacterial strains, ii) minimum bac-
tericidal concentrations against AgNP-resistant bacterial strains
30-fold lower than free AgNPs (benchmarked under identical
conditions), and iii) very low leaching of silver ions or AgNPs, as-
cribing very high cytocompatibility to healthy human cells, which
is a very critical asset for practical applications.

2. Results and Discussion

The GCN/Ag" precursor (prepared in the dark, Figure 1a) com-
prised flakes of GCN free from AgNPs, as high-angle annular
dark-field scanning transmission electron microscopy (HAADEF-
STEM) imaging revealed (Figure 1b). Higher resolution images
of the ionic GCN/Ag" precursor (Figure S1, Supporting Infor-
mation) further confirmed the absence of AgNPs and elemental
chemical mapping (Figure 1c—e) evidenced the dense and homo-
geneous coverage of the flakes by Ag, as well as by the nitrogen
atoms of the nitrile groups. After removing any unbound silver
ions by thorough washing, reduction with NaBH, afforded the
final GCN/Ag product, comprising small AgNPs (Figure 1f-h)
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with diameter from 4 to 8 nm (Figure 1g, inset). Optical absorp-
tion of the GCN/Ag* precursor and of GCN/Ag revealed the
characteristic surface plasmon resonance of metallic AgNPs at
400 nm(?! only after the reduction (Figure 1i), verifying the syn-
thetic pathway (the full UV-vis. absorption spectra are available
in Figure S3, Supporting Information). The Ag content in the
hybrid was 13 wt%, according to atomic absorption spectroscopy
analysis. A control experiment with GO, following the same
synthetic protocol, resulted in large size variations of the grown
AgNPs with irregular topological distribution (Figure S2, Sup-
porting Information), highlighting the role of the GCN support.

Theoretical calculations confirmed the strong immobilization
of Ag* ions on GCN with adsorption energy (AE) of —2.00 eV,
indicating bond formation between the Ag* ion and the N atom
of the nitrile groups (Figure 2a). Electron localization function
of the Ag—N bond remained localized on individual atoms (Fig-
ure S4, Supporting Information). However, Mulliken and Hir-
shfeld charge analyses showed significant charge transfer from
GCN to the 5s orbitals of Ag™ resulting in the fractional charge
0f 0.5 eon the Agion. Therefore, the Ag—N bond can be character-
ized as a strongly polarized covalent bond. The calculated bond
length of 2.13 A was in line with a typical N-Ag coordination

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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bond (2.1-2.4 A).*31] When Ag atoms aggregated into metallic
AgNPs, the AE strengthened (—3.80 eV) owing to multiple bond-
ing (Figure 2b). Silver donated electrons to GCN, because the Hir-
shfeld partial charge was +0.51 ¢ on the AgNP, from which 0.19 ¢
was localized on the silver atom bonded to nitrogen. Considering
the size of the AgNPs and the coverage density of the CN groups
on graphene (x14%), it is plausible that each AgNP can establish
several bonds to the nitriles and, therefore, attach very strongly
to GCN (a GCN area of 10 x 14 A may contain five nitrile groups
on one side, with a mean distance of less than 1 nm).

The predicted strong interactions were verified experimen-
tally with high-resolution X-ray photoelectron (HR-XPS) and
Raman spectroscopies. XPS showed the overall composition
from carbon, nitrogen, and silver (Figure 2c), while the N1s
region revealed intriguing area redistribution of the N1 and
N2 components after immobilization of silver (Figure 2d). In
particular, the area of the lower binding energy (BE) N1 compo-
nent increased significantly at the expense of the higher BE N2
component, reflecting an increase of the electron density of N
atoms after their bonding with metallic silver. This was in agree-
ment with the electron donation from AgNPs identified from
the calculations, and with previous reports on BE reduction of
N or O upon interaction with AgNPs.[3233] Raman spectroscopy
(Figure 2e) more clearly confirmed such a N-Ag bonding, by the
appearance of the band at 240 cm™'.34 Theoretical calculations
(see Methods and Computations in the Supporting Information)
indeed showed a frequency for the N-Ag stretching vibration at
230 cm™!. The nitrile groups were also evident in Raman and
in Fourier transform infrared (FTIR) before and after AgNPs
immobilization (Figure S5, Supporting Information), indicating
their preservation after the reaction. The strong bonding was
probably responsible for the formation of uniform and small-
diameter AgNPs, unlike the case of the control experiment with
GO (Figure S2, Supporting Information).

Recently, Panacek et al. reported that Gram-negative bacte-
ria (which are increasingly becoming untreatable by modern
antibiotics)®*! can develop resistance even to initially highly
active AgNPs.[?l Exposure of 20 bacterial generations to subin-
hibitory concentrations of AgNPs induced flagellin production
and aggregation/deactivation of AgNPs.[?%! Therefore, bacterial
resistance even to AgNPs poses a serious threat. While the
antibacterial activity of silver and silver composites range at
quite low minimum inhibitory concentrations (MIC), i.e., 0.2—
3.4 mg,, L' (Tables S1 and S2, Supporting Information), there
are no reports for antibacterial agents against AgNP-resistant
bacteria. Studies against ionic Ag*-resistant strains, mediated by
the Ag* efflux pump, reported MIC for AgNPs of 70 mg,, L~".1%¢]
With the focus on addressing the alarming implications of
bacterial resistance,’] GCN/Ag was evaluated against antibiotic-
susceptible, but also against multidrug- and AgNP-resistant
bacteria (AgNP-resistant Escherichia coli and AgNP-resistant
Pseudomonas aeruginosa were developed as recently reported;2°!
see Methods in the Supporting Information for detailed de-
scription of the bacterial strains and Table S2 (Supporting
Information) for the detailed results for the eight tested bacte-
rial strains). As shown in Figure 3a and Table S2 (Supporting
Information), the MIC,, (i.e., MIC for 100% growth inhibition)
values of GCN/Ag ranged at ultralow levels, from 0.2 to 7.2 mg,,
L' (or 1.8-59.7 mg L' with respect to the total GCN/Ag mass),
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10 20 30 40 50 60
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Figure 3. a) Comparative graph of MIC;y, values for GCN/Ag, colloidal
silver nanoparticles (AgNPs) and ionic silver (AgNO3) for different bac-
terial strains. MIC;q, values of GCN/Ag refer to the Ag content only, for
appropriate comparison with AgNO; and AgNPs. In Table S2 (Supporting
Information), MIC;, values with respect to the total GCN/Ag mass are
also available. ¥ MRSA: methicillin-resistant S. aureus; ®) ESBL: extended-
spectrum f-lactamases producing Klebsiella pneumoniae. MICqo, values
were determined according to the European Committee on Antimicrobial
Susceptibility Testing,[4?] as described in the section Methods in the Sup-
porting Information. MIC,o, for GCN/Ag with error bars is available in
Figure S6 (Supporting Information). b) E. coli treated for several genera-
tions (serial passages) at subinhibitory concentrations with the GCN/Ag
hybrid (violet) and with colloidal AgNPs (orange). Bacteria developed re-
sistance and inactivated AgNPs, but not GCN/Ag. The serial passages with
colloidal AgNPs were performed in the frame of a previous publication(?°]
from some of the authors of this work; here these data are plotted for the
first time.

while pure GCN and GO did not show any antibacterial activity
at concentration as high as 1880 and 1500 mg L', respectively
(Table S2, Supporting Information). AgNPs of 28 and 10 nm
diameter were synthesized and evaluated under similar testing
conditions. The MIC,, values of GCN/Ag against several bacte-
rial strains were lower than 28 nm AgNPs (Figure 3a) and similar

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. a) Comparative graph of the antibacterial activity and cytocompatibility of GCN/Ag in healthy human cells compared to representative examples
from literature; in the latter case obtained on human cancer cell lines. Extended comparisons are also available in Table S1 (Supporting Information).
b) Viability of human lung fibroblasts HEL, human skin fibroblasts BJ, and cancer Hela cells treated with GCN/Ag, expressed in terms of hybrid (black
line) and in terms of silver content (green line) (n = 3. c) Viability of HEL and BJ cells (n = 3) treated with 10 nm AgNPs. d) Leaching test of silver from
GCN/Ag in water and in cell-culture medium after 24, 72 h, and six months. The concentrations on the columns correspond to 0.07%, 0.11%, 0.13%,
0.13%, and 0.14% of Ag leached from the total amount of Ag (200 mg L=" of Ag) that was initially contained in GCN/Ag which was added in the solution

for the leaching test. *p < 0.05; **p < 0.01.

to those of ionic silver (Figure 3a) or 10 nm AgNPs (Table S2,
Supporting Information). Interestingly, they remained highly
potent even against severely resistant strains, such as extended-
spectrum f-lactamase (ESBL)-producing K. pneumoniael®’) and
methicillin-resistant S. aureus.*®] Impressively, GCN/Ag was
~30 times more effective against AgNP-resistant bacteria than
both 28 and 10 nm colloidal AgNPs and similar to AgNO,
(Figure 3a and Table S2, Supporting Information). However, free
silver ions are severely limited by their generic toxicity* and are
subjective to the resistance mechanisms which microorganisms
developed during their 3—4 billion years of natural evolution
and occasional exposure to toxic metal-rich environments.[2°]
To unequivocally prove the persistence of the high antibacterial
activity of GCN/Ag, serial passages!*’! were performed for 60 E.
coli bacterial generations (Figure 3b). The MIC,,, for GCN/Ag
increased only marginally, from 3.4 to 7 mg L~!. When the same
bacteria were treated with conventional colloidal AgNPs under
the exact same conditions, E. coli developed resistance on the
20th generation from 3.4 to ~108 pg mL~! (Figure 3b). These re-
sults verified our hypothesis that the very strong binding of silver
on GCN can bypass the key resistance mechanism (induction of
aggregation) of these bacteria against AgNP colloids. GCN/Ag
appears to open the doors to a so far unmet challenge, bypass-
ing the bacterial resistance mechanisms of some of the most
threating microorganisms, such as E. coli and P. aeruginosa.[*!]
Considering the applicability of antimicrobial agents, their
biocompatibility is an equally important asset, as silver exerts
a generic cytotoxic effect.l**] Therefore, the cytocompatibility of
GCN/Ag was investigated with flow cytometry (using propidium
iodide and calcein fluorescent probes, Supporting Information)
on human skin fibroblasts, because of the potential application of
antibacterial agents on skin, and on human lung fibroblasts (HEL
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12469) for further establishment of the cytocompatibility profile.
It was very gratifying to observe that GCN/Ag was fully tolerated
by both cell lines up to 60 mg L™" (or 7.5 mg,, L™, Figure 4a,b),
which was ~4-37 times higher than its antibacterial MIC,, val-
ues (Figure 3a). Such a high cytocompatibility combined with po-
tent antibacterial activity against multidrug-resistant strains and,
strikingly, even against AgNP-resistant strains, may introduce
new thrust in the field. This is also evident by the comparisons in
Figure 4a, showing that the cytocompatibility of GCN/Ag is sig-
nificantly better than that of other graphene/silver hybrids with
similarly potent antibacterial activities.[?22339444] These works
were selected because of their very low MIC,, values and of
the fine distribution of small AgNPs on the graphene sheets. It
should be noted though, that in most of the reports, cancer cells
(HeLa) were commonly used,*****3] which are significantly more
tolerant to Ag than the healthy cell lines (Figure 4b). The latter
were used in this study, as a more rigorous evaluation method.
More comparisons with literature are available in Tables S1 and
S3 (Supporting Information), where the differences in cell lines
are also reported. The high cytocompatibility of GCN/Ag was fur-
ther demonstrated by the comparison with 10 nm AgNPs col-
loids, whose cytocompatibility was limited to 2.5 mg,, L™" (Fig-
ure 4c), as opposed to the 7.5 mg,, L™" for the case of GCN/Ag
(Figure 4b). Unequivocally, the high safe dose is the second key
benefit of GCN/Ag, probably stemming from the strong bonding
of silver on the surface of GCN.

The robust immobilization of silver on GCN was experimen-
tally supported by TEM measurements of a GCN/Ag dispersion
in water after six months of storage (Figure S7, Supporting Infor-
mation), whereby immobilized AgNPs fully retained their origi-
nal shape and size. Leaching tests for released silver further sub-
stantiated the strong binding, as after 72 h of storage in water or

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Snapshots taken from MD simulation at a) 100 ns and b) 1.0 ps show the interaction of GCN/Ag with the phospholipid membrane. More
snapshots are shown in Figures S9 and S10 (Supporting Information) (color coding: cyan and green — carbon; red — oxygen; blue — nitrogen; gray —
silver; orange — phosphorus, water molecules, ions, and hydrogen atoms are omitted for clarity); c) SEM image of native E. coli and d,e) treated with

GCN/Ag at subinhibitory concentration (0.2 mg mL™").

in cell culture media, leaching of silver reached 0.26 mg L~! (Fig-
ure 4d), well below the toxic levels of GCN/Ag (10-15 mg,, L™/,
Figure 4b) or of 10 nm AgNPs colloids (~5 mg L~!, Figure 4c).
The leached amount of Ag corresponded to 0.14% from the total
amount of Ag initially contained in GCN/Ag which was added in
the solution for the leaching test. Even after six months of stor-
age in water, leaching remained practically the same (0.27 mg
L' or 0.14%). To investigate further the release of silver, the
MIC,,, values of GCN/Ag were compared with free AgNPs and
Ag* ions with and without the addition of a silver-ion complex-
ing moleculel*®! (thioglycolate, NATG, Table S4, Supporting In-
formation). Results showed that MIC,, values significantly in-
creased in presence of NATG only for the case of AgNO, (16
times) and for AgNPs (eight times), while for the case of GCN/Ag,
the MIC,, increased only four times. Although this increase can
also be affected by the binding of NATG on the AgNPs them-
selves, the comparative results corroborate the minor role of re-
leased Ag* ions from GCN/Ag and its different mechanism of
action.

For better understanding the GCN/Ag-bacterial interface, we
modeled by molecular dynamics (MD) simulations the interac-
tions of GCN/Ag with a simplified model of bacterial plasma
membrane consisting of a double layer of negatively charged
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) lipids
(see the Supporting Information for more details). The hy-
brid stayed in contact with the membrane floating flat on its
surface (Figure 5a) for 0.1 ps without any sign of desorption,
demonstrating a high affinity of the GCN/Ag to the membrane.
Progressively (Figure S8, Supporting Information), GCN/Ag
submerged into the polar headgroup region of POPG after 1 ps
(Figure 5b), penetrating only slightly the hydrophobic part of
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the membrane, but generating a significant perturbation to its
structure. MD simulations of GCN and AgNPs alone (Figure
S9a,b, Supporting Information) also showed a very small extent
of penetration to the hydrophobic membrane; both GCN/Ag
and AgNPs were partly covered with the polar head groups (red
spheres) of the lipids. On the contrary, MD simulations with
graphene showed full penetration in the hydrophobic membrane
compartment (Figure S9¢, Supporting Information). Additional
MD simulation of a mixed membrane consisted of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE):POPG in
the proportion 3:1 demonstrated the same behavior as the
simulation with homogeneous POPG membrane (Figures S9
and S10, Supporting Information). The above results indicated
that the antibacterial activity of GCN/Ag initiates on the extra-
cellular level, as the internalization of the whole hybrid entities
is less probable owing to the strong interactions with the outer
membrane layer of the cell walls.

Certainly, the binding of AgNPs, or hybrids thereof, on the cell
membrane can cause a cascade of events, culminating in degra-
dation of the cell function and production of reactive oxygen
species,[**#7] as it was also confirmed in the present case (Figure
S11, Supporting Information). It is known that AgNPs bind to
—SH groups of cell-membrane proteins, altering their structure
and function.'”] They also interact with the proteoglycan-rich
bacterial biofilm, inhibiting its formation(*®! and altering pro-
teoglycan expression.[*)) It is indicative that in the case of the
Gram-positive bacteria, tested in the present work (Table S2,
Supporting Information), which express a proteoglycan extra-
cellular matrix, GCN/Ag remained potent (Table S2, Supporting
Information). Membrane-wall damage has been suggested as a
result of AgNPs binding (direct or indirect it is not known). For
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instance, E. coli were treated with subinhibitory concentration
of AgNP colloids, and scanning electron microscopy (SEM)
showed the formation of pits on the bacterial walls.’%! In the
present case as well, SEM characterization of E. coli incubated
in absence (Figure 5¢) and presence of GCN/Ag at subinhibitory
concentrations (Figure 5d,e), whereby the bacterial population
remains alive, also revealed significant membrane damage. The
observed pits were rather severe in comparison to the previous
report,l’%! despite the much lower Ag concentration which was
used in our case (0.2 mg L71). In the case of different antibac-
terial agents (i.e., carbon dots), the membrane walls presented
very different morphology.5!! Lack of significant wall damage
in E. coli was also observed after treatment with antibacterial
peptidesi®? and natural antimicrobial molecular agents.[>3>4
Therefore, the particularly defective shape of alive E. coli cells
observed in the present case could be ascribed to the action
of GCN/Ag. SEM analyses on AgNP-resistant E. coli and on
multiresistant S. aureus are also available in Figures S12 and
S13 (Supporting Information). It will be interesting to unveil in
future the effects of protein binding of AgNPs that are already
firmly grafted on a substrate (as in GCN/Ag). In such a case, the
proteins’ motion and function might be more restricted than
when bound to free/colloidal AgNPs. This hypothesis becomes
more intriguing considering that bacteria require considerably
higher membrane fluidity for normal growth and function>>¢]
than eukaryotic cells,>’] a matter that could also be related to the
lower toxicity of the GCN/Ag to human cell lines.

3. Conclusions

In this work, a densely and selectively functionalized graphene
was used as a trap for silver, exploiting its strong coordination
with the nitrile groups of GCN. The binding energies approached
values of covalent bonding, even surpassing them in case of
multiple binding of one AgNP to several -CN groups, owing
to the dense and homogeneous functionalization of GCN. This
work also shows that bacteria which have developed resistance
to AgNPs are highly susceptible on GCN/Ag. The persistence
of the antibacterial activity was verified during serial passages
over 60 bacterial generations (with no evidence of resistance
development from the bacteria), while colloidal AgNPs lost their
activity after 20 generations. Another key feature of GCN/Ag,
critical for practical applications, was its very high cytocompat-
ibility to healthy human cells in comparison to other reported
hybrids, free AgNP colloids, and silver ions. This was ascribed
to the strong GCN-silver interactions, which profoundly sup-
pressed silver leaching, as theoretical calculations, modeling,
and experiments confirmed. The present findings open the way
to promising broad-spectrum antibacterial agents, bypassing
known resistance mechanisms of microorganisms.
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the author.
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ARTICLE INFO ABSTRACT

Keywords: The use of Ag-modified nanomaterials continues to attract attention in biological contamination control, their
Carbon nitride nanosheets potential cytotoxicity is often overlooked. Herein, biocompatible carbon nitride is modified with 1 and 5 wt.% Ag
Ag/g-C3Ny

and effects of different nanomaterial dose and Ag content on antimicrobial activity and cytotoxicity is studied.
Pure Ag nanoparticles and AgNOs is tested for comparison, together with ten bacterial strains including pan-
resistant Pseudomonas aeruginosa. Cytotoxicity is then investigated in three adherent and two suspension
human cell lines, and results confirm that cancer adherent cell lines are the most immune lines and human
cervical adenocarcinoma cells (HeLa) are more resilient than human lung adenocarcinoma cells (A549). The
HeLa remains over 90 % viable even after 24 -h treatment with the highest concentration of 5%Ag/g-C3N4 (300
mg L™1) while A549 sustained viability only up to 100 mg L™!. Higher concentrations then induce cytotoxicity
and A549 cell viability decreases. Our results show the importance of complementary testing of cytotoxicity by
LIVE/DEAD assay using flow cytometry with more different human cell lines, which might be less immune to
tested nanomaterials than HeLa and A549. Combined controls of new antibacterial agent activity tests then
provide increased knowledge of their biocompatibility.

