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Abstrakt:

Tato disertacni prace shrnuje poznatky z oblasti biologické aktivity nanocastic
sttibra (AgNP) vii¢i eukaryotnim a prokaryotnim organismim. Na jedné stran¢ se zabyva
studiem bakterialni citlivosti (antibakteridlni aktivita) a odolnosti (rezistence) vici AgNP
a na stran¢ druhé fesi otdzku jejich cytotoxicity vici savéim buiitkdm a ekotoxicity vici
Daphnia magna.

Prvni Cast prace je zaméfena na studium posileni antibakterialniho ptisobeni
antibiotik kombinaci s AgNP. Mira kombinovaného uc¢inku byla hodnocena pomoci
frak¢ni inhibi¢ni koncentrace (FIC) ziskané mikrodiluéni metodou. Ziskané hodnoty
FIC prokézaly silny synergicky efekt raznych antibiotik v kombinaci s AgNP proti
Gram-negativnim i Gram-pozitivnim bakteriim pfi velmi nizkych koncentracich fadove
desetin az jednotek mg/l, které nevykazovaly cytotoxicky efekt viici savéim bunkam.
Nezanedbatelny kombinovany antibakteridlni Gi¢inek antibiotik a AgNP byl prokdzan i
vici testovanym zvifecim patogennim bakteriim. Z aplika¢niho pohledu l1ze za velice
uspésny vysledek povazovat obnoveni antibakteridlniho u¢inku amoxicilinu pomoci
AgNP proti multirezistentni bakterii Actinobacillus pleuropneumoniae zpusobujici
zévazné infek¢ni onemocnéni prasat.

Druha ¢ast disertacni prace odpovida na otazku, zda se u bakterii miize vyvinout
rezistence k AgNP podobné jako k antibiotikim po dlouhodobé a opakované expozici.
Escherichia coli a Pseudomonas aeruginosa byly opakované vystavovany
subinhibi¢nim koncentracim AgNP a po kazdé kroku byla ur¢ena minimalni inhibi¢ni
koncentrace (MIC). Na zéklad¢ zvySujici se MIC byla jiz po 13 expozi¢nich krocich

jasné prokéazana zvysena odolnost bakterii vici AgNP. Mechanismus takto indukované



rezistence spociva v produkci proteinu flagelinu, ktery vyvolavéa agregaci a nartst
velikosti AgNP, které tak ztraci své antibakteridlni G¢inky.

Celkovy nahled na biologickou aktivitu AgNP uzavira studium jejich chronické
toxicity pro koryse D. magna. V této studii byl zkouman vliv koncentrace kultiva¢niho
média a pouziti povrchového stabilizatoru AgNP na stabilitu a chronickou toxicitu
AgNP vic¢i D. magna na zaklad€ sledovani jejich viability a reprodukce. Ziskané
vysledky prokézaly zasadni vliv kultivaéniho média na stabilitu a krystalinitu AgNP,

které vyrazné ovlivitovaly chronickou toxicitu AgNP.



Bibliographic identification

Author Monika Smékalova

Title Biological activity of silver nanoparticles
against eukaryotic and prokaryotic
organisms

Type Dissertation

Department Department of Physical Chemistry

Supervisor doc. RNDr. Libor Kvitek, CSc.

Year 2018

Pages 113

Language Czech

Keywords Silver nanoparticles, synergy, resistence,

toxicity, antibacterial activity
Abstract:

Dissertation thesis summarizes results related to the biological activity of silver
nanoparticles (AgNPs) against eukaryotic and prokaryotic organism. On the one hand,
the thesis is focused on the study of bacterial sensitivity (antibacterial activity) and
resistance against AgNPs and, on the other hand, AgNPs cytotoxicity towards
mammalian cells and ecotoxicity towards Daphnia magna is discussed.