Silver nanoparticles
Antimicrobial activity
Cytotoxicity

Flow cytometry

1. Introduction

Graphitic carbon nitride (g-C3N4) has attracted intensive attention
from many scientists because of its promising practical applications such
as hydrogen evolution [1-3], decomposition of harmful pollutants
[4-7], photocatalytic disinfection [8-12] and biosensing applications
[13-15]. Many studies already showed that g-C3N4 seems to be also an
excellent candidate for biocompatible coatings as a wear resistant layer
in vitro and in vivo for joint replacement applications due to its great
wear resistant, thermal and chemical stability [16]. This material can be
further exfoliated to obtain two-dimensional g-CsN4 nanosheets which
can further enhance wear resistance of prepared composites [17,18]. It

is well known that the three-dimensional bulk g-C3N4 lacks high specific
surface area, has fewer active sites for adsorption and photocatalytic
reactions and photogenerated charge carriers have low mobility and
shorter lifetime. In contrast, 2D exfoliated nano-sheeted g-C3N4 over-
comes all these disadvantages [19,20].

The g-C3N4 nanosheets can be modified by different semiconductors
or noble metals to enhance electron-hole separation, increase photo-
catalytic activity and secure antimicrobial activity [21]. In the presence
of visible light, g-C3sN4 has been used as a functional material with
antimicrobial activity against bacterial strains including Staphylococcus
aureus [22] and Streptococcus mutans [23]. The g-C3N4 antibacterial
mechanisms are mostly related to generation of reactive oxygen species
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under visible-light irradiation and release of M ions from noble metal
nanoparticles (NPs) [24].

Although g-C3N4 has been used and modified to enhance its physical-
chemical properties as an antimicrobial agent, very little is known about
its cytotoxicity to different human cells before and after modification by
Ag NPs. However, the following research has been conducted;

Zhang et al. studied ultra-thin g-C3N4 nanosheets as a photo-
responsive nanomaterial for bioimaging. Its biocompatibility was per-
formed on HeLa after incubation with g-C3N4 nanosheets for 48 h by 3-
(4,5-dimethylthiazol-2-yl)-3,5-diphenyltetrazolium  bromide assay
(MMT). Their study revealed that HeLa activity was not weakened and
their normal morphology was maintained even at high 600 pg ml~! g-
C3Ny4 nanosheet concentration [25]. Chung et al. tested pure g-C3Ny4
nanosheets for light-induced suppression of Alzheimer’s f-Amyloid (Af)
aggregation. They then investigated the cytotoxicity of pure g-C3Ny4
nanosheets and Fe-, Cu- and Zn-doped g-C3N4 nanosheets on PC12 cells
by MTT assay. This cell line was derived from a rat adrenal medulla
pheochromocytoma [26]. Pure and modified g-C3N4 nanosheets in
0-100 pg ml™! concentration induced no noticeable cell death under
either light or dark conditions. Unfortunately, there remains a lack of
studies focused on g-C3N4 cytotoxicity to different human cells before
and after modification by Ag NPs. Most papers are focused only on the
modification approach to enhance antimicrobial and photocatalytic
properties of prepared composites but the negative consequences such
as increased cytotoxicity are completely overlooked. [27-29].

This inspired us to fill the research gap on biocompatible g-C3N4
nanosheet and silver-modified g-C3N4 nanosheet cytotoxicity on three
adherent and two suspension human cell lines: human cervical adeno-
carcinoma cells (HeLa), human lung adenocarcinoma cells (A549),
human embryonic lung fibroblasts (HEL), human lymphoblastic leuke-
mia cells (CCRF-CEM) and human monocyte leukemia cells (THP-1).
Concurrently, we tested the antimicrobial activity of g-C3N4 and Ag/g-
C3Ny in the dark against a wide range of bacterial strains which also
included the antibiotic-resistant Pseudomonas aeruginosa. The antimi-
crobial activity of prepared composites was then compared also with
AgNOs3 and 28 nm Ag NPs.

2. Experimental section
2.1. Reagents and materials

Melamine (> 99 %) was purchased from Sigma-Aldrich and silver
nitrate (AgNOs, 99.8 %) was purchased from PENTA s.r.o., Czech Re-
public, D(+)-maltose monohydrate (p.a. purity, Riedel-de Haén, Ger-
many), ammonia (25 % w/w aqueous solution) and sodium hydroxide
(both of p.a. purity, Lachema, Czech Republic). All chemicals in this
study were used as received without further purification. Deionized
water was used for all prepared solutions. All cell lines were purchased
from ATCC (USA) except HEL which was purchased from ECACC
(Australia) and culture media for cells and their supplements was ob-
tained from Sigma-Aldrich (USA). Calcein-AM was part of the LIVE/
DEAD™ Viability/Cytotoxicity assay Kit (ThermoFisher Scientific, USA)
and propidium iodide was purchased from Sigma-Aldrich (USA).
Finally, Mueller-Hinton broth (Difco, Becton Dickinson) was the culti-
vation medium for antibacterial assays of the prepared nanocomposites.

The following standard reference strains labeled according to Czech
Collection of Microorganisms (CCM, Masaryk University, Brno, Czech
Republic) were used: Enterococcus faecalis CCM 4224, Staphylococcus
aureus CCM 4223, Escherichia coli CCM 3954 and Pseudomonas aerugi-
nosa CCM 3955. The following antibiotic resistant bacterial strains iso-
lated from human clinical material at the University Hospital, Olomouc
in The Czech Republic were used: methicilin resistant Staphylococcus
epidermidis (MRSE), methicilin resistant Staphylococcus aureus (MRSA),
vancomycin resistant Enterococcus faecium (VRE), Extended Spectrum
Beta-Lactamase-producing bacteria (ESBL-positive) Escherichia coli,
colistin resistant Enterobacter kobei (CRE) and pan-resistant Pseudomonas
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2.2. Preparation of g-CsN4

Bulk g-C3N4 was synthesized by thermal poly-condensation of mel-
amine described in our previous research [30]. Briefly, 5 g of melamine
was placed in a ceramic crucible with a ceramic cup and heated for 4 h in
air at 550 °C and 3 °C min ! heating rate. The sample was then naturally
cooled to room temperature. The exfoliated g-C3N4 was prepared by
further thermal exfoliation in air for 2 h at 500 °C.

2.3. Modification of g-CsN4 nanosheets

The Ag/g-C3sN4 nanocomposites with 1 and 5 wt.% Ag contents were
prepared by photo-assisted deposition of Ag NPs on the g-CsN4 surface
[31]. The synthesis of 1%Ag/g-C3N4 was conducted as follows: 99 mg of
exfoliated g-CsN4 was placed in 25 mL deionized water and sonicated for
5 min in the dark. The appropriate amount of AgNO3 was added to the
colloid dispersion of exfoliated g-C3sN4 and vigorously stirred by elec-
tromagnetic stirrer for the next hour in the dark. The pH of solution was
6.8. The mixture was then irradiated for 10 min by 416 nm 10 W LED. A
slightly grey-colour replaced the initial light yellow in the dispersion
after irradiation. This indicated Ag NP creation. The final nano-
composites were washed four times in deionized water and collected by
centrifugation. The final Ag/g-C3sN4 nanocomposite was obtained by
freeze-drying and it is denoted XAg/g-C3Ny4, where X = 1 wt.%, and 5 wt.
% gives Ag amount.

2.4. Synthesis of colloidal silver NPs

Ag NPs were prepared by the well-established modified Tollens
process based on the reduction of [Ag(NH3),]" complex cation by p-
maltose in pH 11.5 alkaline media [32,33]. The initial reagent concen-
trations in the reaction system were as follows: 1 .10~2 mol dm™ AgNO3,
5.10°mol dm™ ammonia, 9.6:10>mol dm™> NaOH, and 1-10~%mol
dm™3 p-maltose provided the reducing agent. The prepared colloidal
silver NPs dispersions were used without further modification or
stabilization.

2.5. Materials characterization

X-ray powder diffraction patterns were collected by Bruker D8
Advance diffractometer (Bruker AXS). CuK, 1.54060 A A radiation was
used and detection was performed by the LynxEye fast position sensitive
detector.

Powder sample morphology was studied by Nova NanoSEM 450
scanning electron microscope (SEM-Thermo Fisher Scientific, Waltham,
MA, USA) at 5 kV accelerating voltage in high-vacuum mode equipped
with CBS detector to enhance material contrast in the samples.

Scanning/transmission electron microscope (S/TEM) Talos F200X
(Thermo Fisher Scientific, Waltham, MA, USA) was combined with
HRTEM and TEM imaging with energy dispersive X-ray spectroscopy
(EDS) to study Ag NP distribution and particle size in the Ag/g-C3Ny
composites. Samples were measured on a silicon oxide copper grid.

The optical absorption of powder samples was obtained by
measuring UV-vis diffuse reflectance spectra (DRS) by UV-2600 spec-
trophotometer (IRS-2600Plus - Shimadzu, Japan). Spectra were recor-
ded in diffuse reflectance mode and transformed to equivalent Kubelka-
Munk units.

The FLS920 Spectrometer (Edinburgh Instrument Ltd, UK) obtained
the photoluminescence spectra of the powdered g-C3N4 sample and both
Ag/g-C3N4 composites. The spectrometer was equipped with a 450 W
Xenon lamp (Xe900). The excitation wavelength was set at 325 nm.

The amount of silver immobilized on g-C3N4 sheets was measured
using atomic absorption spectroscopy (AAS), on a ContrAA 300 (Ana-
lytik Jena AG, Germany) atomic absorption spectrophotometer with
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flame atomizer. For AAS measurements, Ag/g-CsN4 composites was
added into a solution of nitric acid (2 % w/w) and sonicated for 10 min
in order to quantitatively dissolve silver. After that silver content was
analyzed after g-C3N4 separation using syringe filter. The determined
silver concentrations in Ag/g-C3N4 nanocomposites were applied to
calculate Ag-related minimum inhibitory concentrations.

2.6. Test of antimicrobial activity

The prepared nanocomposites’ antimicrobial activity was tested by
standard dilution method. This enables determination of the minimum
inhibitory concentration (MIC) which inhibits growth of the tested
bacterial strain in the dark. Nanocomposite 1 g L™! water suspensions
were used for antimicrobial testing. This was performed in microtiter
plates where tested samples were diluted by culture medium in 2-128
geometric progression (Mueller Hinton Broth, Difco, France). The me-
dium was inoculated with the tested bacteria at 10° to 10° CFU mL™*
concentration and incubated for 24 h at 37 °C. Assessing of antimicro-
bial activity was performed according to standard testing protocols
(CLSI, EUCAST) and the MIC of both nanocomposites and Ag-related
(with respect to the concentration of silver only) values were deter-
mined as the lowest concentrations of the tested substance that visibly
inhibits the growth of microorganisms. The same assay was used to test
the antibacterial activity of the AgNO3 solution and colloidal Ag NPs.
These were 108 mg L ! Ag in both the stock solution and dispersion. The
MIC determination is a qualitative assay and the estimated error was of
the order of magnitude of the values. All the experiments were per-
formed in triplicate.

2.7. Cytotoxicity assessments

The following cell lines were employed for cytotoxicity assessment.
Three adherent cell lines; human cervical adenocarcinoma cells (HeLa),
human lung adenocarcinoma cells (A549) and human embryonic lung
fibroblasts (HEL) and two suspension cell lines; human lymphoblastic
leukemia cells (CCRF-CEM) and human monocyte leukemia cells (THP-
1).

The cells were cultivated at 37 °C under 5 % CO, atmosphere. The
cell culture media were: HeLa cells, DMEM - Dulbecco’s Modified Ea-
gle’s Medium - high glucose, supplemented with r-Glutamine (2 mmol
dm™), 10 % FBS and PenStrep (5000 U penicillin, 5 mg streptomycin/
mL); A549 cells, MEM (1X) — Minimum Essential Medium + Gluta-
MAXTM enriched by Earle’s salts, FBS (10 %) and PenStrep (5000 U
penicillin, streptomycin 5 mg mL~'); CCRF-CEM and THP-1 cells, RPMI-
1640 supplemented with -Glutamine (2 mmol dm’3), FBS (10 %) and
PenStrep (5000 U penicillin, streptomycin 5 mg mL™!) and finally for
HEL cells Eagle’s Minimum Essential Medium (EMEM) supplemented
with FBS (10 %), -glutamine (2 mmol dm’3), non-essential amino acids
(1%) and sodium bicarbonate (0.2 %).

The LIVE/DEAD assay was performed by BD FACSVerse flow cy-
tometer (BD Biosciences, USA). The cells were initially seeded in a 96-
well plate at 10,000 cells/well density. They were then treated with
10, 25, 50, 75, 100, 200 and 300 mg Lt g-C3Ny4 composites (g-C3Ng4, 1%
Ag/g-C3N4 and 5%Ag/g-C3Ny4) and incubated for 24 h. We collected the
supernatant, washed the cells with phosphate buffer solution (PBS; 0.1
mol drn's), detached the cells with 0.25 % EDTA) and resuspended cells
after 5 min in 150 pL culture medium to a final volume of 300 pL.

There is adequate information on all cells in our samples, because no
volume was discarded during preparation. The cells were then incubated
with propidium iodide (PI, 10 mg L) and calcein-AM (50 pmol dm™
diluted in dimethyl sulfoxide (DMSO)) for 30 min in the dark. Finally,
the fluorescence signal was measured on 2 channels of the flow cy-
tometer (red: ex. 488/em. 700 nm and green: ex. 488/em. 527 nm). PI
intercalated the DNA of dead cells with ruptured membranes, and active
esterases in live cells catalyzed non-fluorescent calcein-AM to highly
fluorescent calcein. This enabled distinction of live and dead cell
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populations. Finally, untreated cells were used as negative control (NC)
and heat-killed cells incubated in 60 °C for 30 min before measurement
formed the positive control (PC). The concentration of stock solutions
was only 1 mg mL™}, and therefore we used an additional amount to
reach the final concentration of 300 mg L™!. There was only 70 % of the
culture media in samples treated with 300 mg L™ compared to the
negative control, so volume controls (VC) were added to determine if
this inconsistency affected cell viability. Here, we added the same vol-
ume of solvent from ultra-pure water stock solution to the culture media
that we used to achieve 300 mg L™! concentration, and additional
controls were then employed to avoid nanomaterial interference with
measurements.

3. Results and discussion
3.1. Photo-assisted synthesis of Ag/g-CsNy4

The g-C3N4 nanosheets were dispersed in aqueous solution and
sonicated in the dark for 5 min to deagglomerate nanosheets. An
appropriate amount of AgNO3 was then dissolved and stirred for 1 h.
During the first phase of synthesis the dark condition was necessary to
prevent photo-reduction of Ag" to Ag° NPs by UV light [34,35]. In the
dark conditions, positively charged Ag™ ions are attracted to the nega-
tively charged surface of g-C3N4 [36]. Composite formed by utilizing
this first step (electrostatic attraction forces) occurs to be more stable
and particle sizes of thus created Ag NPs are even smaller without un-
desirable formation of large Ag aggregates according to our previous
research [31]. The second phase involved irradiation of g-C3Ny4 colloid
dispersion with already adsorbed Ag™ ions on its surface. Here, 10-
minute irradiation reduced Ag" to metallic Ag° NPs and the final
Ag/g-C3N4 nanocomposites were created. The reduction process was
achieved by the following Eq. 1 and Eq. 2:

g — C3Ny + hv—egy + iy (€8]

Agh + eEB—>Ag° NPs (2

3.2. Materials characterization

3.2.1. X-ray diffraction

Both pure and Ag-doped g-C3N4 materials were successfully pre-
pared. Fig. 1 depicts all XRD patterns, and these show the two main g-
C3Ny4 peaks located at 20 at approximately 10.9° and 27.8°. These
correspond to the g-C3Ny crystal planes: lattice planes parallel to c-axis
(100) and stacking conjugated aromatic systems in a layered structure
(002) [37]. The sharp peak located at 20 10.9° corresponds to a distance
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Fig. 1. XRD patterns of pure g-C3N4 nanosheets and Ag/g-C3N, nano-
composites with different Ag content.
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(d190 = 0.81 nm) of tri-s-triazine units.

The distance (d1¢p) is slightly above the size of tris-s-triazine unit (ca.
0.73 nm), indicative that the intra-planar separation of tris-s-triazine
packing, such as hole-to-hole distance of nitride pores is slightly
enlarged. Further, interlayer distance (dgp2 = 0.32 nm) is lower than in
the case of bulk g-C3Ny4 (d = 0.33 nm) [38]. This strongly indicates that
the formed carbon nitride structure is exfoliated into carbon nitride
nanosheets containing denser structure, which could not be further
exfoliated during the last thermal treatment [19].

The peaks located at approximately 26 38.1°, 44.3°, 64.4° and 77.4°
correspond to the crystal planes of face-centred cubic Fm3m metallic
silver structure indexed as (111), (200), (220) and (311), respectively
(PDF 03—065-2871). The XRD patterns confirm unchanged g-C3Ny4
crystal structure, and also that different Ag NP amounts are successfully
deposited on the g-C3N4 surface.

3.2.2. Electron microscopy analysis

The SEM and TEM provided extensive information on pure g-C3N4
nanosheet morphology before and after modification with Ag NPs. The
analytic images show that the g-C3N4 structural appearance resembles
the crinkles on the Tremella sponge (Fig. 2 a,b).

The SEM images depict that the mesopores created during exfoliation
were preserved even after Ag NP modification, and Fig. 2c and d high-
light the 1% and 5%Ag/g-C3sN4 nanocomposites. These have clearly
different Ag NP amounts. The 5%Ag/g-C3N4 sample has more and larger
Ag NP aggregates on the g-C3Ny surface than the 1% sample. However,
there is also a large number of very small Ag NPs in both samples, and
their particle size distribution was therefore estimated from TEM images
(Fig. S1).

The average particle size of the Ag NPs in 1%Ag/g-C3N4 ranged from
2—6 nm and the 5% moiety ranged from 3—21 nm. Fig. 3a-c shows TEM
images of the 5%Ag/g-C3N4 with detailed structure and Ag NPs distri-
bution on the g-C3Ny4 surface. Fig. 3d-e) depict Ag and g-C3N4 HRTEM
images with 0.234 nm lattice spacing (111), 0.204 nm (002) for Ag NPs
and 0.304 nm for the g-C3N4 plane (002) [37].

Finally, Fig. 3 f-i highlight 5%Ag/g-C3N4 elemental mapping. These
results show that it is relatively difficult to distribute Ag NPs
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homogeneously on the g-C3N4 surface and prevent large Ag agglomer-
ates. Energy dispersive X-ray spectroscopy (EDS) then revealed Ag
composition distribution in both samples.

This confirmed that the 1% and 5%Ag/g-C3N4 spectra correspond to
carbon and nitrogen rich compounds with different amounts of silver
(Fig. S2). It also confirms the presence of Ag, C and N elements in all
samples without any additional impurities. A small amount of O, Si and
Cu elements was detected from measurements on a silicon oxide copper
grid. The Ag weight percentage in both composites was calculated
theoretically at 1 and 5 wt% and quantitatively analyzed at 1.04 and
4.98 wt%, respectively.

3.2.3. Optical properties

Fig. 4 (a) shows prepared samples’ UV-vis absorption spectra. The g-
C3N4 nanosheet and Ag/g-C3N4 nanocomposite band gap energy was
estimated from the Tauc plot [39]. This energy remained unchanged
after modification by 1 wt.% Ag NPs, and a slight shift was observed
with higher amounts of Ag. The conduction and valence bands positions
were calculated by Egs. 3 and Eq. 4:

Eyg =y — Ey +0.5E), 3)
Ecp = Evg — Ep, (€3]

where y is the electro-negativity of g-C3N4 (4.72 eV), Eyp is the valence
band potential, Ecg is the conduction band potential, Epg is the band gap
energy estimated from the Tauc plot, and Ej is the energy of free elec-
trons (4.5 V vs NHE) [40]. Here, the g-C3N4 nanosheet and 1%Ag/g-C3N4
band positions were determined at -1.23 eV (Eyp) and +1.67 eV (Ecp)
and the 5% at -1.22 eV (Eyp) and +1.66 eV (Ecp). The 5%Ag/g-C3N4
absorption in the visible light region was slightly enhanced after placing
Ag NPs on the g-C3Ny4 surface. This was due to the effect of the localized
Ag NPs surface plasmon resonance (LSPR) [41].

Schematic diagram of Tauc plot shows that the influence of pre-
sented Ag NPs is also evident as a broad band starting from 1.5 up to 2.9
eV reaching its absorbance maximum in the region between 2.5-2.76.
This corresponds to localized surface plasmon resonance (LSPR) of Ag
NPs with particle sizes below 23 nm [42] and accords with TEM size

Fig. 2. (a) SEM and (b) STEM g-C3N4 nanosheet images. (¢) SEM images of 1%Ag/g-C3N4 and (d) 5%Ag/g-C3N4 nanocomposites. Scale bar on Fig. 2. (a) 1 pm, (b)

200 nm, (c) 500 nm and (d) 500 nm.
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N

Fig. 3. TEM images of 5%Ag/g-CsNy: (a) low and (b) high-magnification TEM images (c); HRTEM images of Ag and g-C3N,4 with electron diffraction patterns and
lattice fringes (d),(e). EDS elements with overlapping Ag, C and N images (f); Ag (g), C (h) and N (i) element mapping.
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Fig. 4. (a) UV-vis absorption spectra and Tauc plot inset with the estimated band gap energy and (b) PL spectra of the g-C3N, nanosheets and Ag/g-C3N,4 composites.

results (Fig. S1).

The photo-luminescence (PL) spectra provides insight into the g-
C3N4 and Ag NP inter-connection. Fig. 4(b) identifies the PL spectra of g-
C3Ny4 nanosheets and the 1% and 5%Ag/g-C3N4 composites, where all
samples have a main emission broad band with a maximum at approx-
imately 432 nm This corresponds to recombination of the photo-
generated electrons and holes in the g-C3N4 nanosheets [43]. Both
Ag/g-C3N,4 composites have weaker emission intensity than the pure
g-C3N4 nanosheets. The decrease in Pl spectra intensity following
modification with Ag NPs was caused by a decrease in radiative
recombination probability of photo-generated electrons and g-C3Ng4
holes. This was due to silver’s ability to act as a sink for electrons
through the created Ag/g-CsNy4 hetero-junction [44]. The weaker PL
intensity in the 5%Ag/g-C3N4 composite indicates the higher Ag NP
number and greater electron-hole separation processes [45].

3.2.4. Antibacterial activity

The antimicrobial effects against antibiotic sensitive and resistant
bacteria were evaluated in the dark. These effects were assessed for pure
g-C3Ny4, Ag/g-C3N4 nanocomposites, AgNO3 solution and colloidal Ag
NPs. This prevented g-C3N4 photo-activation and the creation of reactive
oxygen species. The antibacterial efficiency of the synthesized

nanocomposites was evaluated by the standard dilution micro-method.
This determined MIC values which visibly inhibited bacterial growth.
Gram-positive and Gram-negative bacterial strains comprising standard
reference strains susceptible to conventional antibiotics and those with
high antibiotic resistance were selected for the test. The resultant MIC
values confirmed that the tested Ag/g-C3N4 nanocomposites had high
antibacterial effect against both susceptible and antibiotic-resistant
bacteria. These included the multi-resistant Staphylococcus aureus
(MRSA) and pan-resistant Pseudomonas aeruginosa. The high antimi-
crobial activity was proven for all tested nanocomposites, and the 1%
and 5%Ag/g-C3N4 MIC values ranged from 15.6-500 mg L' depending
on sample testing with silver or microorganisms (Table 1). Pure g-CsN4
nanosheets exhibited no antibacterial activity for any tested microor-
ganism at the highest tested concentration in the dark. Finally, the
antibacterial results herein could help increase their use in both medi-
cine and the environment.

The results also highlight the differences between the MIC values
relative to sensitive and resistant bacteria. The most effective growth
inhibition concentration of 1%Ag/g-CsN4 against sensitive strains
E. faecalis and S. aureus was 250 mg L™, while the lower value of 125 mg
L~! was recorded against E. coli and P. aeruginosa. The 5%Ag/g-C3Ny4
nanocomposite had higher efficiency than the 1%Ag/g-CsN4 sample.
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Table 1

Minimum inhibitory concentrations® of g-C3N, nanosheets, Ag/g-C3N4 nano-
composites, AgNO3 solution, colloidal Ag NPs and Ag-related (values with
respect to the mass of the Ag only) MIC values of Ag/g-C3N4 nanocomposites.

Minimum inhibitory concentrations (mg L)

Bacterial strain e 1%Ag/g- 5%Ag/g- AgNO;  Ag
C3Ny C3Ny/Ag C3N4/Ag NPs
related” related”

Enterococcus faecalis - 250/(1.9) 62.5/(3.2) 6.75 13.5
CCM 4224

Staphylococcus - 250/(1.9) 62.5/(3.2) 3.38 13.5
aureus CCM4223

Escherichia coli CCM - 125/(0.95) 62.5/(3.2) 3.38 1.69
3954

Pseudomonas - 125/(0.95) 15.6/(0.81) 1.69 3.38
aeruginosa CCM
3955

Staphylococcus - 250/(1.9) 31.2/(1.62) 3.38 6.75
epidermidis

Staphylococcus - 250/(1.9) 31.2/(1.62) 6.75 13.5
aureus (MRSA)

Enterococcus faecium - 250/(1.9) 31.2/(1.62) 6.75 13.5
(VRE)

ESBL-positive - 500/(3.8) 62.5/(3.2) 6.75 6.75
Escherichia coli

Enterobacter kobei - 500/(3.8) 62.5/(3.2) 3.38 13.5
(CRE)

panresistant - 250/(1.9) 31.2/(1.62) 1.69 3.38
Pseudomonas
aeruginosa

@ The MIC determination is a qualitative assay and the estimated error was of
the order of magnitude of the values; (n = 3).

b Values refer to the mass of Ag/g-CsN4 nanocomposites and values in pa-
rentheses refer to the MIC values with respect to the mass of the Ag only, ac-
cording to its content in the nanocomposite.

MIC values of 5%Ag/g-C3N4 nanocomposite against E. faecalis, S. aureus
and E. coli strains were identical 62.5 mg L™! and against P. aeruginosa
were recorded at the value of 15.6 mg L1

In contrast, MIC values of the synthesized nanocomposites were
different against resistant bacterial strains. MIC value equal to 250 mg
L7! of 1%Ag/g-C3N4 was determined against S. epidermidis, MRSA,
Enterococcus faecium (VRE) and pan-resistant P. aeruginosa strains, while
ESBL-positive E. coli and Enterobacter kobei CRE were inhibited at the
concentration of 500 mg L7l Also 5%Ag/g-C3N4 nanocomposite
showed different MIC values against resistant bacteria in comparison
with sensitive strains. MRSA, Enterococcus faecium (VRE) and pan-
resistant P. aeruginosa were inhibited at the concentration of 31.2 mg
L~! and ESBL-positive Escherichia coli and Enterobacter kobei CRE at 62.5
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mg L7, respectively. The MIC values varied for different bacterial
strains, including both antibiotic sensitive and resistant, because of their
different susceptibility to Ag NPs, as it this was solely observed also for
colloidal Ag NPs.

While better antimicrobial activity from lower MIC value is apparent
in nanocomposites with higher Ag content, the Ag-related values
(determined from the amount of silver contained in the nanocomposite),
ie. the MIC values related to Ag are comparable for both nano-
composites. The nanocomposites’ antimicrobial activity is therefore
determined solely by silver nanoparticle content in respective nano-
composite. The Ag-related MIC values were slightly better in comparison
with MIC values of AgNOj3 solution and the 28 nm colloidal silver NPs
synthesized by the modified Tollens process but not coated to the
nanocomposite. The Ag-related MIC values determined herein ranged
from 0.81 to 3.8 mg L ™! of silver depending on the tested bacterial strain
(Table 1).The MIC values were higher for AgNO3s and Ag NPs in water
dispersion, and these ranged from 1.69 to 13.5 mg L™!. Fig. 5a clearly
highlights that the prepared Ag/g-C3N4 nanocomposites had higher MIC
values than pure Ag NPs. Nevertheless, comparison of Ag-related MIC
values reveals that the prepared nanocomposite with 5 wt.% Ag was
more effective than pure colloidal Ag NPs for all bacterial strains except
E. coli CCM 3954 (Fig. 5b).

The higher effect of Ag NPs deposited on the g-C3N4 surface
compared to pure Ag NPs may be related to particle size because this
significantly influences antimicrobial activity. ‘The smaller the Ag NPs
the higher the antimicrobial activity’ is due to higher surface area of
smaller silver NPs resulting in stronger chemical and biological in-
teractions with biomolecules on one side and to higher release of toxic
Ag" cation on other side as it was reported in many scientific works
[46-48]. At the same time, the nanocomposites have high antibacterial
efficiency due to the strongly coated Ag NPs on the g-C3sN4 nanosheet
surface that results in high aggregation stability of silver NPs. Deposition
and strong bounding of silver NPs to g-C3N4 surface prevents aggrega-
tion of silver NPs which increase antibacterial activity. In contrast, the
free Ag nanoparticles in water dispersion may aggregate, and thus lose
antibacterial activity during cultivation of the bacterial suspension [49].

3.2.5. Cytotoxicity of g-C3N4 nanosheets and Ag/g-CsN4 nanocomposites

For cytotoxicity assessment of g-C3N4 nanosheets and Ag/g-C3Ny4
nanocomposites, the viability of CCFR-CEM, THP-1, HEL, HeLa and
A549 cells after 24 h of incubation with materials was evaluated using
flow cytometry with LIVE/DEAD assay.

The nanosheets exhibited no cytotoxicity because all cell lines at all
tested concentrations retained 90 % viability (Fig. 6 a). However, while
CCRF-CEM cell viability remained at 90 % for 10 and 25 mg L™! at 1%
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Fig. 5. Comparison of (a) MIC and (b) Ag-related MIC values of 5%Ag/g-C3N, nanocomposite and colloidal Ag NPs.
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Fig. 6. Viability of CCFR-CEM, THP-1, HEL, HeLa and A549 cells treated with various concentrations of a) g-C3Ny4, b) 1%Ag/g-C3N, and ¢) 5%Ag/g-C3Ny for 24 -h.
Results were normalized for negative control to have viability of 100 %. NC - negative control; PC — positive control; VC — volume control.

Ag/g-C3Ny, viability began to decrease and samples treated with 50 mg
L7! of 1%Ag/g-C3N, had only 63 % viability after 24 h (Fig. 6 b).
Here, all CCRF-CEM sample cells had less than 10 % viability and
were dead at higher concentrations. The nanocomposite cell-lines
viability differed greatly at 5%Ag/g-C3N4, (Fig. 6 c). Cells in suspen-
sion were clearly more sensitive than adherent cells, but there were also
differences between specific cell lines. All CCRF-CEM sample cells died
even when treated with minimal 10 mg L™! concentration, while the
THP-1cells retained over 90 % viability until 25 mg L™ treatment.
Treatment at higher 5%Ag/g-C3Ny4 resulted in the death of all THP-1
sample cells. HEL cells, as representatives of healthy adherent cell
lines, were the most susceptible to 5%Ag/g-CsN4. Treatment with 75 mg
L~! 5%Ag/g-C3N, caused significant decrease in their viability, and
exposure to higher concentrations induced death in all HEL sample cells.
Cancer adherent cell lines were the most immune lines in this study.
Here, the HeLa cells were more resilient than A549 cells because their
viability remained over 90 % even after 24 -h treatment with the highest
5 %-300 mg L! Ag/g-CsNy concentration. In contrast, the A549

samples maintained this level only in concentrations up to 10 mg L™?
and the level then decreased with induced cytotoxicity. There was no
loss of viability in different culture media volumes. Our results stress the
importance of using multiple cellular lines in new antibacterial agent
cytotoxicity tests because this reveals their general bio-compatibility.
The Zhang et al. and Chung et al. cytotoxicity results previously
mentioned must therefore be interpreted with caution because they
experimented on only one cancer cell line [25,26]. In addition, they both
employed MTT assay for viability assessment. Although there are no
reports of g-C3Ny4 potential interference in the literature, carbon nano-
materials are well known for their strong interference in assays using
spectroscopic detection [50-52]. These papers also mentioned inter-
ference controls, and therefore we consider LIVE/DEAD assay using flow
cytometry and additional controls as a more suitable option for precise
cytotoxicity results.
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4. Conclusion

We successfully prepared and characterized pure g-C3N4 and Ag-
modified g-C3N4 nanocomposites using diverse experimental tech-
niques. We then verified 1% Ag content with corresponding Ag particle
size from 2 to 6 nm, and 5 wt.% from 3 to 21 nm. We also proved that
thus prepared Ag-modified materials gives us smaller Ag NPs, which are
more antimicrobial effective (Ag-related MIC) than pure 28 nm Ag NPs.
We further demonstrated that it is crucial to involve multiple cellular
lines in testing. The suspension and adherent cell-line responses and the
sensitivity of healthy and cancer cell lines can differ. For example,
cancer lines are usually more resilient. We then identified important
viability in the two suspension cell lines and two cancer adherent cell
lines treated with Ag/g-C3N4 nanocomposites. This confirms that each
cell line behaves differently; concentrations non-toxic for THP-1 cells
can be lethal to the CCFR-CEM cell-line. In conclusion, our results
highlight the advantages of complementary cytotoxicity testing of new
antibacterial agents and to count also with drawback such as enhanced
cytotoxicity of previously non-toxic and biocompatible material such as
g-C3Ny. This inclusion of multiple human cell lines in cytotoxicity assays
is therefore highly recommended because it provides research-inspiring
information on both antibacterial agents and cell-line bio-compatibility.
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Microthermal-induced subcellular-targeted protein
damage in cells on plasmonic nanosilver-modified
surfaces evokes a two-phase HSP-p97/VCP
response

Martin Mistrik"©® Zdenek Skrott® ®, Petr Muller® 2, Ales Panacek® 3, Lucie Hochvaldova® 3,
Katarina Chroma!, Tereza Buchtova!, Veronika Vandova® 2, Libor Kvitek® 3 & Jiri Bartek® 4>

Despite proteotoxic stress and heat shock being implicated in diverse pathologies, currently no
methodology to inflict defined, subcellular thermal damage exists. Here, we present such a
single-cell method compatible with laser-scanning microscopes, adopting the plasmon reso-
nance principle. Dose-defined heat causes protein damage in subcellular compartments, rapid
heat-shock chaperone recruitment, and ensuing engagement of the ubiquitin-proteasome
system, providing unprecedented insights into the spatiotemporal response to thermal
damage relevant for degenerative diseases, with broad applicability in biomedicine. Using this
versatile method, we discover that HSP70 chaperone and its interactors are recruited to sites
of thermally damaged proteins within seconds, and we report here mechanistically important
determinants of such HSP70 recruitment. Finally, we demonstrate a so-far unsuspected
involvement of p97(VCP) translocase in the processing of heat-damaged proteins. Overall, we
report an approach to inflict targeted thermal protein damage and its application to elucidate
cellular stress-response pathways that are emerging as promising therapeutic targets.
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ARTICLE

xposure of cells and tissues to elevated temperatures is

routinely used in research on protein thermal stability

profiling, thermal therapies, treatments of accidental burns,
and proteinopathies involving an accumulation of defective
proteins. At the cellular level, the thermal damage primarily
impairs proteins, causing their unfolding, aggregation, amyloi-
dogenesis, and denaturation, phenomena particularly implicated
in the pathobiology of Alzheimer’s disease (AD), Huntington
disease, Parkinson disease, amyotrophic lateral sclerosis and
amyloidosis!. Accumulation of defective proteins is also among
the hallmarks of cancer with potentially causative roles, and
cellular mechanisms of protein quality control represent antic-
ancer therapeutic targets, as exemplified by clinically applicable
inhibitors of the ubiquitin—proteasome system (UPS)2.

Studying responses to thermal damage of proteins on the level
of a single living cell or even subcellular level represents a sig-
nificant challenge due to the lack of available methods allowing
precise and fast delivery of the heat to the target structure at the
micrometer scale. The temperature elevation is currently achieved
by heating the cell culture media using various heat sources such
as a water bath, an incubator with a pre-set target temperature, or
by various energy emitters, including microwaves, ultrasound,
and infra-red lamps and lasers>. However, such approaches have
severe limitations, including, but not limited to: (i) a significant
time delay in achieving the desired temperature as the media
must be heated primarily; (ii) spatial restrictions as the whole
cultivation vessel, or at least its large part is inevitably exposed to
the heat; and (iii) overall precision issues including the inability to
target selected single cells or subcellular compartments, thereby
limiting the type of biological questions one can address.

Currently, the function of cellular chaperones is studied mainly
by biochemical approaches under in vitro non-physiological
conditions, mostly based on model substrates and simplified
peptides, leaving the role and regulation of chaperones under
physiological conditions of intact cell largely unexplored. Dra-
matic differences between cells and test tube should be taken into
consideration, such as molecular crowding (300-400 mgml~!
of proteins in cells), presence of other (macro)molecules,
or increased interactions between macromolecules leading to
changes in protein aggregation or folding?. Moreover, the find-
ings from biochemical experiments are challenging to validate in
cellular experiments due to a lack of appropriate methods. Thus,
some basic questions regarding the function of chaperones in
cells, including their recruitment kinetics to the substrates,
remain unanswered.

The emerging field of plasmonic nanoparticles (NPs) has
opened, besides other possibilities, a way for localized thermal
therapy due to the efficient and tunable photothermal properties.
When illuminated by light, free electrons localized on the NP
surface become excited, and the local electron cloud is asymme-
trically distributed over the whole NP. This distribution produces
a coulombic restoring force between positively charged nuclei and
negatively charged electrons from the conduction band, which
leads to collective oscillation of the electron cloud on the particle
surface called localized surface plasmon (LSP). The localized
surface plasmon resonance (LSPR) occurs if the frequency of the
incident light matches the frequency of LSP oscillation. As a
result, the light is absorbed much more efficiently and generates
localized and highly amplified electric fields in the proximity of
the NP surface>®. Absorption of light by NPs may be non-
radiatively relaxed and simultaneously converted to heat energy.
Surface plasmon resonance depends on many parameters of the
NPs, including size, shape, composition, surface coatings,
dielectric properties of the metal NP and the environment®-3,
Importantly, the absorption and scattering frequency of plas-
monic NPs can be selectively changed by adjusting the

morphology and the structure of the NPs and tuned to be located
in the desired wavelength. Silver NPs can be easily tailored to
possess an intense SPR band at a suitable wavelength region,
enabling them to produce heat after the irradiation with appro-
priate laser and makes them an excellent candidate for a photo-
thermal therapeutic agent. Plasmon NPs convert energy from the
light to heat immediately and efficiently, allowing localized
heating of the surrounding environment®-11.

In an attempt to remedy the lack of suitable techniques for
inflicting targeted protein damage in live human cells, we exploit
here the properties of the plasmonic nanosilver-modified surfaces
as a cell culture substrate. The approach that we developed, and
examples of its applications to study molecular pathways highly
relevant for biomedicine, are presented below.

Results

Plasmon-coated cultivation surface as a tool for heat micro-
irradiation. We adopted the NPs technology to directly focus the
heat on the individual cells or subcellular compartments within a
micrometer scale. The method is based on modified microscopic
cell culture plates, pre-coated by a layer of anisotropic silver
NPs allowing excitation through targeted irradiation by conven-
tional lasers used in the laser scanning microscopes (LSM) and
allowing controllable heating. The deposition of NPs with suitable
plasmonic properties on the cultivation surface is based on
the layer-by-layer self-assembly technique, which facilitates the
binding of negatively charged silver NPs using positively charged
thin polymeric film deposited on the surface of the cultivation
plate (Fig. 1a). For this purpose, water dispersion of anisotropic
silver NPs of various crystallinity and shapes such as spheres,
plates, rods, and triangles (Supplementary Fig. 1a, b), were syn-
thesized by a two-step reduction method, showing the typical
UV/VIS absorption spectrum (Supplementary Fig. 1c). Next, the
prepared NPs were coated on the bottom of standard cell culture
24-well plates, which were pre-coated by a thin polymeric film
consisting of polyacrylic acid (PAA) and poly(diallyl dimethy-
lammonium chloride) (PDDA) polyions, thereby ensuring higher
wettability and strong electrostatic binding ability of silver NPs,
respectively!2.

Notably, such modified cultivation surface is chemically
stable, optically transparent, and fully compatible with standard
tissue culture methods, including cell adherence, cell viability
and growth (Supplementary Fig. le-g). The photothermal effect
and heat emission of the plasmonic modified cultivation surface
after irradiation with the LSM laser is detectable within the
LWIR spectrum (7.5-14 um) by thermal imaging (Fig. 1b and
Supplementary Fig. 1h).