First part of the thesis is focused on study of the enhancement of antibiotic
antibacterial activity in combination with AgNPs. The effect of combined activity was
evaluated by using of fraction inhibition concentration index (FIC) measured by
microdilution method. Obtained values of FIC demonstrated strong synergistic effect
of various antibiotics with AgNPs against both, Gram-positive and Gram-negative
bacteria. The effect was proved even at low concentrations (in the order of tenths to
units mg/l), where no cytotoxic effect against mammalian cells was observed. Enhanced
antibacterial effect of antibiotics in combination with AgNPs was also proved against
animal pathogenic bacteria. From the application point of view is one of the most
successful results restoration of antibacterial action of amoxicillin against multi-
resistant bacteria Actinobacillus pleuropneumoniae, which causes serious causing
respiratory disease and mortality in pigs.

The second part deals with question of whether bacteria can develop resistance
against AgNPs similar to the resistance against antibiotics after long-term and repeated
exposition. Escherichia coli and Pseudomonas aeruginosa were repeatedly exposed to
sub-inhibition concentrations of AgNPs. After each step minimal inhibition
concentration (MIC) was measured. Increasing tolerance of bacteria towards AgNPs

resulting from increasing value of MIC has already been proven after 13 exposition



steps. The mechanism of induced resistance is based on production of protein flagellin,
which causes aggregation and increase of AgNP size. This is accompanied by a loss of
antibacterial activity.

The overview of the biological activity of AgNPs is completed by study of chronic
toxicity against crustacean Daphnia magna. There were studied influence of
concentration of culture medium and use of surface stabilisation agent to the stability
and chronic toxicity of AgNPs against Daphnia magna. The study was carried out on
the basis of monitoring of viability and reproduction. The obtained results proved
essential influence of culture media to the stability and crystallinity of AgNPs, which

significantly influenced chronic toxicity of AgNPs.
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Uvod

Nanocastice stiibra (AgNP) ziskaly v poslednich desitkach let velkou pozornost
mimo jiné diky jejich vyrazné antimikrobidlni aktivité. Jejich fyzikalné-chemické vlastnosti
je predurcuji k vyuziti na poli optiky, katalyzy a v biologickych aplikacich, jako je bunécné
znaceni, zobrazovaci metody apod. Spolu se snadnou vyrobou a manipulaci se staly
nejpopularngj$im nanomateridlem a podle seznamu CPI (Nanotechnology Consumer
Products Inventory) jsou soucasti nejvice komerénich produktd s antibakteriani tpravou.'
Ocekava se, ze v budoucnu se uplatni pfi [écbé rakoviny, diabetu a jinych chorob.

Nespocet studii dokazuje baktericidni i€inky nanocéstic stiibra proti mnoha druhtim
bakterii napadajicich ¢lovéka a jiné zivocichy. Patfi mezi n€ i multirezistentni kmeny, jako
je methicillin rezistentni Staphylococcus aureus (MRSA)?, Salmonella typhus rezistentni k
chloramphenicolu, amoxycilinu a trimethoprimu apod?®.

V soucasnosti je pfedmétem vyzkumu i synergicky Uc¢inek nanocastic stfibra a
antibiotik. Masové a nezodpovédné pouzivani antibiotik vedlo k vyvoji a rychlému roz§iteni
bakteridlni rezistence vii¢i mnoha antibiotikiim. Rostouci rezistence bakterii k antibiotikiim
nebezpecné klesé a je tieba nalézt nova feSeni v boji proti infekénim chorobam. Slibnym
feSenim problematiky vzristajici bakteridlni odolnosti je obnoveni uc¢inku antibiotik pomoci
kombinace s jinou antibakteridlni latkou. Kombinace antibiotik s AgNP pifinasi nékolik
vyhod, mezi néz patfi minimalizace pozadované davky antibiotika, potlaceni vyvoje
bakterialni rezistence a zvyseni efektivity podavaného antibiotika. Cést disertaéni prace se
proto zabyva studiem zvySené aktivity antibiotik v kombinaci s AgNP.