To analyze the ability of the modified surface to induce
microthermal damage of proteins in live cells, we employed a
human reporter U-2-OS cell line expressing a GFP-tagged HSP70
protein (Heat shock protein 70). HSP70 is the central cellular
chaperone involved in the processing of unfolded or aggregated
proteins®. Immediately (within 8s) after the laser exposure,
HSP70-GFP accumulated at the micro-thermal damage sites,
forming the laser path’s precise pattern demonstrating proximate
recognition of heat-damaged proteins by HSP70 in cells (Fig. 1c).
The HSP70-GFP signal within the damaged areas changed over
time positionally, and also the intensity decreased within a few
minutes, indicating dynamic processing (Supplementary Video 1).
HSP70 interacting partners, E3 ubiquitin ligase CHIP, and co-
chaperone HOP* were also rapidly recruited to the sites of
thermal damage with similar signal kinetics as HSP70 (Fig. 1c).
Importantly, the same chaperone response was observed in
another human reporter cell line (H1299) and on different
plasmon layer-modified cell culture plates, thereby attesting to
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Fig. 1 Plasmonic cultivation surface activated by a laser of appropriate wavelength induces microthermal damage. a Schematic representation of the
concept of microthermal damage inflicted on cellular proteins. The cell culture plate surface is modified by a thin polymeric film consisting of PAA
(polyacrylic acid) and PDDA (poly(diallyl dimethylammonium chloride) for the efficient binding of plasmonic silver NPs. Plasmon NPs convert energy from
light (laser) immediately and efficiently to heat, enabling direct focusing of the heat on subcellular regions. b. Thermal imaging shows emitted heat
detected in the LWIR spectrum in plasmon-modified cell culture plate wells activated by 561 nm laser. € Recruitment of various GFP-tagged heat shock-
related proteins to micro-heated regions in U-2-OS cells grown on a plasmon-modified Ibidi plate. Microheated regions were exposed to 561 nm laser
(power 15%). The defined laser path is shown in white. Cells were followed in time. Representative results from two experiments. Scale bars =10 um, for

TEM micrograph 100 nm.

the method’s universal applicability (Supplementary Fig. 2a, b).
Another chaperone involved in the processing of heat-damaged
proteins, HSP90, was less prominent but also detectable within
the damaged sites (Supplementary Fig. 2¢, d).

To rule out the possibility that the observed protein damage
and cellular response might also involve the direct damaging
effect of plasmon activating laser, we performed an additional
control experiment. The plasmon layer was partially scratched
from the cultivation surface using a pipet tip, which is also
visible using transmission light microscopy (Supplementary
Fig. 3). Importantly, only those cellular areas which are in
direct contact with the plasmon layer, but not those in contact
with the adjacent scratched surface, revealed the typical HSP70
protein response upon exposure to the plasmon activating laser
(Supplementary Fig. 3).

Compatibility of the method with quantitative readouts.
Opverall, the presented approach enables a so-far unprecedented
analysis of the function and kinetics of chaperones or other fac-
tors involved in the processing of damaged proteins. In combi-
nation with a software-based ROI analysis, this setup also allows
precise quantification of the process in time (Fig. 2a, b, and
Supplementary Fig 4a). The microthermal damage can also be
induced by an adaptation of the so-called ‘laser stripe’ (laser
micro-irradiation) approach, which is commonly used in the field
of DNA damage!314. By this technique, dozens of cells can be

simultaneously and uniformly exposed to co-linear laser stripes of
damaged chromatin containing DNA double-strand breaks,
forming an easily recognizable pattern!3. We adapted this
approach and the HSP70-GFP reporter for characterization of
dose-response aspects of our method. Indeed, the dosing can be
precisely controlled to trigger responses ranging from relatively
faint and transient recruitment of HSP70-GFP to stripes, up to
clearly visible stripes persisting for several minutes, by adjusting
the laser power (Fig. 2c). Importantly, these experiments do not
require any specialized laser equipment as the real energy hitting
the plasmon layer corresponds to values 0.23, 0.38 and 0.48 mW,
respectively. Alternatively, the total emitted heat can also be
increased by changing the number of laser exposure cycles with a
fixed laser power (Supplementary Fig. 4b). These data confirm
that the method does not require any unusual equipment, and
generates predictably reproducible results in a dose-dependent
manner.

Real-time kinetics and structural requirements of HSP70
recruitment. As stated above, the current knowledge about
chaperone function is based mainly on biochemical experi-
ments with purified components under rather artificial condi-
tions. HSP70 is known to form oligomeric structures, and
recently, various oligomeric structures were proposed!*10.
Yet, the relevance of HSP70 dimerization is not fully under-
stood, and it has not been studied in the context of live cells.
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Fig. 2 Demonstration of dose-response dependence and quantification of the cellular response. a ROI-based quantitative analysis of the kinetics of
HSP70-GFP recruitment to micro-heated proteins and the dependence of the process on the laser power used for plasmon layer activation (mean, SD, n =
5 cells). b Representative images depicting the evolution of the HSP70-GFP signal in the micro-heated ROI (white arrow, n =5 cells). € H1299 cells grown
on a plasmon-modified Ibidi plate expressing HSP70-GFP were exposed to collinear laser stripes of different laser power. The laser dose-response
correlates with stronger and longer-persisting HSP70-GFP signals. Representative results from two experiments. Scale bars =10 um. Source data are

provided as a Source Data file for Fig. 2a.

To assess the contribution of the HSP70 dimerization for its
function, we employed three HSP70 mutants known to impair
the protein function in vitrol7-18, which have however so-far
not been tested in cells. Using the thermal micro-irradiation
approach, we observed that, compared to the positive control
of wild-type HSP70-GFP, the mutation that impairs the
HSP70’s binding ability to client substrates (V438F) strongly
abrogated the recruitment to micro-heated regions. This out-
come was consistent with the expected mode of HSP70
recruitment to damage sites through recognition of the sub-
strates, and it further attested to the suitability of our approach
for addressing physiologically relevant questions. Also, the
mutation affecting HSP70’s ATPase activity (T204A), robustly
impaired the recruitment of the respective mutant HSP70-GFPs

to the localized damaged proteins. Importantly, the subtle
mutations (N540A, E543A) that impair the dimerization
of HSP70 robustly inhibited the recruitment as well (Fig. 3a).
These results reveal critical roles of the ATPase activity
and dimerization, respectively, for proper recruitment of
HSP70 to client substrates. Furthermore, these results further
validate the applicability of our method for precision analyses
of chaperone activity in the cellular context. These data also
demonstrate that the observed recruitment to the lesion site
does not reflect any potential unspecific method artefact but
rather reflects HSP70’s physiological ability to bind denatured
proteins actively, in an acute manner, an on-demand dictated
by the cellular context under heat-inflicted damage in live
human cells.
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Fig. 3 Impaired recruitment of several HSP70 mutants and characterization of proteins damaged by micro-heating. a U-2-OS cells grown on a plasmon-
modified Ibidi plate expressing HSP70-GFP variants were micro-heated by laser stripes and followed in time, revealing impaired recruitment to micro-
heated regions of the indicated HSP70 mutants, compared to wild-type (WT) HSP70 control. b U-2-OS CHIP-GFP cells were micro-heated in the form of
colinear stripes, fixed and processed for immunofluorescence analysis of the accumulation of K48- and K63-ubiquitinated proteins. ¢ Detection of amyloid
aggregates by NIAD-4 and AmyloGlo dyes in U-2-OS cells in microheated regions. The defined laser path is shown in the upper left corner of each image.
All panels show representative results from two experiments. Scale bars = 10 um.

Thermally damaged proteins are ubiquitylated and processed
by p97 translocase. To provide further insights into the cellular
response to micro-thermally damaged proteins and assess the
method’s compatibility with immunofluorescence, we next
immunostained the exposed cells for ubiquitin. Using immuno-
fluorescence, we observed a clear co-localization of the thermally
damaged sites with signals from antibodies, specifically recog-
nizing K48- and K63-ubiquitinated proteins (Fig. 3b). Such K48-
linked ubiquitylation of the damaged protein indicates ongoing
processing by the UPS, while the K63-ubiquitin is mainly asso-
ciated with pathway signaling or autophagy!®, suggesting a
potential involvement of additional mechanisms. Furthermore,
we also tested specific fluorescent dyes recognizing unfolded or
aggregated proteins. For example, NIAD-4 dye, commonly used
as a detection reagent for B-sheet structures of AD-associated
amyloid plaques, highlights the micro-heated proteins.
Another dye accumulated within the thermally micro-irradiated
regions is Amylo Glo (Fig. 3c), used for detecting amyloids. Thus,
the amyloidogenesis of damaged proteins and the formation of
B-sheets is induced within heated regions, consistent with pre-
vious publications reporting that heat stress triggers amyloid
formation?%-21.

To elucidate the subsequent fate of the heat-damaged proteins,
we considered their noticeable positional stability. It is well
established that certain proteins dedicated to proteasomal
degradation, which are part of insoluble cellular structures,
require initial processing by p97 (VCP - Valosin Containing
Protein, p97) as demonstrated for Endoplasmic reticulum-,
chromatin-, or mitochondria-associated protein degradation22.
Yet, any potential role of p97 in the processing of thermally

damaged proteins has remained unexplored. To investigate
whether p97 is involved in handling heat-damaged proteins, we
first analysed the recruitment of GFP-tagged p97 to thermally
damaged sites. Indeed, we observed the accumulation of p97-GFP
within the micro heated areas a few minutes after irradiation and
the persistence there for around 20 min (Fig. 4a). We further
validated this response for endogenous p97 in human cells using
immunofluorescence, and confirmed co-localisation of p97 with
accumulated GFP-ubiquitin (Fig. 4b). For a more in-depth
mechanistic insight, we pretreated the cells with the UAEl
(Ubiquitin-activation enzyme 1) inhibitor (MLN7243), which is
capable of blocking nearly all cellular ubiquitinations23. Under
the UAE1-inhibited conditions, we observed complete prevention
of p97-GFP recruitment, indicating that ongoing ubiquitinations
are required for the localisation of p97 within the heat-damaged
sites (Fig. 4c). Interestingly, a specific inhibitor of ATPase activity
of p97 (CB-5083)24 also suppressed the recruitment of p97 to
heat-damaged proteins (Fig. 4c), revealing that intact ATPase
activity is required for proper accumulation of p97 within the
heated subcellular regions.

To further study the active role of p97 in processing the heat-
damaged proteins, we next studied a GFP-ubiquitin reporter cell
line under p97 inhibition. In mock-treated cells, the GFP-
ubiquitin was recruited to the micro heated regions within 5 min
and persisted for up to 10 min. In contrast, cells pretreated with
CB-5083 displayed stronger and longer-persisting GFP-ubiquitin
signals within micro heated areas (at least for 20 min) (Fig. 4d).
These data indicate direct and rate-limiting involvement of p97 in
the proper processing kinetics of ubiquitinated proteins damaged
by heat. We further confirmed these results under additional
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Fig. 4 p97 is recruited to thermally damaged proteins. a U-2-OS cells expressing p97-GFP grown on a plasmon-modified TPP plate were micro-heated by
laser stripes and followed in time, revealing the kinetics of accumulation of p97-GFP in micro-heated regions. Representative results from three
experiments. b U-2-OS cells expressing GFP-ubiquitin were micro-heated in the form of colinear stripes, fixed and processed for immunofluorescence
analysis of the accumulation of endogenous p97 protein. Representative results from three experiments. ¢ Pretreatment by UAET inhibitor MLN7243 (5 uM
for 30 min) or p97 inhibitor CB-5083 (5 uM for 30 min) suppress recruitment of p97-GFP to micro-heated regions in the form of collinear stripes, which
are visible only in mock-treated cells. Representative results from three experiments. d Inhibition of p97 by CB-5083 (5 uM for 30 min) increased the
accumulation and persistence of GFP-ubiquitin in micro-heated regions in the form of collinear stripes compared to the mock-treated control in U-2-OS
cells stably expressing GFP-ubiquitin. Representative results from three experiments. e p97 inhibitor CB-5083 (5 uM) increased the accumulation and
persistence of K48-ubiquitinated proteins in insoluble cell fraction after heat shock (30 min at 43 °C). Cells were recovered at 37 °C for indicated times and
cell pellets were analysed by WB. Representative results from two experiments. f Cell viability analysis after heat shock pulse (4 h at 42 °C) and recovery
at 37 °C for 24 h (mean, SD from three independent experiments). Scale bars =10 um. Source data are provided as a Source Data file for Fig. 4e, f.
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settings, based on a standard experimental approach used for the
heat shock induction. We treated cells with CB-5083 or mock and
then exposed the whole cell population to a 43 °C heat-shock
pulse using a pre-warmed water bath, after which the cells were
allowed to recover at 37 °C for different periods of time. Western
blot analysis of insoluble cell fractions confirmed the involvement
of p97 translocase in the processing of heat-damaged proteins.
Indeed, CB-5083-mediated inhibition of p97 caused a more
robust and persisting accumulation of K48-ubiquitinated pro-
teins, that otherwise dynamically disappeared in mock-treated
cells during recovery at 37 °C (Fig. 4e). Moreover, using a similar
experimental setup, we confirmed that the cytotoxic effect of a
heat shock pulse was significantly enhanced in cells with inhibited
p97 (Fig. 4f), indicating a contribution of p97 to better survival of
cells exposed to thermal insults.

UPS compensates for the processing of thermally damaged
proteins under HSP70 malfunction. Our data from the
recruitment dynamics of various responsive factors suggest two
temporally distinct, and potentially linked or cooperating
mechanisms involved in processing thermally damaged proteins.
The initial, more acute mechanism involves immediate action of
cellular chaperones and co-chaperones, represented primarily by
HSP70, involving also HSP90, CHIP and HOP. The second,
delayed and more durable mechanism, involves UPS, character-
ized by massive poly-ubiquitination and recruitment of the p97
translocase. To gain more insight into any potential orchestration
within this two-wave cellular heat stress response, we evaluated
the effect of HSP70 impairment by the established chemical
inhibitor of HSP70, VER15500821-2>, First, to validate the direct
impact of VER155008 on HSP70 function in cells, we compared
the HSP70 recruitment to damaged proteins in control and
treated cells. VER155008 did not abrogate recruitment of HSP70
but rather resulted in prolonged HSP70 persistence at the heat
damage sites, indicating inefficient chaperone-mediated proces-
sing of unfolded proteins, recognized, yet not further processed
under HSP70 activity inhibitor treatment (Fig. 5a). To investigate
the effect of HSP70 activity on the ubiquitination of damaged
proteins, we then titrated damage intensity to the level at which
the chaperones accomplished all the processing, i.e., without the
apparent need for the subsequent involvement of p97. Under
such settings, no GFP-ubiquitin signal was detectable. In contrast,
under the same mild damaging conditions in cells with impaired
HSP70 function (treated by VER155008), the accumulation of
GFP-ubiquitin signal became detectable (Fig. 5b). Consistently,
while under such mild conditions and proficient HSP70 response
(mock treatment) p97-GFP did not recruit to sites of damage, in
the VER155008-treated cells p97-GFP formed clearly visible
stripes along the heat damaged subcellular areas (Fig. 5¢). These
results indicate that under a relatively mild heat damage condi-
tions, the UPS pathway components including ubiquitin and p97,
seem to provide a back-up compensatory role in case the primary
chaperones (HSP70) are not fully operational. Furthermore, this
two-wave mechanism becomes fully engaged, as a temporally
coordinated cellular response, under conditions when the initial
HSP-mediated pathway becomes overwhelmed by the severity of
the damage.

Discussion

Our present study describes a highly versatile method suitable for
induction and monitoring of cellular responses to conditions that
lead to unfolded, aggregated proteins and P-sheet amyloids,
aspects highly relevant for both basic and translational research
on cellular protein quality control and its malfunction in a range
of neurodegenerative disorders and cancer. First, we designed and

validated plasmonic silver NPs modification of various cell cul-
tivation microscopic plates. Such products enable the researchers
thermal micro-irradiation of small subcellular regions and con-
comitant monitoring of both the overall fate, and particularly the
heat-triggered intracellular events in adherently growing cells
using standard LSM. Notably, the laser equipment required to
apply this method does not demand any uncommon or highly
specialized setups with regard to the laser power. Also, the
wavelengths needed for the plasmon layer activation do not have
to be strictly 561 nm as used in this study, given that the plasmon
layer’s absorption peak covers more laser types used in the diverse
LSM-type laboratory microscopes.

In addition to the method itself, we applied this approach to
study behavior of selected protein chaperones in the physiological
context of live cells in a spatiotemporally-controlled manner and
at the level of unprecedented detail. Indeed, the information
about the substrate recruitment kinetics in real time, and the
effect of some of the functional mutants of one of the most stu-
died protein chaperons - HSP70 (including the requirement for
intact substrate recognition, ATPase and dimerization domains,
respectively) are now revealed owing to the method described
here. We also aimed at obtaining more insights into the char-
acteristics, and particularly the further processing of the thermally
damaged proteins. One of the important contributions of our
study to the field are the results revealing the recruitment kinetics
and variable residence time of the heat shock factors at the
damage sites in a heat dose-dependent manner. Furthermore,
apart from confirming that heat damage induces protein B-sheet
amyloidogenesis in cells, we now report that the heat-damaged
proteins are not only recognized by specific chaperons but can be
further modified by poly-ubiquitylation and processed by the
p97/VCP translocase pathway. The latter two-phase scenario is
valid for more severe damage or conditions of chaperone insuf-
ficiency. Surprisingly, both types of the poly-Ub chains (K48- and
Ké63-linked) are present at the same time within the heat-
damaged subcellular sites, implying that a coordinated action of
multiple E3 ubiquitin ligases is to be expected, likely linked to
further processing by different protein-maintenance pathways, an
intriguing concept that should inspire further work in this area,
now amenable for experimentation thanks to the technique we
report.

From the available literature on yeast and bacteria, it is known
that in the processing of cellular protein aggregates, HSP70
cooperates with AAA+ (ATPase associated with diverse cellular
activities) family members such as HSP104 disaggregase. How-
ever, such disaggregase is apparently lacking in metazoans2®, In
this study using human cells, we discovered the involvement of
the AAA+ translocase p97 in the processing of heat-damaged
proteins. P97/VCP is an established component of the UPS
machinery and generally protein quality control, promoting the
degradation of ER-, mitochondria- or chromatin-associated
proteins?2. Despite mutations in the p97 gene are associated
with various neurodegenerative diseases accompanied by accu-
mulation of protein aggregates, the function of p97 in processing
heat-damaged and aggregated proteins has not been studied?’.
We show that p97 becomes recruited into the heat-damaged sites
in the ubiquitin- and its own ATPase activity-dependent manner.
The involvement of p97 becomes evident under more severe heat
damage conditions, or in case the function of HSP70 is com-
promised (Fig. 6). After the p97 chemical blockade, we confirmed
a substantial impact on the ubiquitin signal persistence within the
heat-damage areas. Interestingly, the ubiquitin signal’s dis-
appearance was delayed, rather than completely blocked after p97
inhibition, suggesting that over time, spontaneous deubiquityla-
tion of the damaged proteins or processing by alternative
mechanisms such as autophagy or chaperone-mediated protein
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Fig. 5 The effect of HSP70 inhibition on recruitment of HSP70, ubiquitin and p97 translocase. a Pretreatment by HSP70 inhibitor (VER155008, 20 uM
for 30 min) increases the persistence of HSP70-GFP in micro-heated regions. b Inhibition of HSP70 by VER155008 (20 uM for 30 min) promotes
ubiquitination of heat-damaged proteins detected by GFP-ubiquitin reporter. ¢ Inhibition of HSP70 by VER155008 (20 uM for 30 min) increases the
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repair may further join this complex cellular response. Broadly
analogous with multiple-pathway involvement associated with
vital cellular responses to insults such as DNA damage or oxi-
dative stress?®2%, our current results further attest to the biolo-
gical significance of a multifaceted cellular response to thermal
damage. This emerging concept is further supported by our result
reported here, that experimental inhibition of the ubiquitin/p97
arm of the response exacerbates cytotoxicity of the otherwise
well-tolerated degree of thermal damage.

Overall, we present a versatile methodology that may be
broadly applicable in life sciences, including diverse screening
strategies to search for chemical or cellular modulators of cha-
perone function, and generally in both basic/mechanistic and
translational biomedical research. Application of this approach
allowed us to provide insights into the molecular mechanisms of
cellular responses to thermal damage in real time, including
temporal orchestration of complementary stress-response path-
ways. Last but not least, our study raises multiple questions that
should inspire further research dedicated to the processing of
damaged cellular proteins, an essential aspect of cellular biology

with broad implications for neurodegenerative, prion-associated,
and other life-threatening diseases.

Methods

Synthesis of plasmonic NPs. A step-by-step protocol describing the synthesis of
plasmonic NPs can be found at Protocol Exchange?. Water dispersion of aniso-
tropic silver NPs (108 mg/L) was synthesized by two-step reduction process,
involving partial reduction of the [Ag(NH;),]* complex cation by sodium bor-
ohydride in the first step resulting in the formation of the silver nuclei, which were
subsequently in the second step grown up by the reduction using weak reduction
substance, e.g., hydrazine. All the reaction components were, at the laboratory
temperature (23 °C), stirred continuously with a magnetic stirrer. Initially, 5 mL of
aqueous silver nitrate (0.005 M), 1.25 mL of ammonia solution (0.1 M), 1.25 mL
sodium citrate (1% w/w) and 13.425 mL distilled water were added into a 50 mL
beaker and stirred while adding reducing agents. The reduction was initiated by the
addition of 0.075 mL of sodium borohydride (0.001 M), which resulted in a
reduction of silver complex cation, the formation of small NPs (seeds), and a
change of the dispersion color to light yellow. Finally, 4 mL of hydrazine solution
(0.05 M) was rapidly added into the dispersion of silver seeds under vigorous
stirring, resulting in the growth of the seeds into final and stable silver anisotropic
NPs followed by a change of the color of the dispersion from light yellow to typical
purple. The final reaction concentrations of all the reaction components were as
follows: silver nitrate 1 x 1073 mol dm~3; ammonia 5 x 10~3 mol dm~3; citrate
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Fig. 6 Schematic representation of the cellular two-wave response to micro-heat damage. The intensity of micro-heat damage can be manipulated by
laser power and defined regions enable detailed cellular response analysis. In case of low damage, the immediately recruited chaperones (such as HSP70,
Heat shock protein 70) process the thermally damaged proteins within a minute and the activity of UPS is not needed. HSP70 persists for a longer time and
ubiquitination (Ub) of damaged proteins is initiated in case of severe heat damage, followed by p97 recruitment and processing. In the case of HSP70
malfunction (inhibition), even low heat damage triggers ubiquitination and p97 recruitment as a compensatory response.

0.05% (w/w), sodium borohydride 3 x 10~® mol dm~3 and hydrazine 8 x 10~3 mol
dm~3 as a reducing agent. This way, prepared silver NPs were used for NP
deposition on the cultivation surface. However, other plasmonic NPs with different
shapes and optical properties (LSPR) can be prepared via the same method, but
changing the ratio between citrate and hydrazine, using different amount of citrate
varying from 0.25 to 4 ml (1% w/w) and adjusting the total volume to 25 ml. By this
approach, the silver NPs with plasmon peak within the range of 440-725 nm can be
synthesized. The prepared NPs have a negative surface charge ({= —38 mV).

Deposition of silver NP on cell culture plates with plastic surfaces. A step-by-
step protocol describing the deposition of silver NP can be found at Protocol
Exchange30. Silver NPs prepared by the above-mentioned method were subse-
quently coated onto the bottom of functionalized Ibidi 24-well plates (u-Plate,
Ibidi, cat.n.: 82406), Greiner CELLSTAR® 96-well plates (Sigma, cat. n.: M0562) or
TPP 24-well plates (TPP, cat. n.: 92424). The plates were first functionalized by 1%
PAA (Sigma Aldrich) solution followed by 1% poly(diallyldimethylammonium
chloride) (PDDA) (Sigma Aldrich) solution for 2 h each to coat them by thin
polymeric film consisting of two layers of oppositely charged polyelectrolytes

(PAA and PDDA). After 4h of the treatment, wells were washed with distilled
water to remove non-bonded polymers and filled with the dispersion of silver NPs.
Silver NPs were bonded within 45 min to thin polymeric PAA_PDDA film
deposited on well surface through the electrostatic interactions between negatively
charged silver NPs and positively charged PDDA forming the top layer of the thin
polymeric film. In the end, wells were washed with distilled water to remove un-
bonded NPs and air-dried.

Deposition of silver NP on cell culture plates with glass surface. A step-by-step
protocol describing the deposition of silver NP can be found at Protocol
Exchange3. Due to the fact that the glass surface is already negatively charged, the
modification with negatively charged PAA as described above for plastic bottoms
was skipped. Instead, the glass surface (Cellvis glass-bottom plates, P24-1.5H-N)
was cleaned and activated by the piranha solution (H2SO4:H202, 7:3) for 15 min,
followed by washing with distilled water. After that, the plates were functionalized
by 1% poly(diallyldimethylammonium chloride) (PDDA) (Sigma Aldrich) solution
for 2 h to coat them by thin polymeric PDDA film. After the treatment, wells were
washed with distilled water to remove non-bonded polymer and filled with the
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dispersion of silver NPs. Silver NPs were bonded within 45 min to thin polymeric
PDDA film deposited on well surface through the electrostatic interactions between
negatively charged silver NPs and positively charged PDDA forming the top layer
of the thin polymeric film. In the end, wells were washed with distilled water to
remove unbonded NPs and air-dried.

Plasmids, cloning. All coding sequences were cloned by Gateway recombination
technology (Invitrogen, Carlsbad, CA, USA). The full coding sequences of human
Hsp70 (HSPA1A, UniProt ID: PODMV8-1), CHIP (STUBI, UniProt ID: QQUNE7-
1) and HOP (STIP1, UniProt ID: P31948-1) were cloned into PB-EF1a-N-EmGFP-
PURO-GW-Dest vector containing an N-terminal GFP tag.Hsp70 point mutants
were prepared by QuikChange Site-Directed Mutagenesis Kit (Agilent, Santa Clara,
CA, USA) according to the manufacturer’s manual. Following primers were used
to create Hsp70 mutants: GACAACCAACCCGGGTTCCTGATCCAGGTGTAC
and GTACACCTGGATCAGGAACCCGGGTTGGTTGTC for V438F,
TGGGCGGGGGCGCCTTCGACGTG and CACGTCGAAGGCGCCCCCGCCCA
for T204A and GTGTCAGCCAAGGCCGCCCTGGCGTCCTACGCCTTC and
GAAGGCGTAGGACGCCAGGGCGGCCTTGGCTGACAC for N540A, E543A.

Cell culture and transfection. Human osteosarcoma U-2-OS and human lung
cancer H1299 cell lines (both from ATCC) were used for all studies. Cells were
maintained in DMEM media (Lonza) supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific) and 1% penicillin/streptomycin (Sigma-Aldrich). The
Piggy Bac transposon system (PB) has been used to generate a stable expression of
GFP fused proteins. A total of 10A5 cells were transfected using Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA) with 1800 ng of transposon plasmid and
200 ng of transposase plasmid. Cells were selected in the same media supplemented
with puromycin 5 pg/ml (InvivoGen, San Diego, CA). Flow cytometry and cell
sorting (FACS Aria-III, Becton Dickinson) was used to enrich cell populations with
optimal GFP expression. U-2-OS expressing GFP-ubiquitin reporter and U-2-OS
expressing p97-GFP were previously described3!.

Cell viability. Cells were seeded on the original control multi-well plate (Greiner)
or a plate modified by the plasmon NPs layer. Twenty-four hours after seeding, the
cell viability was analyzed by XTT assay (Applichem) according to the manu-
facturer’s instructions. XTT solution was added to the medium and incubated for
30-60 min, and then the dye intensity was measured at the 475 nm wavelength
using a spectrometer (TECAN, Infinite M200PRO). To analyse the viability after
heat shock, the cells were seeded on TPP 96-well plate. The next day, the cells were
treated by CB-5083 or mock and placed in a water bath pre-heated to 42 °C for 4h
and then put back to cell culture incubator with standard conditions. Cell viability
was analysed by XTT assay 24 h later.

Microscopy and microthermal damage induction. A step-by-step protocol
describing the microthermal damage induction can be found at Protocol
Exchange?0. For the visualization and delivery of the microthermal damage, we
used a Zeiss Axioimager Z.1 platform equipped with an LSM780 module for
confocal laser scanning microscopy (CLSM). Used objectives included Zeiss
objectives Alpha Plan-APOCHROMAT 40x water immersion for the Ibidi plates
and glass-bottom plates, and LD Plan-NEOFLUAR 40x/0.6 Korr for the TPP
plates. CLSM setup included argon 488 nm and 355 nm lasers for visualization. For
the plasmon layer activation, we used exclusively 561 nm 20 mW solid-state laser.
The power range hitting the plasmon layer corresponded to 0.16-2.41 mW; exact
values are stated in the main text (see also details of laser power measurements
below). The laser irradiation times were defined by the pixel dwell time and the
total irradiation time. For the FRAP-like experiments where irradiation ROI was
pre-defined, the pixel dwell time was fixed at 100 us, and the whole irradiation time
was dependent on the size of the ROI (~18-26 s for letter-like ROIs and 2 s for the
square ROIs). For the striping approach, the pixel dwell time was fixed at 709 ps,
and the total irradiation time was 0.85 s for one irradiation cycle resulting in 32
colinear stripes across the one microscopic field. See also ref. 13 for details for
setting up the laser stripping approach in LSM. All laser irradiations and acqui-
sitions were performed using the Zeiss Zen 11 software.

Measurement of the laser power. PT-9610 optometer with PD-2D Laser Power
Detector (Gigahertz-Optik) was used to obtain the values describing the laser
power in watts hitting the plasmon layer. The optometer was set for 561 nm
wavelength, and the detector was placed instead of the microscopic plate. Irra-
diation of the sensor was performed by 561 nm solid-state laser via the same
objectives as used for the micro-irradiation process. The values were recorded at
continuous laser mode at different laser power setups. Exact values for Alpha Plan-
APOCHROMAT 40x water immersion objective were: 0.16 mW (7% laser power),
0.23 mW (10% laser power), 0.38 (15% laser power), 0.48 (20% laser power),
2.41 mW (100% laser power). The exact value for LD Plan-NEOFLUAR 40x/0.6
Korr objective was: 1.27 mW (100% laser power).

Quantitative ROI analysis. The analysis was performed by the Zeiss Zen
11 software employing an internal plugin for bleaching and FRAP (Fluorescence

recovery after photobleaching) analysis®!. Control region (not exposed to

the plasmon activating laser) was used for correction of baseline fluorescence
and its potential change in time during acquisition and comparison with the
microheated region (exposed to the plasmon activating laser). The data were
exported to the Microsoft Excel 2016 and the increase of HSP70-GFP signal
was calculated according to formula: increase of HSP70-GFP intensity =
(meanyicroheated region(t = x)/ MEANReference region(t — x))/ (M€aNMicroheated region(t = 0)/
MeANReference region(t = 0))-

Immunofluorescence and dye staining. Cells were fixed 5 min after microthermal
damage with 4% formaldehyde for 15 min at room temperature, washed with PBS,
and permeabilized with 0.5% Triton X-100 in PBS for 5 min. After PBS washes, the
cells on the plastic inserts were immunostained with primary antibody for 1h at
room temperature (anti-K48-ubiquitin, Apu2, Merck Millipore; anti-K63-ubiqui-
tin, Apu3, Merck Millipore; anti-VCP, Abcam, ab11433), followed by PBS washes
and staining with Alexa Fluor 568-conjugated secondary antibody for 60 min at
room temperature. Nuclei were visualized by DAPI staining at room temperature
for 2 min. For the beta-aggregates visualization, NIAD-4 (Sigma) dye was directly
added to culture media (300 nM), and aggregates were detected in live cells after
laser irradiation. AmyloGlo staining was performed according to the manu-
facturer’s instruction (Biosensis). Briefly, cells were irradiated by the 561 nm laser,
fixed with formaldehyde for 15 min at room temperature, washed with PBS, and
permeabilized with 0.5% Triton X-100 in PBS for 5 min and washed. Next, the slide
was incubated with 70% ethanol for 5 min, washed with distilled water, and stained
with 1X AmyloGlo reagent for 15 min, followed by quick washes in 0.9% saline and
distilled water.

Thermal camera imaging. The thermal camera (Therm-App®, Opgal Optronic
Industries Ltd.) was placed in an in-house built holder keeping the camera at an
~5-cm distance from the top of the culture plate. The camera’s germanium
objective was manually focused on the bottom of a single well. The whole assembly
was placed inside the Zeiss Axioimager Z.1 platform equipped with LSM780
module for confocal laser scanning microscopy (CLSM) (see Supplementary Fig. 1h
for the setup). The bottom of the well’s inner surface was focused and exposed to
the 561 nm laser working in the continuous mode while the thermal camera was
used to acquire thermograms.

Western blotting. U20S cells were seeded at 0.7 x 106 cells per 6 cm dish for 24 h
before the experiment. P97 inhibitor- (CB-5083; 5 uM; Selleckchem) or Mock-
treated cells were exposed to 43 °C for 30 min in a water bath. Subsequently, dishes
with cells were moved to an incubator with a standard set up of 37 °C and 5% CO,.
The cell lysates of pellet fraction were collected in time (0-, 2-,3 h) by a quick wash
with 0,5% Triton X-100 followed by resuspension in 1x Laemmli sample buffer.
Equal amounts of cell lysates were separated by SDS-PAGE on hand casted gels
and then transferred onto a nitrocellulose membrane. The membrane was blocked
in Tris-buffered saline containing 5% milk and 0.1% Tween 20 for 1 h at room
temperature, and then incubated overnight at 4 °C with the following primary
antibodies: anti-ubiquitin lys48-specific (1:1000; Merck Millipore, clone Apu2),
anti-B-actin (1:1000; Santa Cruz Biotechnology, sc-47778), followed by detection
with secondary antibodies: goat anti-mouse IgG-HRP (GE Healthcare), goat anti-
rabbit (GE Healthcare). Bound secondary antibodies were visualized by ELC
detection reagent (Thermo Fisher Scientific) and images were recorded by an
imaging system equipped with a CCD camera (ChemiDoc, Image Lab 6.1 software,
Bio-Rad).

Characterization of plasmonic NPs. The synthesized water dispersion of silver
anisotropic NPs and the deposited layer of silver anisotropic NPs were char-
acterized by transmission electron microscopy (TEM) using a JEM 2010 TEM
instrument (Jeol, Japan). In the case of water dispersion, a droplet of the sample
with a silver concentration of 108 mol dm~3 was deposited on a carbon-coated
copper grid and dried in a vacuum drier at 25 °C for 1 h. In the case of the silver
NPs layer, carbon-coated copper grids were used and modified in the same way as
cultivation plates. For this analysis, the carbon-coated copper grid was put in an
Eppendorf tube and functionalized by PAA solution followed by poly(diallyldi-
methylammonium chloride) solution for 2 h each in order to coat them by the thin
polymeric film. After 4h of the treatment, carbon-coated grids were washed with
distilled water in Eppendorf tube to remove non-bonded polymers and after that,
Eppendorf tubes were filled with a dispersion of silver NPs. Silver NPs were bonded
within 45 min to thin polymeric film deposited on carbon-coated copper grids and
followed by washing with distilled water to remove un-bonded NPs and dried in a
vacuum drier at 25 °C for 1 h. UV-vis spectra of silver NP dispersions were
recorded on a Specord S 600 (Analytic Jena, Germany) spectrophotometer. Dis-
persions of silver anisotropic NPs were 10 times diluted prior to the measurements
and layers of silver anisotropic NPs deposited on the cultivation plates were used as
they were prepared. Zeta potential of silver NPs in water dispersion was obtained
by electrophoretic mobility measurements using Zetasizer NanoZS (Malvern, UK).
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Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request. Source data are provided with this paper.
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TEORETICKA CAST
1. Uvod do problematiky

Nanomaterialy jsou v poslednich desetiletich intenzivné studovanou oblasti
a uvadi se, Ze jsou "materidlem 21. stoleti“. Spousta védeckych tymil z riznych
veédeckych odvétvi, veetné biologie, chemie a materidlovych véd se v soucasnosti
vénuje vyzkumu, ktery se soustfed'uje at’ uz pfimo na syntézu nanomateriald,
nebo na nasledne studium jejich riznorodych fyzikalné-chemickych vlastnosti
a jejich aplikaci v Siroké Skale vyzkumnych oblasti.! Unikatni fyzikalng-
chemickeé vlastnosti vychazejici z velké plochy povrchu ¢astic a z velkého poméru
povrchovych ku objemovym atomim souvisi mimo jiné¢ iS velkym poctem
aktivnich mist na jejich povrchu, jez zvySuji interakce ¢astic s okolnimi

chemickymi individui a biologickymi systémy.??

S ohledem na obrovské mnozstvi nanomaterialti, a tedy velmi Sirokou
paletu nastrojii vyuzivanych Vv této oblasti, budou dale podrobnéji diskutovany
pouze nanocastice stiibra (AgNPS) a nanokompozity na bazi stéibra. V ramci této
prace bude pozornost zamétena pievdzné na vyuZiti nanocastic v biologickych

a medicinskych aplikacich, pfevazné pak v antibakterialni a fototermalni terapii.

V soucasné dobé predstavuje nariist poctu bakterialnich infekci vyvolanych
(zptisobenych) bakteriemi rezistentnimi vici bézné vyuzivanym antibiotikiim
velky terapeuticky problém, a pokud bude vznik a Sifeni bakterialni rezistence
nartstat stejnou rychlosti jako doposud, tak se mohou tyto obtizné lécitelné
infekce v budoucnu celosvétoveé stat jednou z nejastéjSich pfi¢in umrti. Do
té doby je tedy zapotiebi pfijit s novymi alternativami antimikrobialnich latek ¢i
snovymi léCebnymi postupy, které by pokud mozno na bakteridlni buiiku
plsobily jinym mechanismem, neZ dosavadni terapeutika a nebyly tak nachylné
ke vzniku bakteridlni rezistence. Jednou z mozZnych alternativnich

antimikrobialnich latek jsou nanocastice stiibra, které pii nizkych koncentracich,



jez nejsou toxickée pro savci buiiky a efektivné usmrcuji bakterie. Kromeé vysoké,
a navic nespecifické antibakterialni ucinnosti (viceurovilovy mechanismus
ucinku) maji nanocastice stfibra také schopnost posilovat ucinek antibiotik viici
bakteriim v¢etné vysoce rezistentnich kment viici antibiotikiim. Na druhou stranu
musi byt také soubézné¢ vénovana dostateCnd pozornost mozZnosti tvorby
rezistence bakterii k novym antibakteridlnim latkam vcetn¢ nanocastic sttibra,
ato s ohledem na vysokou miru pfizpisobivosti bakterii k pro né nepiiznivym

podminkam.

Vedle piimého biologického efektu nanocastic stiibra lze také vyuzit jejich
biologicke aktivity prostiednictvim fototermalniho efektu, tedy za vyuZziti
absorbované svételné energie anasledné transformace na tepelnou, ktera

v dusledku zvyseni teploty vede k usmrceni napt. nadorovych bunék.

Cilem disertacni prace je tedy piiprava nanocastic stiibra pozadovanych
velikosti a tvart, studium jejich biologickych uc¢inkti a jejich vyuziti jak
v antibakterialni, tak fototermalni terapii. Castice byly pfipravovany fizenou
chemickou redukeci z roztoku stiibrnych soli na zdkladé zmény koncentrace a typu
reakénich komponent. Nejvétsi pozornost byla zaméfena na testovani
antibakteridlni aktivity pfipravenych nanocastic stiibra a jejich spolecného ti¢inku
s vybranymi antibiotiky viaci rezistentnim kmendm. Nakonec byla studovana
schopnost bakterii vytvofit si rezistenci vici témto nanomaterialim a také jejich
toxicita K jinym nez k bakteridlnim buikdm, coz jsou nezbytné informace
k pfipadné preklinické studii a nasledné translaci tohoto lécebného piistupu

bakteridlnich infekci do medicinalni praxe.