Predpokladané vyuziti AgNP samostatné nebo v kombinaci s antibiotiky pfi 1é¢bé
infekci vedlo k myslence ovéfit, zda si bakterie mohou k AgNP také vytvofit rezistenci
stejné jako k antibiotikim. Dalsi podstatné téma disertacni prace je tedy zaméieno na vznik
a popis mechanismu rezistence bakterii k AgNP po dlouhodobé a opakované expozici
AgNP.

Vzhledem k rozsahlému vyuziti AgNP lze ptedpokladat, ze se Castice budou
uvoliiovat do Zivotniho prostiedi. Uniky AgNP do Zivotniho prostiedi z primyslu
a z domécnosti byly nékolikrat popsany, jedna se napt. o kosmetické a hygienické produkty
a prani obleceni s obsahem stfibra.*> Toxicita AgNP je proto intenzivné studovdna a mnoho

téchto studii jednoznac¢né prokazalo vysokou toxicitu k vodnim organismim, jako jsou fasy,
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sinice, vodni rostliny, mlzi, korysi a ryby apod. AgNP mohou mit také nezadouci vliv na
pudni bakterie na polich nebo napt. bakterie v ¢istickach vod.

V disertacni praci jsem se zaméfila na studium chronické toxicity AgNP vici
D. magna v zavislosti na koncentraci riistového média, které vyrazné ovlivituje jejich
stabilitu a tim ve vysledku jejich dlouhodobou toxicitu. Slozeni rstového média, jeho
koncentrace a pfitomnost stabiliza¢nich latek ovliviiuje stabilitu AgNP a méni tak nejen

jejich fyzikalné-chemické vlastnosti, ale i1 ty biologické, v tomto ptipad¢ jejich toxicitu.
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Teoreticka ¢ast
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1. Nanocastice stribra

Nanotechnologie jako védni obor prochéazi v poslednich letech prudkym rozvojem a
neustale prichazi s novymi poznatky, které¢ znamenaji vyznamny pokrok napt. pro medicinu,
védecké aplikace, ale i pro bézného spotiebitele.

Nanoobjekty (objekty o rozmérech 1 az 100 nm) se vyznacuji odlisSnym fyzikalné-
chemickym chovanim od makroobjekti (objemovych materidlit). Divodem téchto odliSnosti
je vzrustajici podil atomii na povrchu c¢astice ku celkovému poctu atomil s klesajicim
rozmérem castice a vzrustajici vliv kvantovych efektlh na magnetické, elektrické a optické
vlastnosti. Dlilezité postaveni maji nanoc¢éstice kovi, zejména nanocastice stiibra, které jsou
snadno a levné pfipravitelné, stabilni a daji se vyuZit napt. v heterogenni katalyze, povrchem
zesilen¢ Ramanové spektroskopii nebo v biologickych aplikacich. Své misto si vSak
vydobyly také jiné nanocastice kovl, napf. ruthenia s jejich protindadorovym plisobenim,
palladia s katalytickymi vlastnostmi nebo nanocastice médi, niklu a platiny. Mezi vyznamné
vlastnosti nanocastic stfibra pak patii vysoka elektrickd a tepelna konduktivita, schopnost
zesilovat Ramantiv rozptyl, katalyticka aktivita a nelinearni optické chovani.

Pti interakci elektromagnetického zareni s nanocasticemi dochazi soucasné k jeho
absorpci a rozptylu do vSech smérti beze zmény energie. Absorpci a rozptyl svétla na malych
kovovych casticich spojenych s existenci povrchového plazmonu teoreticky vysvétlil Mie
v roce 1908 feSenim Maxwellovych rovnic. Intenzivni zbarveni zejména vodnych disperzi
nanocastic kovil je zptsobeno povrchovou plazmonovou rezonanci (SPR).”® Povrchovy
plazmon je jev, ktery se vysvétluje jako koherentni oscilace vodivostnich elektrond po
interakci s dopadajicim elektromagnetickym zafenim (obr. 1). Elektrony se pohybuji ve fazi
shodné s budici vinou, a pokud je frekvence tohoto elektromagnetického pole v rezonanci
s koherentnim pohybem elektront, dojde k silné absorpci zafeni. Pro nanocéastice stiibra
nastava rezonance ve viditelné ¢asti spektra a ¢astice ve vodné disperzi se tak jevi barevné.””
S rostouci velikosti ¢astic dochdzi k posunu maxima plazmonové absorpce k vyS$im
vlnovym délkam (obr. 2). Lokalizovana povrchova plazmonova rezonance vede ke zvétSeni
absorp¢niho a rozptylového prafezu pro elektromagnetické viny a k nartstu intenzity pole v
blizkosti povrchu ¢astice, coz vyuziva metoda povrchove zesilené Ramanovy spektroskopie
(SERS — Surface-enhanced Raman spectroscopy).'?