2. Priprava nanocastic
Vlastnosti ptipravenych nanoc¢astic nezavisi pouze na typu castic ¢i jejich

velikosti, ale na spousté dalSich charakteristik, které Ize v rdmci syntézy fidit
zménou fady parametrii. Nanocastice stiibra jsou nejCastéji pripravovany redukcei
stfibrné soli vhodnym redukénim Cinidlem, pii niz dochazi k tvorbé nové faze
ve form¢ zarodkl, které po dosazeni kritické velikosti dortstaji do stabilnich
koloidnich &astic.*® Redoxni potencial a molekularni struktura redukéniho ¢inidla
ovliviiuji rychlost tvorby zarodkl nové faze, schopnost a rychlost adsorpce
na povrch rostouci Castice, a tim tedy 1 vyslednou velikost ¢astic. Silné redukéni
¢inidlo (napf. tetrahydridoboritan sodny) mé vysokou reduk¢ni rychlost, dochazi
tedy k velkému stupni presyceni a tvorbé velkého mnozstvi zarodkd a tvorbé
mensich ¢astic.® P¥i vyuziti slabého redukéniho ¢inidla (napf. citronan sodny) jsou

pak ziskavany ponékud vétsi nanodastice s $irsi velikostni distribuci.”

K ptipravé nanocastic lze dale vyuzivat dvou-krokovou syntézu, za pouziti
dvou riznych redukénich ¢inidel. Nejcastéji je za pomoci tetrahydridoboritanu
sodného nejprve pfipraveno urcité mnozstvi malych zarode¢nych castic, které
jsou nasledné v druhém kroku zvétSovany redukci piebytku sttibrnych kationtd
slabsim redukénim ¢inidlem. V druhém kroku syntézy musi byt vzdy pouZito
slabé redukéni cCinidlo (citronan sodny, hydrazin nebo napiiklad kyselina
askorbovd), které¢ z hlediska reakéni kinetiky uptednostiiuje redukci kovovych
iontd na jiz vzniklém povrchu (heterogenni nukleaci) nad tvorbou novych zarodkt
Z roztoku (homogenni nukleaci), coz je ddno vyskou energetické bariéry, ktera ma

pro tvorbu nové faze dlouhé reakéni ¢asy.®

Nanocastice stibra Ize také mimo jiné dale kombinovat s dalSimi materidly
a nanomaterialy. Mlze se jednat naptiklad o biokompatibilni materiadly na bazi
uhliku, jez disponuji velkou plochou povrchu, na niz mohou byt ukotveny
nanocastice, které pak tomuto materidlu propijcuji svoje vlastnosti a tim ho tak

vylepsuji. 2o
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Koloidni c¢astice maji tendenci se v dusledku pfitazlivych Van der
Waalsovych sil vzajemné piiblizovat nebo se spojovat do vétSich utvart a vytvaret
tak agregaty. Nanocastice stfibra patii mezi lyofobni koloidy, které obecné nejsou
piili§ agregatné stabilni, a pfi zméné pH, polarity, nebo iontové sily roztoku se
Z disperze snadno vylucuji ve formé agregovaného sedimentu. Ke stabilizaci
Castic se obecn¢ vyuzivaji dva razné piistupy, které jsou zalozeny na
elektrostatickém odpuzovani Castic nebo sterickych ptekdzkach, které pusobi

proti van der Waalsovym sildm pfitomnym mezi koloidnimi ¢4sticemi.®18

3. Antibakterialni terapie

I ptes rostouci znalosti ve vSech oblastech mediciny a znaéném pokroku
v diagnostice aterapii piedstavuji bakteridlni infekce vazny terapeuticky
problém. Podle prohlaseni Valného shromazdéni OSN ze zati 2016 1ze odhadovat,
ze pokud bude rezistence bakterii nadale nardstat stejnym tempem jako dosud,
budou nelécitelné infekce zptisobené multirezistentnimi bakteriemi do roku 2050
nejéastéj$i pi¢inou Umrti.’® V soucasné dob& se jen v USA kazdoroéné
rezistentnimi bakteriemi (tedy schopnymi odolavat plisobeni antimikrobialni
latky, antibiotika) nakazi zhruba 2,8 milionu lidi a pfiblizné¢ 35 000 z nich

v disledku toho zemie.?°

Rostouci rezistence bakteridlnich patogenli viici
antibakteridlnim latkdm tak zvySuje moznost navratu do éry bez antibiotik, kdy
nebudou k dispozici adekvatni 1€ky k 1é€be bakterialnich infekci, coz by pii 1€cbé

invazivnich bakteridlnich infekci mohlo mit fatalni nésledky.

V soucasnosti je tedy zapotiebi hledat jiné mozZnosti, nejlépe zahrnujici
doplnkovou antibakterialni latku schopnou plisobit na vice bunéénych trovnich
soucasné, coz by mohli byt naptiklad nanocastice. NejCastéji uplatiovanymi
zpusoby, jakymi nanocastice bojuji proti Siroké Skdle patogend, jsou naruseni
bunécné stény, cytoplazmatické membrany a produkce reaktivnich kyslikovych
radikald (ROS) vedouci k oxida¢nimu stresu, v men$i mife pak enzymaticka

inhibice, zmény genové exprese a deaktivace proteint.?*?? Pro tento ucel by tedy
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mohli byt pouzity anorganické nanocastice materiald, jako je stiibro, oxid
titani¢ity, zineCnaty nebo grafenové materidly, které vykazuji silnou
antibakteridlni aktivitu pfi velmi nizkych koncentracich (v rozmezi ppm)
a zaroven nevykazuji cytotoxicitu vici savéim buiikam (BJ, NIH, bunécné linie
3T3).2% Vzhledem k tomu, Ze antibiotika a nano¢astice maji odlisny zpisob
antibakteridlniho tc¢inku, mohla by byt vyuzita i kombinovana 1é¢ba s pouzitim
nizkych davek obou typii latek. V doposud publikovanych pracich bylo naptiklad
prokazano, Ze 1écba nanocasticemi stfibra (n€kdy 1 v koncentracich nizsich nez
1 mg/L)) mize obnovit citlivost rezistentnich kmenil na antibiotika, kterd jsou

jinak neucinna.?+28

4. Antibakterialni ucinky nanocastic

Antimikrobni aktivita nanocastic stfibra byla laboratorné¢ potvrzena
mnozstvim publikaci®®3* a k této problematice byl sepsdn nejeden souhrnny
¢lanek.%%" Baktericidni G¢inek nanodastic stiibra zavisi na n&kolika faktorech,
jako je tvar, velikost, krystalinita, pH, davka, doba kontaktu, povrchova uprava
ktera ovliviiuje antimikrobialni aktivitu, je velikost. MenSi ¢astice jsou obecné
aktivnéjSi, coz je zplsobeno véEtSim povrchem ¢astic, jeZ poskytuje veEtsi
interak¢ni plochu a zvySeni mnozstvi baktericidnich interakci. Navic, Castice
mnohem lépe pronikaji bakterialni st€énou a dostavaji se dovnitt, ovliviiuji DNA
aenzymy, a vedou tak k bunééné smrti.>**! Velky vliv na antimikrobialni aktivitu
ma také morfologie Castic, pticemz bylo prokdzano, Ze anizotropni nanocastice
maji lepSi baktericidni UCinky neZ sférické nanocastice, coz souvisi s vétSim
po¢tem ostrych hran a rohd, které jsou ve srovnani se zaoblenymi hranami
mnohem vice biocidngjsi.*>*® Jak jiz bylo zmin&no v kapitole o stabilizaci ¢astic,
vysledny naboj ¢astice nema vliv jen na jejich stabilitu, ale 1 na vyslednou
interakci Castice s bunénou membranou, jez je zaloZzena na elektrostatické

adhezi.3%4
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5. Bakterialni rezistence viici u¢inkiim nanocastic
Je tieba zdiraznit, Zze vyvoj a Sifeni bakteridlni rezistence je pfirozeny

proces, kterému nelze zcela zabranit, a s ohledem na neustalé zmény bakterialniho
genomu a schopnost bakterii pfizpsobit se negativnim podminkam
se predpoklada, ze bakterie budou schopny celit I antibakterialnim G¢inkdm
nanomaterialti. Proto by se mechanismy rezistence mély podrobnéji studovat,
a Vv blizké budoucnosti by se mély nastinit nové zplisoby, jak tyto noveé formované

mechanismy rezistence piekonat.

U Gram-negativnich bakterii byla doposud popsana rezistence
k nanoc¢asticim stiibra v disledku relativné jednoduchych genomickych zmén,*
ale i rezistence, ktera neni zptisobena zménami v bakterialni DNA. Panacek a kol.
uvedli, ze Gram-negativni bakterie E. coli a P. aeruginosa si po opakované
expozici nanocasticim stfibra mohou vyvinout rezistenci produkci adhezivniho
proteinu flagelinu, ktery vyvolava agregaci a destabilizaci nanocastic, coZ snizuje
jejich stabilitu, a tim eliminuje jejich antibakterialni aktivitu.*® Indukce bakterialni
rezistence opakovanym puasobenim subinhibi¢nich koncentraci u Gram-
pozitivnich bakterii byla zatim popsana jen malo a byla spojena s mutacemi genti
zapojenych do syntézy nukleotidli, obrany proti oxidacnimu stresu a zménami

v metabolismu cysteinu.*748

NejcastéjsSim mechanismem rezistence je obecné eflux, nebo redukce
toxickych iontil, a vytvoreni extracelularni bariéry (napt. extracelularni polymerni
latky biofilmu), kterd zabranuje vstupu iont do buiiky a brani jim pied stresem
vyvolanym toxickymi kovy.**® Dle dostupnych informaci, Panacek a kol. byli
jedini, ktefi se nové vybudovany mechanismus rezistence pokouseli ptekonat.
Tvorbu flagelinu (zapticinujiciho bakterialni rezistenci) se jim nakonec podafilo
potlacit ptidavkem extraktu z klry granatového jablka, ktery zabranil agregaci

nanocastic a nanocCastice si tak dokézaly zachovat své antibakterialni vlastnosti.*
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6. Cytotoxické ucinky nanocastic
Jak jiz bylo zminéno v piedchozich kapitolach, nanocastice stiibra

I grafenové kompozity vykazuji ve velmi nizkych Kkoncentracich silné
baktericidni ucinky vii¢i multirezistentnim bakteriim. Zda bude nanocastice
stfibra do budoucna mozné pouzivat v medicinalni praxi je prozatim nemozné
pfedpovidat, protoze krom¢ testovani cytotoxicity vici Siroké Skale zvifecich,
lidskych bungk in vitro prozatim nebyl publikovan dostatek dat popisujici chovani
nanocastic invivo, a jejich farmakokinetiku a distribuci v organismu, jehoz
vysledky budou mit velky vliv na to, zda nanocastice antibiotika pii 1é¢bé
lokalnich a systémovych infekci plné nahradi, zda je bude mozno vyuzit alespon
ke zvySeni Uc¢innosti soucasné vyuZzivanych antibiotik, nebo zda se projevi

nezadouci toxické ucinky, které by mohly ohrozit jejich aplikaci.

Na vyslednou cytotoxicitu ¢astic ma vliv hned né€kolik faktorti jako jsou
velikost, tvar, koncentrace neboli ddvka nanocastic, jejich povrchova tUprava
(vyuziti stabiliza¢niho €inidla, formace proteinové korony), doba expozice a pak
samotny typ bufiky vii¢i niZ je cytotoxicita testovana.>*>> Malé nanocastice jsou
se svou velkou plochou povrchu aktivnéjsi a snadnéji se rozpousti, pronikaji
do bunky a katalyzuji vznik ROS. Z dostupnych dat je patrné, Ze mensi ¢astice
vyvolavaji vyssi toxicitu, pii¢emz toto tvrzeni testovalo hned nékolik autort, kteti
potvrdili, Ze mensi testované Castice jsou vzdy toxi¢téjsi nez stejné nanocastice

%58 Tvar castic taktéz ovliviiuje cytotoxicitu

so néco vetsi  velikosti.
a mechanismus buné¢ného piijmu, pti¢emz napiiklad v praci Stoehr a kol.,
sférické nanocastice na rozdil od nanodratkii nevykazovali vii¢i butkam A549
74dné toxické ucinky.*® Dalsim dilezitym faktorem ovliviiujicim toxicitu je
koncentrace nanocastic. V ramci experimentti je vzdy velmi dulezité zjistit
minimalni koncentraci, kterd vyvolava toxicitu a tuto informaci pak lze dale
pouZit k porovnani toxicity mezi jednotlivymi ¢asticemi, popiipadé bunécnymi

kulturami.60-62
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7. Vyuziti fototermalnich ucinki nanocastic
Nanocastice stiibra absorbuji a rozptyluji svétlo s mimotfadnou ucinnosti,
a pfitomnost  nanocastic tedy vede kzesileni intenzity lokdlniho

elektromagnetického pole a ¢ast vyzaiena energie se uvolni ve formé tepla.53%

Dosavadni studie in vitro a in vivo potvrzuji, ze fototermalni terapie je
0¢inna pii eradikaci fady nadorovych bunéénych 1inii.?*® Nanogastice stiibra
raznych tvard byly vyuzivany nejen k 1é¢bé rakoviny prsu,?’, ale i vaje¢nik(®
buné&&nych linif karcinomu kiize® a likvidaci nadorovych bungk plic’ a prostaty,
kde fototermalni terapie zvySila antioxidacni aktivitu, indukovala apoptozu,
inhibovala angiogenezi, sniZila histologické zmény v prostaté potkant a zlepSila

biokompatibilitu zivotné dalezitych organi.”

Kromé vySe uvedenych aplikaci bylo vyuzito principu plazmonové
rezonance a fototermalniho ucinku stfibrnych nanocastic stfibra k cilenému
tepelnému poSkozeni proteinli a jeho vyuziti k objasnéni drah buné¢né odpovedi
na bunéény stres. Tato novd metoda umoziuje piesné a rychlé dodani tepla
do cilové struktury, coz za pouziti bézné pouzivanych metod nelze. V soucasnosti
neni mozné zacilit pouze na jednotlivé buiikky nebo subceluldrni kompartmenty,
coz omezuje studium proteotoxického stresu a tepelného Soku, jez se podileji na
riznych patologickych stavech. Na bunécné urovni tepelné poSkozeni primarné
poSkozuje proteiny a zpiisobuje jejich rozkladani, agregaci, amyloidogenezi
a denaturaci, coz jsou jevy, které se uplatiuji zejména v patobiologii
Alzheimerovy choroby (AD), Huntingtonovy choroby, Parkinsonovy choroby,
amyotrofické lateralni sklerdzy a amyloiddzy,’® a patii mezi charakteristické
znaky rakoviny. Tato metoda tedy vyuziva plasmonickych vlastnosti stiibrnych
nanocastic a poskytuje vhled do ¢asoprostorové odpovedi na tepelné poskozeni

dalezité pro degenerativni onemocnéni s Sirokou pouZitelnosti v biomedicing.”
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VYSLEDKY A DISKUSE

8. Priprava a stabilizace nanocastic
V ramci disertacni prace byly piipraveny nanocastice stfibra a jejich

kompozity, jez byly nasledné charakterizovany a testovany pro jejich mozné
vyuziti v antibakterialni a fototermalni terapii. Zakladnimi nanocasticemi
pouzivanymi v ramci vyzkumné prace byly nanocastice stiibra ptipravené redukci
maltézou (AQ28) a tetrahydridoboritanem sodnym (borohydridem, Ag8).
Z pohledu tizeni kone¢né velikosti se lisily pouze v typu pouzitého redukcniho
¢inidla a jeho sile, tedy redoxnim potencialu. Nanocastice piipravené redukci
maltéozou tvofily pomérné monodisperzni koloidni systémem s primérnou
velikosti €astic 28 nm. Tetrahydridoboritan sodny je silné redukéni ¢inidlo
aVjeho ptfitomnosti dochazelo K tvorbé vice zarodkl, a tedy mensSich ¢astic
(8 nm), coz bylo taktéz potvrzeno na zakladé TEM snimkd (Obrazek 1A, B).
V ramci charakterizace nanocastic byla zmeéfena jejich absorpéni spektra
v UV/VIS oblasti, na nichZ byl pozorovéan vyrazny pik v oblasti 400 nm, coz je
lokalizovana plazmonova rezonance (LSPR) charakteristickd pro stiibrné

nanocastice (Obrazek 1C).

——8& nm
——28m

Obrazek 1. Snimky nanocastic stfibra z transmisniho elektronového mikroskopu
pripravené redukci maltézou (A), tetrahydridoboritanem sodnym (B) a jejich absorpéni
spektra (C).

Krom¢ fady stabilizanich ¢&inidel byly nanocéstice stabilizovany
imobilizaci na povrch grafenového derivatu a na vrstvy nitridu uhliku, jeZ slouzily
k pevnému navazani nanocastic, jez jim znemoznilo spojovani a naslednou

agregaci. Kyanografenovy derivat (GCN/Ag) byl syntetizovan dle jiz dfive
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publikované metody Panackem a kol., jez je zalozena na redukci stiibrnych iontl
navazanych na povrch kyanografenu modifikovaného nitrilovymi skupinami
GCN silnym redukénim ¢inidlem tetrahydridoboritanem sodnym, ¢imz byl ziskan
kone¢ny produkt GCN/Ag sestavajici se z malych nanocastic stfibra o velikosti
4 az 8 nm (Obrazek 2A).1* Dal$im vrstevnatym materiadlem, na jehoZ povrch byly
imobilizovany stfibrné nanocastice, byl nitrid uhliku. Ptiprava tohoto materialu
vychézela z nanovrstvy g-CsN4 jeZ byla ptipravena sonikaci bulkového materiélu,
k némuz byl poté bez piistupu svétla (z divodu zabranéni fotoredukce) pridan
dusi¢nan sttibrny, ktery se vlivem elektrostatickych sil adsorboval na povrch
zéaporné nabitého povrchu g-C3N4.*® Druh4 faze piipravy zahrnovala 10minutové
ozafeni (416 nm, 10 W LED) g-C3Ns s jiz adsorbovanymi Ag" ionty, které byly
vlivem zafeni redukovany na stiibrné nanocéastice a mohl tak vzniknout
nanokomozit Ag/ g-CsN4 (Obrazek 2B, C). Takto pfipravené nanocastice stiibra

jsou pevné vazany na povrch, netvoii agregaty a zlistavaji tak stabilni.

Obriazek 2. (A) TEM snimky GCN/Ag a distribuce velikosti ¢astic (C)™* B) SEM snimky
nanokompoziti 1% Ag/g-C3Ns a C) 5% Ag/g-CsNa. MéFitko 500 nm.'®
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9. Antibakterialni aktivita testovanych nanocastic
Antibakterialni UCinky nanocastic stiibra byly testovany jak viici

sbirkovym referen¢nim kmentim bakterii, tak vii¢i rezistentnim kmentm ze sbirky
Ustavu Mikrobiologie Lékatské fakulty Univerzity Palackého v Olomouci.
Minimalni inhibi¢ni koncentrace riznych nanocastic stfibra uréené mikrodilucni
metodou (Tabulka 1) jsou uvedeny v zavislosti na testovaném kmeni, ale také na
velikosti a typu nanoéastic. Castice obecné vykazovaly vysokou antibakterialni
aktivitu, jez je charakteristickd velmi nizkymi hodnotami MIC (jednotky mg/L).

Tabulka 1. Minimalni inhibi¢ni koncentrace nanomaterialii vii¢i vybranym
bakterialnim kmentiim

1%Ag/ 5%Ag/
MIC [mg/L] Ag8 | Ag28 | GCN/Ag AgNOs3
g-CsN4 g-CsN4
E. coli CCM3954 | 0,84 | 3,38 0,2 0,95 3,2 3,38
P. aeruginosa
1,69 | 3,38 1,69 0,95 0,81 1,69
CCM3955
S. aureus
1.69 | 13,5 1,69 1,9 3,2 3,38
CCM4223
E. faecalis
3,38 | 135 1,69 1,9 3,2 6,75
CCM4224
ESBL-E.coli |[1,69| 6,75 0,5 3,8 3,2 6,75
MRSA 1,69 | 13,5 1,9 1,9 1,62 6,75
VRE 3,38 | 135 1,9 1,9 1,62 6,75

Vysoka antibakteridlni aktivita nanocastic stiibra riiznych velikosti, tvart
a povrchovych modifikaci byla v minulosti Siroce studovana a byla popsana
v celé fad¢ védeckych publikaci, jez jsou v kratkosti popsany v rdmci teoretické
Casti této prace. Nami ziskané vysledky pro rizné velké nanocastice (Ag8, Ag28)

pak odpovidaji znamému trendu, kdy antibakterialni aktivita vzrista s klesajici

wIrw e
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povrchu u mens$ich nanocéstic, kterd vede k silngj$im chemickym a biologickym
interakcim s biomolekulami na jedné strané a k vy$§imu uvoliovani toxického
kationtu Ag* na strang druhé.3**' Zaroven lze také konstatovat, Ze nanodastice
sttibra jsou o néco malo aktivnéjsi v ptfipadé Gram-negativnich bakterii, coz
Zz dostupnych  informaci v literatufe  nejspiSe  souvisi s tlouStkou
peptidoglykanové vrstvy, kterd je u Gram-pozitivnich bakterii mnohem vétsi,

a proto je prinik nanoc¢astic do bakterie obtizn&jsi.”™®

Minimalni inhibi¢ni koncentrace nanocéstic stfibra imobilizovanych
na platu kyanografenu, nebo nitridu uhliku jsou obecné vyrazné€ nizsi nez hodnoty
pro samotn¢ nanocastice. VySS§i antimikrobialni aktivita Castic nanesenych
na povrchu nékterého z nosicll ve srovnani s volnymi, nevdzanymi Nanocasticemi
stfibra mliZze souviset jednak s velikosti pfipravenych ¢astic, tak se stabilitou
navazanych Castic, jez je diky kovalentnimu navazani ¢astic na povrch uhlikového
substratu zvySena a nedochazi tak kagregaci Ccastic, pfiCemz obé tyto
charakteristiky jsou znamy jako vyznamny faktor, jez ovliviiuje vyslednou
antimikrobidlni aktivitu ¢astic. Zajimavym vysledkem je pak také fakt, ze tyto
nanocastice maji vyssi antibakteridlni u€inky nez dusi¢nan stfibrny, jez je sdm
0 sob¢ rezervoarem pro stiibrné ionty, jejichZ uvoliiovani je jednim ze zakladnich
mechanism@ 0¢inku nanodastic stiibra.”””® Velice pfinosné je, Ze nano&astice
vykazovaly vysokou Gi¢innost i proti siln¢ rezistentnim kmentim, jako jsou E. coli
produkujici B-laktamézy (ESBL) aS. aureus rezistentni vi¢i meticilinu
a vankomicin rezistentnim bakteriim (MRSA, VRE), jeZ jsou pomérné

naléhavym problémem v 1é¢bé bakterialnich infekci.”®82
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Mechanismus antibakterialniho u¢inku
Velkou devizou stiibrnych  nanocastic  je jejich  viceGroviovy

(multimodalni) mechanismus ucinku, kdy nanocéstice stiibra plsobi
na bakterialni buiiku hned nékolika mechanismy soucasné. S ohledem na to,
ze V odborné literatufe byl mechanismus ucinku nanocastic stiibra nékolikrat
popsan a potvrzen, vV ramci nasi prace jiz nebyl dale experimentalné ovéifovan a
nase pozornost byla zamétena na studium mechanismu ucinku grafenového
derivatu se stiibrem, ktery je svym zpisobem novy material, do jehoz uc¢inka
muze krom nanocastic stfibra promlouvat i samotny grafen a jehoz mechanismus
doposud nebyl popsan. Jelikoz k nej¢astéjsim mechanismim uc¢inku nanocastic
stiibra patii tvorba reaktivnich forem kysliku a naruSeni bakteridlni membrany,
byly oba tyto mechanismy zkoumany i v piipadé grafenového derivatu se
stiibrem. Mimo mechanismu U¢inku zaloZzeny na produkci ROS, jez byla
Vv pfitomnosti grafenového derivatu zna¢né navySena, tak bylo ptredpokladano
I poskozeni bakterialni stény a membrany v disledku vazby stfibrnych nanocastic
na jejich povrch, coz bylo potvrzeno na zaklade snimkt ze skenovaci elektronové
mikroskopie (Obrazek 3), jez poukazala na tvorbu dér, takzvanych ,,pits®

na bakterialni sténé.

um LT

Obrazek 3. A) SEM snimek bakterie E. coli a snimky bakterii (B, C) vystavenych
G¢inkim GCN/Ag v subinhibi¢ni koncentraci (0,2 mg/L).4
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10. Indukce rezistence a jeji mechanismy
S ohledem na dosavadni vyvoj vzniku a Sifeni bakterialni rezistence viici

antibiotikim a fakt, Ze bakteridlni rezistence se pomalu objevuje vici vSem
antibiotikiim, je velmi pravdépodobné, ze si bakterie vytvoii rezistenci i vuci
nanomaterialim. Nabizi se tedy pfipravené ¢astice otestovat a zjistit, zda se podaii
bakterialni rezistenci indukovat i vii¢i témto casticim, a pokud ano, navrhnout

mozné zpusoby potlaceni nebo pfekonani nove vzniklého mechanismu rezistence.

Rezistence vii€i nanocasticim stiibra byla uz dfive v rdmci nasi skupiny
indukovana u Gram-negativni bakterie E. coli a P. aeruginosa. Rychlost tvorby
rezistence bakterii u Gram-pozitivniho kmene S. aureus byla o néco pomalejsi
ave srovnani s Gram-negativni E. coli se vyvijela v pozdéjSich kultiva¢nich
krocich, ale do dvacatého kroku si byly vSechny testované bakterie vii¢i uCinkiim
nanocastic stfibra schopny vytvorit rezistenci. Spolu se zvySovanim MIC
dochazelo u obou bakterii ke zméné zbarveni, vzniku srazeniny na dné jamky
mikrotitra¢ni desticky a posunu absorpéniho spektra k del§im vinovym délkam.
Agregace a precipitace Castic je tedy hlavnim privodnim jevem bakteridlni
rezistence viéi nano&asticim stiibra. Castice se shlukuji na dné desti¢ky a vytvafi
Sedo-Cerné agregaty a naruSenim koloidni stability tak ztraci své antimikrobialni
vlastnosti.3%3233 Z t&chto vysledkt i z vysledkl publikovanych Panackem a kol
je zfejmé, Ze si jak Gram-negativni, tak i Gram-pozitivni bakterie po opakovaném
plsobeni nanocastic vytvoii schopnost vyvolat agregaéni nestabilitu, coZ vede
k eliminaci jejich antibakterialniho ucinku. Podle ziskanych vysledki je ziejmé,
ze vznik a mechanismus bakterialni rezistence vii¢i nano¢asticim stiibra je tedy
U obou skupin bakterii shodny a spo€ivd v agregaci nanocastic stiibra a ztraté

jejich antibakterialni aktivity.

V piipad¢ E. coli byl mechanismus rezistence jiz diive popsan Panackem
akol., ktefi uvadi, ze za tvorbou agregatli nanocastic stfibra stoji produkce

bakterialniho proteinu flagelinu.*® Flagelum a flagelin jsou vysadou Gram-
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negativnich bakterii, a nelze tak stejnym zplisobem vysvétlit mechanismus
rezistence i u Gram-pozitivnich bakterii (S. aureus), které nemaji bakterialni
flagela. Flagelinem indukovana agregace nanocastic stiibra v pfipad¢ Gram-
negativnich bakterii tedy nemize byt pticinou agregace Castic a rezistence bakterii
v ptipadé Gram-pozitivnich bakterii. Pribéh vzniku bakteridlni rezistence a jeji
mechanismus je u Gram-pozitivnich a Gram-negativnich bakterii shodny,
ale tento spole¢ny mechanismus rezistence je zajimavé iniciovan dvéma zcela
odliSnymi zplsoby charakteristickymi zejména pro obé skupiny bakterii. Gram-
pozitivni a Gram-negativni bakterie tedy nasly stejné¢ ,,slabé misto nanocastic
sttibra v koloidni disperzi, a to jejich agregacni stabilitu. Pouzivaji ale dva rizné
zpusoby, jak j1 narusit, pfi¢emz v piipadé¢ Gram-pozitivnich bakterii je prozatim
neznamy, a proto budou v ramci této kapitoly zkoumany mozné piiciny, které by
u Gram-pozitivni bakterie mohly vést k agregaci ¢astic a naslednému vzniku

rezistence.

Jednim v literatuie pomérné Casto popisovanym obecnym mechanismem
obrany bakterii v(¢i antibakteridlnim latkdm je tvorba bakteridlniho
biofilmu.28384 Je znamo, ze bakterie rad&ji ziji v bakteridlnich koloniich
a vytvareji biofilm, nez aby zily jednotlivé v planktonnim stavu. Tato bakterialni
spoleCenstva zptisobuji 60-80 % vSech bakteridlnich infekci, ajeSté vice
komplikuji bakteridlni rezistenci.®® Biofilm vznik4 nevratnym navazanim
planktonnich bakterii na jakykoli povrch, dozravadnim, rozptylenim v okoli mista
a tvorbou exopolymerni matrice. V dasledku toho pak biofilm pusobi jako Stit
proti imunitnimu systému hostitele a brani tak difuzi antimikrobidlnich latek na
bakteridlni povrch.®®®” Kmeny stafylokokti jsou zndmé svou schopnosti tvofit
biofilm, a proto by tvorba biofilmu v disledku zvySené bakteridlni rezistence
mohla byt také jednou z moznosti bakteridlni rezistence vii¢i nanoc¢asticim stiibra.
Proto jsme se v prvnim kroku zaméfili pravé na detekci biofilmu u bakterii

rezistentnich vii¢i nanocasticim sttibra a jeho mozné nadprodukci.
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Tvorba biofilmu byla analyzovana a kvantifikovana n¢kolika metodami
zahrujicimi skenovaci elektronovou mikroskopii a Christensenovu®® metodu.
V ramci Christensenovy metody bylo mnozstvi biofilmu produkovaného citlivou
a rezistentni bakterii stanovovano na zaklad¢ méfeni optické hustoty po obarveni
biofilmu krystalovou violeti (CV). V pfitomnosti nanocastic stfibra v nizSich
koncentracich (pod jejich ptislusnou MIC) produkuji citlivé i rezistentni kmeny
nizké a pfiblizné stejné mnozstvi biofilmu. Pti vyssich koncentracich, v intervalu
13,5 az 27 mg/L, se bakterie ve snaze eliminovat vysokou koncentraci nanocastic
stiibra, brani svym nové vyvinutym mechanismem rezistence, kterym je tedy

vV tomto piipadé zvySena produkce bakteridlniho biofilmu, jez vyrazné roste

s rostouci koncentraci nanocastic v systému (Obrazek 4).

0.42 4 STAU AgC
[ STAU AgR

0 3375 875 135 27 54
CAg [mg/L]

Obrazek 4. A) Opticka hustota (pri 570 nm) biofilmu obarvena krystalovou violeti, a to
Vv zavislosti na mnozZstvi nanocastic stfibra pritomnych pri kultivaci. (B) SEM snimky
rezistentniho S. aureua vystaveného uéinkiim stribra

Vzhledem k tomu, Ze zvySena tvorba biofilmu byla prokazana jako mozny
mechanismus rezistence u kmene S. aureus a k eradikaci bakterii je nyni zapotiebi
54 mg/L. AgNPs, je tieba vyvinout nové zpusoby, jak tento nové vytvoieny
mechanismus rezistence piekonat. Jednim z moZnych pftistupti, jak bojovat proti
tvorbé bakteridlniho biofilmu, je kombinace nanocastic stfibra s latkou
s prokdazanym pozitivnim u¢inkem inhibovat tvorbu bakterialniho biofilmu.
Nejprve byl vuci planktonnim bakteriim a tvorbé biofilmu aplikovan extrakt

z kliry granatového jablka (PGRE), a to s ohledem na jeho dlouhodobé znamy
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k391 a také vzhledem k tomu, ¢ PGRE byl pouzit

antimikrobialni 0cine
k potlageni rezistence bakterii vi¢i nano&asticim stiibra u E. coli.*® Diky tomuto
pristupu tak muize byt extrakt z kiiry granatového jablka pouzit k inhibici jak
produkce flagelinu u E. coli, tak tvorby biofilmu u kmene S. aureus, a to vse jen

pii pouziti jediné latky k pifekonani obou mechanismu bakterialni rezistence.

Dalsim zplGsobem, jak ptekonat rezistenci bakterii vii¢i nanoc¢asticim
sttibra, by mohlo byt zvyseni stability nanocastic stfibra, a tedy zabranéni jejich
agregaci. Vedle tradi¢nich metod, jako je stabilizace pomoci polymerti nebo
povrchové aktivnich latek, které v pripadé prekonani rezistence u E. coli nebyly

® se nabizi moznost stabilizace ¢astic pevnym navéazanim na povrch

isp&sné,*
nanostrukturniho substratu, a vyuziti kyanografen-stiibrného (GCN/Ag)
nanokompozitu u néjz nebyla pozorovana nadmérna produkce biofilmu a lze ho
tak vyuzit jako material prekonévajici nové vytvotrenou rezistenci vici u€inklim
nanocastic stfibra u bakterialniho kmene S. aureus, ale zaroven i tu diive

indukovanou u bakterialniho kmene E. coli a P. aeruginosa.

Aby se jednoznacné prokazala stalost vysoké antibakterialni aktivity
grafenového kompozitu se stiibrem, tak iv pfipadé tohoto materialu byla
ovéfovana moznost indukce a tvorby rezistence bakterii vi¢i tomuto typu
nanokompozitu. Bakterie byly opét opakované kultivovany se subinhibi¢nimi
koncentracemi GCN/Ag jako tomu bylo v ptipadé disperzi samotnych nanocastic
stfibra. Celkem bylo provedeno Sedesat kultiva¢nich opakovani, ptficemzZ hodnota
MIC se zménila jen nepatrné (jedno fedéni), coz nepoukazuje na vyvoj bakterialni
rezistence bakterie S. aureus, ktery tak zistava vici ¢inku kompozitu GCN/Ag
stale citlivy. Tyto vysledky potvrdily nasi hypotézu, Ze velmi silna vazba stiibra
na GCN dostatecné stabilizuje nanocastice stiibra a mize piekonat klicovy
mechanismus rezistence (vyvolani agregace) téchto bakterii vici stfibrnym

nanocasticim.
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11. Testovani spoleéného ucinku
Spole¢ny antimikrobialni u¢inek byl hodnocen na zakladé porovnani

minimalnich inhibi¢nich koncentraci samotnych antimikrobidlnich latek, MIC
latek v kombinaci a vypoCty frak¢éniho inhibi¢niho koeficientu (FIC), ktery
odrazel pravé tyto charakteristiky. VSechny experimenty byly provedeny na
rezistentnich bakteriich, tedy bakteriich majici MIC vétsi, nez jejich ,,breakpoint®
(termin oznacujici hrani¢ni koncentrace MIC antibiotika, ktera definuje
mikroorganismus jako citlivy nebo rezistentni) stanoveny EUCAST.%? Bylo
prokazano, ze jiz nizké koncentrace nanocastic stiibra V jednotkach mg/L
v kombinaci s antibiotiky zvysuji jejich ucinek proti multirezistentnim bakteriim,

vi¢i nimz jsou samotn4 antibiotika zcela bezradna.®

Vzhledem k vysoké antibakterialni aktivit¢ GCN/AgQ a faktu, Ze se vici
tomuto materidlu nepodafilo vyvolat rezistenci, byly testovany i jeho spole¢né
ucinky s antibiotiky majici rizné mechanismy ucinku. V nize uvedené tabulce
(Tabulka 2) jsou shrnuty minimalni inhibi¢ni koncentrace (MIC) antibiotik (ATB)
ciprofloxacinu (CIP), ceftazidimu (CTZ), gentamicinu (GEN), kolistinu (COL)
a MIC nanohybridu GCN/Ag na bazi Ag testované vii¢i rezistentnim bakteriim
E. coli, P. aeruginosa a E. kobei. V tabulce jsou rovnéz uvedeny rozsahy MIC
GCN/Ag pouzité pii kombinaci s ATB. Mimo to jsou uvedeny i nejnizsi, nejvyssi
a primérné frakéni inhibicnimi koncentrace (FIC) stanové pro kazdou dvojici

antibiotikum-GCN/Ag.

25



Tabulka 2. Minimalni inhibi¢ni koncentrace MIC [mg/l] riznych antibiotik a GCN/Ag
nanohybridu, primérné hodnoty FIC pro kombinace antibiotik s nanohybridem GCN/Ag
a prumérné hodnoty FIC pro kombinace antibiotik s nanohybridem GCN/Ag. vysledné

antibakterialni u¢inky

E. coli P. aeruginosa E. kobei
GEN CTz CIP GEN CTZ CIP COL
ATB 128 32 64 8 8 16 64
GCN/Ag 1,688 1,688 1,688 1,688 1,688 1,688 3,375
ATB v kombinaci  4-64 1-16 32 054 14 8 1-32
0,003 0,211 0,105 0,422
GCN/Ag v - - - -
0,844 0,844 0,844
kombinaci 0,844 0,844 0,844 1,688
0,16 0,38 0,38 0,75 0,16
éastecné FIC - - 1,00 - - 1,00 -
0,53 0,63 0,56 1,00 0,63
FIC 0,39 054 100 053 0,88 1,00 0,29
Efekt S @Sy (A (PS) ((PS) (A (S)

Kazdé z antibiotik testovanych v ramci tohoto vyzkumu patii do jiné ttidy

antibiotik a ptisobi na bakterie jinym mechanismem.* Gentamicin patii do

skupiny aminoglykosidovych antibiotik, kterd inhibuji syntézu proteinli vazbou

na podjednotku 30S prokaryotického ribozomu. Bakterie E. coli studované v této

praci odolavaji gentamicinu snizenim své bunécné propustnosti, ktera byla

prekonana prostfednictvim schopnosti nanohybridu GCN/Ag naruS$it vnéjsi

membranu a bunécnou sténu, jez zvySuje propustnost bakteridlnich bunék,

coZ umoziuje gentamicinu dosdhnout jeho intracelularniho cilového mista.
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Ceftazidim je antibiotikum, jehoz zplisob ucinku je zalozen na inhibici
syntézy bunécné stény. Kmeny E. coli si vyvinuly rezistenci vuci jeho aéinku tim,
ze produkuji B-laktamazy s rozsifenym spektrem,” které hydrolyzuji beta-
laktamové jadro v molekule téchto antibiotik, ¢imz jim znemoznuji vazbu
na jejich obvyklé cilové misto. Je pravdépodobné, Ze nanohybrid plisobi proti této
rezistenci tim, Ze pronikd vn¢j$Si membrdnou, coz umoziuje intenzivnéjsi
a snadnéjsi uvolnovani B-laktaméz, a to ve vétsi mife nez v piipadé bakterie
S neporuSenou membranou, C¢imz tak oslabuje jejich negativni Gc€inek

na antibiotika.

Naproti tomu kolistin je antibiotikum, které cili na vnitini bunéénou
membranu bakterii tim, Ze se vaze na klicové slozky bunéného obalu (fosfolipidy
a lipopolysacharidy) a vytésiiuje ionty hoic¢iku a vapniku, které membranu
stabilizuji. Tim se zvySuje propustnost membrany, coz vede ke ztraté bunéénych
slozek a k bunééné smrti.®® Rezistentni kmen E. kobei zkoumany v této praci
vykazuje rezistenci vici kolistinu, pfi niz je vnéj$Si membrana modifikovana
(mé mirny zaporny naboj rovny - 8 mV ve srovnani s - 38 mV citlivého kmene)
zpusobem, ktery zabranuje antibiotiku (kladng nabité s hodnotou zeta-potencidlu
20 mV) dosidhnout svého cile, tj. vnitini membrany. ZvySeni antibakterialni
aktivity kolistinu pii kombinovaném piisobeni s GCN/Ag je pravdépodobné
zpisobeno adsorpci pozitivné nabitého kolistinu (zeta potencial: 20 mV)
na negativné nabity nanohybrid GCN/Ag (zeta potencial: -35 mV)
prosttednictvim elektrostatickych interakci. To by umoznilo nanohybridu plisobit
jako nano-nosi¢ kolistinu, coz mize oslabit odpudivé interakce mezi kolistinem
a vnéjsi membranou. Krom¢ toho miiZe nanohybrid narusSit vnéj§i membranu
bakterii a bunéénou sténu, coz antibiotiku usnadni pfistup k vnitini membrané.
V tomto pfipadé¢ jsou sice mechanismy UucCinku antibiotika a nanohybridu

podobné, ale jejich kombinace vede k silnému posileni antimikrobidlni aktivity.
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Poslednim testovanym antibiotikem v této praci byl ciprofloxacin, ktery
patii do skupiny chinolonovych antibiotik, jejichz mechanismus t¢inku spociva
Vv inhibici syntézy nukleovych kyselin inhibici DNA gyrazy a topoizomeraz typu
IT a IV, které jsou klicové pro d¢leni bakterialni DNA a bunétné déleni.
Rezistence k ciprofloxacinu u testovaného kmene E. coli vznika v dusledku
mutace DNA gyrazy,” ktera brani spravné vazbé antibiotika. Na rozdil od dfive
diskutovanych mechanismi rezistence tento nezahrnuje zmény v bunééné sténé
nebo membrang; misto toho ovlivituje strukturu jaderného proteinu. V disledku
toho nema nanohybrid zadny chemicky nebo biologicky zpisob, jak tento
mechanismus ovlivnit, takze v tomto pifipadé byly pozorovany pouze aditivni,

nikoli synergicke nebo ¢astecné synergicke ucinky.