Rozptylu svétla na koloidnich ¢asticich 1ze vyuzit ke stanoveni jejich primérné
velikosti. Pouzijeme-li laser jako zdroj koherentniho zafeni, dochazi k interferenci

rozptyleného zateni, kterd toto zafeni zesiluje nebo zeslabuje. Neustaly Browndv pohyb
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koloidnich ¢astic zplisobuje fluktuace intenzity rozptyleného zateni v case kolem primérné
hodnoty, jedna se o dynamicky rozptyl svétla. Z ¢asového prubehu kolisani intenzity lze
zjistit rychlost pohybu ¢astic a nasledné jejich rozmér. Na tomto principu je zalozena metoda

méieni distribuce velikosti ¢astic zvana Dynamic Light Scattering — DLS.!!

Electric field

Magnetic
TS field

Metal sphere Electron cloud

Obrazek 1. Schematicka ilustrace lokalizovaného povrchového plazmonu (SPR). Pievzato
z Peiris a kol.”

250 300 350 400 450 500 550 600 650 700 750 800
Wavelenght (nm)

Obrazek 2. Posun maxima SPR k vy$§im vinovym délkam s rostouci velikosti AgNP.
Pfevzato z Panacek a kol.'?
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Metody piipravy nanocastic 1ze rozdélit do dvou skupin — top-down (dispergacni)
a bottom-up (kondenza¢ni) metody. V piipadé top-down metod jsou z makroskopickych
¢astic pfipravovany ¢astice mensi. Jedna se napft. o rozpraSovani v elektrickém oblouku nebo

laserovou ablaci, pfi které vznikaji Cisté ¢astice bez zbytkd rozpoustédel.'’

Bottom-up
metody jsou vyuzivany cCastéji, jelikoz pii vzniku nové faze z roztoku lze zménou vnéjSich
parametri ovlivnit velikost pfipravenych ¢astic, morfologii, stabilitu nebo polydisperzitu.
Tyto charakteristiky 1ze ménit pomérem a koncentraci reak¢nich slozek, pH, teplotou nebo
iontovou silou roztoku a volbou reduk¢niho ¢inidla. Polymerni a povrchové aktivni latky
pak ovliviluji stabilitu koloidni disperze.

Nanoéastice stiibra jsou nejéast&ji piipravovany ve formé vodnych disperzi. Castice
1ze poté charakterizovat pomoci transmisni elektronové mikroskopie (TEM), DLS a UV/Vis
spektroskopii. NejpopularnéjsSimi metodami jsou chemické redukce za pouziti raznych
organickych a anorganickych redukénich cinidel, elektrochemické postupy piipravy a
radiolyza. Pfikladem metody vyuZzivajici chemické redukce miize byt pfiprava zalozena na
pridavku vodného roztoku AgNOs do intenzivné michaného ledové vychlazeného roztoku
NaBH. ' Vznikaji tak disperze st¥ibra obsahujici ¢astice o velikosti 5-20 nm. Jednoduchy a
Casty zpUsob piipravy piedstavuje Tollensiv postup, ktery spociva v redukci amoniakalniho
komplexniho kationtu [Ag(NH3)2]" redukujicimi sacharidy.!” Jinym ptikladem je metoda
podle Leeho a Meisela, kde se pouziva jako redukéni Cinidlo citratovy anion, ktery zaroven
vznikajici AgNP stabilizuje.'® Smés 10 ml 1% roztoku citratu sodného s 500 ml 1mM
AgNOs se ponecha hodinu vafit. Vznikaji nanoc¢astice o velikostech 30 az 120 nm.

Pti fotochemické redukci jsou nejpouzivangj$imi donory elektroni aromatické
ketony, které pod UV zifenim produkuji radikaly, které jsou vlastnim redukénim
¢inidlem.!”!® Vlastnosti AgNP vznikajicich pii fotochemické redukci lze ovlivnit volbou
vlnové délky svétla'® nebo magnetickym polem.?°

V posledni dob¢ vzristd zdjem o ekonomicky nenarocné a pro zivotni prostiedi
privetiveési metody bez uziti toxickych chemikalii béhem pfipravy. Tzv. green syntézy
vyuzivaji jednoduché prokaryotické bakteridlni buiiky, eukaryotické houby nebo rostliny,
netoxicka rozpoustédla a stabilizacni Cinidla. Pfikladem muze byt redukce AgNOs3 pomoci
bakterii, jako je Klebsiella pneumoniae, pomoci tas jako je Spirulina platensis, houbovych
mikroorganismit jako Aspergillus spp., Phoma glomerata, Trichoderma viride nebo
rostlinnych extraktti z Dioscorea bulbifera.*'>° Tyto metody piipravy jsou zaloZeny na
vyuziti redukujicich latek, které jsou obsazeny v pouzitém organismu nebo extraktu, napf.

sacharidy, enzymy nebo phenolické latky.?!-?
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Lyofobni koloidy obecné nejsou agregatné stalé¢ a koloidné dispergovand latka se
snadno vylucuje napt. pfi zméné¢ pH nebo ptridavkem elektrolytu ve formé agregatt
primarnich ¢astic. Otazku stability disperzi elektricky nabitych nanoc¢astic kovii popisuje
teorie DLVO (Derjagin, Landau, Verwey, Overbeek).?” Zakladni myslenkou této teorie je
vzajemné soupeteni pfitazlivych a odpudivych sil mezi dvéma koloidnimi ¢asticemi. Pokud
ptevazi sily odpudivé, vyvolané predevsim elektrostatickou repulzi, nedojde ke styku ¢astic,
avSak prevazi-li pfitazlivé sily vyvolané disperznimi piitazlivymi interakcemi (van der
Waalsovymi interakcemi), dojde k jejich spojeni.

Povrch koloidnich ¢astic nese elektricky naboj, ktery méa vyznam pro jejich stabilitu
a chovéni v elektrickém poli. Nabita castice pfitahuje protiionty a na jejim povrchu tak
vznika elektrickd dvojvrstva. Existuje nékolik modelt, které elektrickou dvojvrstvu popisuji.
NejrozsifenéjSim modelem je Gouy-Chapman-Sterniv model, kterym se daji vysvétlit

mnohé rysy chovani nanoééstic v roztoku elektrolytu (obr. 3).%8

potential
(negative) dsterm diffuse layer
A +—r < >

distance

Obrazek 3. Schéma elektrické dvojvrstvy podle Gouy-Chapman-Sternova modelu s
vyznacenim hodnoty zeta ({) potencialu. Pfevzato z Brown a kol.?

BliZze u povrchu je adsorpcnimi silami vdzéna kompaktni Sternova vrstva, na kterou
navazuje difuzni Cast tvofend ionty pfitahovanymi elektrostatickymi silami, kterd se
nepohybuje s ¢astici. Na rozhrani pohyblivé a nepohyblivé ¢asti, tzv. pohybovém rozhrani,
se ustavuje elektrokineticky potencial (zeta potencial, {-potencial). Cim vyssi je jeho
hodnota, tim stabiln¢jsi jsou ¢astice diky siln€jSimu elektrostatickému odpuzovani castic.