Ziskané vysledky naznacuji, Ze kombinovany antibakterialni efekt
v nékterych ptipadech zvySuje antibakteridlni aktivitu, a Ze stupeit a povaha
tohoto zvySeni zavisi na zdkladnim mechanismu rezistence a zplisobu Uc¢inku
antibiotika. Slibné vysledky byly ziskany pro antibiotikum, které blokuje syntézu
bakterialnich proteinti vazbou na 30. podjednotku bakterialniho ribozomu
(gentamicin), a pro antibiotikum, které oslabuje integritu cytoplazmatické
membrany (kolistin). Pfi pouziti téchto antibiotik v kombinaci s nanohybridem
byly pozorovany synergické antimikrobidlni u¢inky, které zpusobily, Ze citlivost
téchto  bakteridlnich kmenii pro dana antibiotika vyrazné€ zvysSila
I U multirezistentnich bakteridlnich kmenti. Dulezité je, ze i velmi nizké
koncentrace nanokompozitu (obvykle 0,422 mg/L) byly dostatecné k obnoveni
baktericidni aktivity proti rezistentnim kmentm E. coli i P. aeruginosa. Pozitivni
vysledky byly ziskdny také pro ceftazidim, ktery plsobi inhibici syntézy
bakterialni bunééné stény. Naopak kombinace nanohybridu s ciprofloxacinem,
tedy antibiotikem inhibujicim syntézu bakterialni DNA, nijak vyrazn¢ nezvysilo

jeho aktivitu.
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12. Nanocastice stiibra ve fototermalni terapii
Fototermélni UCinek nanocastic stiibra byl v ramci tohoto vyzkumu

pouzivan  kcilenému poSkozeni proteini v bunkach kultivovanych
na plazmonickych nanocasticich stfibra nanesenych ve formé wvrstvy na
kultivaénich destickach. Povrch mikrotitra¢nich desticek byl modifikovan vrstvou
anizotropnich stfibrnych nanocastic, které po ozafeni lasery pouzivanymi
ve skenovacich mikroskopech umoznily fizeny ohfev a tepelné mikroozafovani

jednotlivych bunék nebo subcelularnich kompartmenti.

Anizotropni Castice stiibra byly pfipraveny dvoukrokovou syntézou, kde
byly stfibrné ionty nejprve redukovany silnym redukénim  ¢inidlem
(tetrahydridoboritanem sodnym), coz vedlo K vytvofeni velkého mnozstvi
zarodeCnych castic. V zavislosti na mnoZstvi stabilizacniho ¢inidla (citronanu
sodn¢ho) pak byly v druhém redukénim kroku V zavislosti na mnoZstvi
stabilizatoru a reduk¢ni latky (redukce hydrazinem) syntetizovdny Castice
riznych tvart a velikosti (Obrazek 5A), tedy i rliznych optickych vlastnosti
projevujicich se riznou polohou maxima v UV-VIS absorpénim spektru
(Obrazek 5B, C). V zavislosti na mnozstvi citratu (0,25-4 ml) a koncentraci
redukéni latky pak byly pfipraveny ¢astice 1iSici se polohou plasmonového piku,

a to v rozmezi 440-750 nm.
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Obrazek 5. TEM snimky anizotropnich ¢astic stiibra pouzivanych pro depozici na
desti¢ku (B, vzorek 5). Vodné disperse anizotropnich nanocastic stfibra (B) a jejich
absorpc¢ni spektra (C)
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Timto zptisobem piipravené nanocastice byly nasledné nanaseny na povrch
kultiva¢ni desky metodou samousporadani po vrstvach (layer-by-layer assembly),
ktera umoziuje navazani zaporn¢ nabitych stiibrnych Castic na povrch kultivacni
desticky, ktery byl doptfedu modifikovan (Obrazek 6) tenkym polymernim filmem
sestdvajicim se z vrstvy naadsorbované kyseliny polyakrylové (PAA)
a poly(diallyl dimethylamonium chloridu) (PDDA), jez slouzily K zajisténi vyssi
smacivosti (vrstva PAA), respektive silné elektrostatické sile a schopnosti vazat
negativné nabité nanoCéstice stiibra (vrstva PDDA).Y" V tomto piipadé byly
vybrany castice s maximem povrchové plasmonové rezonance, co nejblize
hodnoté¢ 561 nm, coz je vlnova délka pouzitého excitacniho laseru. Takto
modifikovany kultivani povrch je stabilni a pIn€¢ kompatibilni se standardnimi
metodami tkanové kultivace, vcetné¢ adherence bunck, jejich rlstu
a zivotaschopnosti.

adherentni
; buriky

| icka
pasmocis - A 20000 0on00n®e ',‘ ,,t‘ »
\ iea ) O A *
= -\ T of el ) :*
Kultivaéni \\\\ =L - =4 ‘ N a‘ ‘l
objektiv - povic Virstva polymeru \ Plastovy/sklenény ‘ "
(PAA, PDDA) povrch '. }’ ‘

N laser TEM snimek plasmonlckych

nanoastic

Obrazek 6. Schematické znazornéni konceptu mikrotepelného poskozeni bunéénych
proteinti. Povrch bunécéné kultiva¢ni desky byl modifikovan tenkou polymerni vrstvou
sestavajici z PAA a PDDA pro ucinnou vazbu plasmonickych nanocastic.

K analyze schopnosti modifikovaného povrchu vyvolat mikrotepelné
poskozeni proteinlt v zivych buiikkach byla pouzita lidska reportérova bunétna
linie U-2-OS exprimujici protein HSP70 (Heat shock protein 70) znaceny GFP,
ktery se podili na zpracovani nesloZzenych, nebo agregovanych proteint.® Tento
protein se pak okamzité po expozici laserem (béhem 8 s) nahromadil v mistech
mikrotepelného poSkozeni a vytvofil pfesny vzor laserové drahy, ktery umoznil

rozpoznani tepelné poskozenych proteinit HSP70 v bunikach. (Obrazek 7)
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Obrazek 7. Zapojeni GFP-znac¢enych proteinii souvisejicich s tepelnym Sokem proteint
v mikro oblastech v buiikach U-2-OS zahratych laserem (561 nm, definovana draha
znazornéna bile) na Ag-modifikovanych destickach.
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Podrobnéjsi vysledky jsou publikovany v praci Mistrik a kol., jedna
se o univerzalni metodiku, jeZumozZiuje nahlédnout do molekularnich
mechanismi bunécnych reakci na tepelné poskozeni v redlném case, véetné
sledovéani kinetiky komplementarnich drah stresové odpovédi, ¢ehoz lze déle
vyuzivat ve vyzkumu vénovaném zpracovani poskozenych bunécénych protein,
coz je zasadni aspekt bunétné biologie s Sirokymi duasledky pro

neurodegenerativni, prionové a dalsi zivot ohrozujici choroby.

13. Cytotoxicita nanocastic

Jak jiz bylo Siroce diskutovano v teoretické ¢asti prace, nanocastice stiibra
jsou znamy 1 pro sviij cytotoxicky ucinek, jez mize byt v nékterych ptipadech
7adouci (protinddorova terapie),®® ale v piipadé ostatnich bio-medicinskych
aplikaci, jako napfiklad v pifipad¢ antibakterialni terapie, je dulezita jejich

biokompatibilita a potlaceni nezadoucich uc€inki vici zdravym buiikam.

Nanocastice stiibra pfipravené redukci maltozou byly testovany vici
NIH/3T3 bunécné linii fibroblastl, pii¢emzZ bylo prokdzéano, ze do koncentrace
30 mg/L ¢&astice nevykazuji zadné toxické uginky.?® U mensich nanocastic jsou
pak pro stejné bunécné linie toxické o néco vyssi koncentrace (12 mg/L), tak i tak
jsou to ale mnohem vysSi koncentrace, nez by byly pouZivany v rdmci

antibakterialni terapie.
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V ptipadé grafenového derivatu byla cytotoxicita zkoumana za pouziti
prutokové cytometrie (s pouzitim propidium jodidu a kalceinovych
fluorescen¢nich sond) na lidskych koznich fibroblastech (BJ) ana lidskych
plicnich fibroblastech (HEL 12469). V obou pfipadech byl grafenovy derivat
tolerovan az do koncentrace 60 mg/L (7,5 mg/L obsahu stfibra), coz je piiblizné
4 az 37krat vice nez jeho antibakterialni hodnoty MIC (Tabulka 1) a vykazuje tak

tedy malou cytotoxicitu.'*

Zivotaschopnost bunék g-C3N4 a nanokompozitd Ag/g-C3N4 byla taktéZ
po 24hodinové inkubaci s materialy hodnocena pomoci pritokove cytometrie
na bunkach CCFR-CEM, THP-1, HEL, HeLa a A549. Samotné nanovrstvy
nitridu uhliku nevykazovaly cytotoxicitu pro Zadnou z bunécénych liniich ani pii
nejvyssi testované koncentraci (300 mg/L) a vSechny bunky si zachovaly 90 %
zivotaschopnost stejné vysledky byly potvrzeny i pro 1% Ag/g-CsN4 s vyjimkou
CCRF-CEM, kde Zzivotaschopnost bunék poklesla pod 90 % pro koncentraci
50 mg/L, az na 63 %, jakékoliv vyssi testovand koncentrace stfibra pak vedla

ke snizeni zivotaschopnosti pod 10 %.

Zivotaschopnost bun&énych linii po vystaveni nanokompozitu 5 % Ag/g-
CsNa4, se pak vyrazné lisila. Adherentni rakovinné bunky HeLa a A549 byly
HEL, jako zéastupce zdravych adherentnich bunécnych linii, byly k u¢inkiim
nanokompozitu mnohem citlivéjsi nez ostatni adherentni buniky, pficemz oSetteni
75 mg/L 5 % Ag/g-CsN4 zplsobilo vyznamné snizeni jejich Zivotaschopnosti.
Buiiky bunééné linie CCRF-CEM odumiraly 1 pii oSetfeni minimalni testovanou
koncentraci 10 mg/L, zatimco bunky THP-1 si zachovaly vice nez 90 %

Zivotaschopnost az do oSetfeni 25 mg/L.
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ZAVER

V ramci disertani prace byly redukci stfibrnych iontl rtizné silnymi
redukénimi Cinidly pfipraveny nanomaterialy na bazi stiibra s rozdilnymi
velikostmi. Hlavni ndplni této prace bylo studium antibakterialnich uc¢inka
nanomaterialli na bazi sttibra, a to jak vii¢i standardnim sbirkovym kmentim, tak
vic¢i bakteriim, jez jsou rezistentni viici Siroké Skale bézné pouZivanych
antibiotik. V rdmci vyzkumu byl pozorovan vliv velikosti ¢astic stfibra a typu
bakterialni bunky na silu antibakterialniho u€inku, pfi¢emz obecné aktivnéjsi byly
castice viici Gram-negativnim bakteriim, mensi ¢astice a ¢astice imobilizované na
povrch uhlikatych nanomaterialli, jez vykazovaly vysS§i antibakteridlni aktivitu
neZz samotny dusiCnan stfibrny, ktery je zndmy pro své vyrazné antimikrobialni
ucinky. Mechanismy UCinku samotnych nanocastic stfibra jsou v literatuie
pomérn¢ Siroce studovany, a proto byl podrobnéji testovan pouze ucinek
grafenového derivatu se sttibrem, jez ze vSech testovanych materialti vykazoval
nejlepSi antimikrobidlni Gc¢inky. Stejné jako v ptipadé stfibrnych nanocastic,
je jednim z hlavnich mechanismt ucinku grafenového derivatu produkce
reaktivnich kyslikovych radikald, jejichz produkce v pfitomnosti nanomaterialu
vyrazn¢ vzrostla. Krom tohoto mechanismu bylo na snimcich ze skenovaci
elektronové mikroskopie pozorovano také poskozeni bunééné stény a membrany,

jez taktéz patii mezi zndmé mechanismy ucinku nanomaterialii.

Kromé¢ samotného antibakterialniho u¢inku grafenového derivatu byl taktéz
studovan spole¢ny ucinek v kombinaci s antibiotiky, jez vii¢i danym bakteridlnim
kmeniim ztratily svoji u¢innost a li§i se mechanismem svého Gc¢inku. V ramci
tohoto vyzkumu bylo zjisténo, Ze uCinek antibiotik 1ze v ptipadé¢ gentamicinu,
ceftazidimu akolistinu obnovit uz pfidavkem grafenového kompozitu
s koncentraci sttibra mensi nez 1 mg/L. Ciprofloxacin byl pak jediné testované
antibiotikum, u kterého se ani u jedné ztestovanych bakterii (E. coli,
P. aeruginosa) nepodafilo t¢inek obnovit, coZz bylo patrné zplsobeno tim,
ze u ciprofloxacin-rezistentnich kment dochazi k mutaci DNA gyrazy, ktera
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brani spravné vazb¢ na antibiotikum a tuto genetickou mutaci nelze za pomoci

ucinkl nanocastic sttibra chemicky, ani biologicky ptfekonat.

Podle doposud publikovanych a dostupnych vysledki vcéetné vysledka
ziskanych v rdmci této disertacni prace se nanocastice stiibra jevi jako dobra
alternativa k soucasné antibakterialni terapii. Doposud vSak nebyl publikovan
dostatek praci, jez by studoval mozny vznik bakteridlni rezistence vii¢i tomuto
materidlu a zarucil tak dlouhodobéjsi vyuziti této alternativy. Pokud se rezistenci
v ramci nékterych praci podafilo indukovat, tak aZz na jednu vyjimku nebylo
nastinéno, jak by mohl byt dany mechanismus nové vzniklé rezistence prekonan.
Vyzkum indukce rezistence vic¢i u€inkiim nanocastic stfibra navazal na praci
doc. Panacka, jenz popsal vznik a piekonani bakterialni rezistence u bakterialniho
kmene E. coli. Postupnym vystavovanim bakterie malym koncentracim
nanoCastic stfibra se v ramci této prace podafilo indukovat rezistenci
I U bakterialniho kmene S. aureus, jez se oproti E. coli lisi slozenim své bunééné
stény. V tomto piipadé byla rezistence indukovana v pozdéjSim kultivaénim
kroku, nicméné stejné jako v pripadé E. coli se projevila destabilizaci ¢astic
stiibra a vznikem ageratii. V ptipad¢ rezistence u Gram-negativni bakterie E. coli
za agregaci nanocastic stiibra stdla produkce bakteridlniho proteinu flagelinu,
ale jelikoz Gram-pozitivni bakterie tento protein neprodukuji, nemohlo se jednat
o stejny mechanismus. Na zdklad€ Christensenovy metody a snimkti ze skenovaci
elektronové mikroskopie byla jako mechanismus rezistence v tomto piipadé
urcena tvorba bakteridlniho biofilmu, jejiZ pfitomnost vyrazné snizuje pronikani
nanocastic k jednotlivym bakteridlnim buiilkdm a naruSuje agregatni stabilitu
nanocastic. Nov¢ vznikly mechanismus rezistence se podafilo piekonat jak
pridavkem extraktu z kiry granatového jablka (stejn¢ jako v ptipadé E. coli),
tak navazanim nanocastic na nosi¢ (kyanografen), jeZ umoznil rovnomeérné
a pevné kovalentni navdzani Castic stfibra na jejich povrch a tim bylo zabranéno

jejich ptipadné agregaci.
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Posledni ¢ast disertacni prace byla zaméfena na syntézu anizotropnich
nanocastic stiibra a nandseni jejich vrstev na kultivacni desti¢ky, jez po ozatreni
laserem umoznili fizeny ohtev a tepelné mikroozatovani jednotlivych bunék nebo
subcelularnich kompartmenti. Na zavér byla pozornost zaméiena na studium
cytotoxického tucCinku pfipravenych nanomateridli vic¢i zvifecim 1 lidskym
buikdm, jez méli za cil prokdzat netoxické ucinky nanocastic stiibra
V koncentracich vyuzivanych v rdmci antibakteridlni terapie. Ve vSech piipadech
bylo prokazano, Ze nanocastice stiibra jsou toxickeé k eukaryotnim bunkam pii
mnohem vysSich koncentracich nez vii¢i buikam bakterialnim, coz je dobrym
piedpokladem pro dal$i vyuziti nanoc¢éstic pro eliminaci bakterii a infekci jimi

vyvolanych.

Vyuziti at’ uz samotnych nanocastic stfibra, tak nanocastic v kombinaci
s antibiotiky miize do budoucna slouzit jako doplnék ke stavajici terapii, nebo
Ji ¢asteCné nahradit a omezit tak narustajici problém s infekcemi zptisobenymi
rezistentnimi bakterialnimi kmeny. S ohledem na dlouhodobé&;si vyuZziti je vSak
zapotfebi studovat moznost ziskdni bakteridlni rezistence 1 vac¢i témto
nanomateriallim a popsat mozné zplsoby, jak ji predchazet, nebo ji prekonat.
Ptevedeni nanocastic do klinické praxe musi ale nejprve predchazet vyzkum, jez
podé hlubsi informace o mechanismech bakteridlni rezistence, mechanismech
ucinku nanocastic a jejich toxicité jak v in vitro, tak in vivo podminkach.
K lepsSimu pochopeni farmakokinetiky a biodistribuce Castic a nanocastic
v kombinaci s antibiotiky, musi byt tedy antibakterialni a synergicky ucinek
sledovan i na infekénich modelech in vivo, jez vylou¢i kombinace s extrémné

vysokou toxicitou.
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PRILOHY

Abstract: Silver-based nanomaterials with different sizes were prepared and their
antibacterial activity was tested. Silver nanoparticles coated on cyanographene
surface (GCN/Ag) performed the highest antimicrobial activity, which was
caused by high production of reactive oxygen species and damage to the cell wall
and bacterial membrane. In addition to the antibacterial effect of the graphene
hybrid alone, the joint effect in combination with antibiotics that have lost their
effectiveness against resistant strains and differ in their mechanism of action has
also been studied. The effect of antibiotics could be restored in the case of the
antibiotic gentamicin, ceftazidime, colistin after the addition of a graphene hybrid
with silver concentration lower than 1 mg/L. Possible emergence of bacterial
resistance to this material to secure a long-term use of this alternative was tested.
By gradually exposing the bacterium to low concentrations of silver
nanoparticles, resistance was induced in S. aureus and was manifested by
destabilisation of the particles and the formation of aggregates. The aggregation
was caused by biofilm formation, which was the newly formed mechanism
of resistance and was later overcame by addition of pomegranate rind extract or
by binding of the nanoparticles to the carrier (cyanographene), which allowed the
particles to be uniformly covalently bound to their surface and thus prevent their
eventual aggregation. The last part of the dissertation work was focused on the
synthesis of anisotropic silver nanoparticles and the deposition of their layers on
the culture plates. Plasmonic layers allowed controlled heating and thermal
microirradiation of individual cells, subcellular compartments and targeted
protein damage after laser irradiation. Finally, attention was focused on studying
the cytotoxic effect of the prepared nanomaterials against animal and human cells,
which aimed to demonstrate the non-toxic effects of silver nanoparticles
at concentrations used in antibacterial therapy. In all cases, silver nanoparticles
were shown to be toxic to eucaryotic cells at much higher concentrations than

to bacterial cells, which is a good precondition for further use of the nanoparticles.
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