Zvyseni povrchového nédboje castic tedy znamena vétsi agregacni stabilitu. Pridavkem
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indiferentniho elektrolytu se zvysi koncentrace protiontd, stlaci se elektrickd dvojvrstva,
klesne elektrokineticky potencidl a spolu s nim i stabilita Castic. Z hlediska agregacni
stability je také dulezitd hodnota pH, protoze povrchovy naboj mtize byt ovlivnén disociaci
funkénich skupin na povrchu a adsorpci H3O™ a OH™.?® Zvyseni stability naopak mtize byt
dosazeno adsorpci ionickych povrchové aktivnich latek (PAL), které zvySuji povrchovy
naboj a tim 1 elektrostatickou repulzi. DalSi moznosti, jak zabranit agregaci, ptfedstavuje
stéricka stabilizace, kdy se povrch cCastic modifikuje adsorpci neionickych PAL nebo

polymeri, které neméni povrchovy naboj, ale zabratiuji tésnému piiblizeni ¢astic®’.
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2. Antimikrobialni aktivita AgNP

2.1 Antibakteridlni aktivita AgNP

Obecné jsou kovové nanocastice schopny rychle a efektivné likvidovat celou fadu
mikroorganismu, diky cemuz se dostaly do poptedi védeckého zdjmu vzhledem k nartstajici
mikrobialni rezistenci k béZnym antibiotikiim. Antimikrobidlni vlastnosti nesou rtizné druhy

31 nebo zlata®?. Nanocastice

kovovych nano&astic, napf. nano¢astice médi,*® oxidu zinku
stiibra se vSak jevi nejefektivnéj$i, at’ uz vac¢i bakteriim, virim, plisnim nebo jinym
mikroorganismiim.?2%-33-3

Rozsahlé a Casto neuvazené a nadbytecné pouzivani anitibiotik méa za nasledek
rychly rozvoj a Sifeni bakteridlni rezistence, pficemz nékteré bakterie se staly dokonce
multirezistentnimi. Narist poctu rezistentnich kment bakterii k antibiotikim se stal
ozehavym problémem, lidé by mohli umirat na prosté infekce, a proto se vyzkum zacal
sméfovat k nalezeni nového druhu baktericidnich 1é¢iv, poptf. moznosti znovu obnovit
ucinky antibiotik.

Stiibrné ionty jsou velmi silnym baktericidem. Dezinfekce pomoci kovového stiibra
a jeho sloucenin je znama uz staleti. V ayurvedské mediciné se pro 1é¢bu pouzivaly kovy
v kombinaci s bylinkami pro 1é&bu riiznych nemoci, proces znamy jako Rasa Shastra.’” Ve
starovékém Rimé se potraviny uchovavaly ve stitbrnych nadobach k prodlouzeni jejich
trvanlivosti. Hippokrates (400 pf. n. 1.) a Avicenna dokonce pouzivali stiibro k 1é¢bé
poranéni.®® Ve stiedovéku se uchovavani potravin pomoci stiibra velmi rozsitilo. V 15.
stoleti si Slechta pfidavala stfibro do jidla spole¢né se soli. Mleté stfibro vSak neni biologicky
dobie vyuzitelné a masivni uzivani stiibra mivalo za nasledek otravu sttibrem, tzv. argyrii,*
ktera se projevuje Sedo-modrym zbarvenim kiize a poSkozenim jater. Proto se od uzivani
stitibra zacCalo upoustét. V prubéhu 19. stoleti a piedevSim zacCatkem 20. stoleti se
zapomenutému stiibru opét vénuje pozornost a zacina se studovat antimikrobidlni aktivita
koloidniho stfibra. Od konce 19. stoleti se pouzivala metoda tzv. kredeizace,* jiz zaved]
némecky porodnik Crede, ktery novorozenciim aplikoval 1% roztok AgNOs k zabranéni
hnisavé gonokokové konjunktivitidy zplsobujici slepotu. Pocatkem 20. stoleti byly
slouceniny stfibra nahrazeny koloidnim stfibrem, které se stalo rozSifenym a U¢innym
lécivem systémovych a lokalnich infekei. Koloidni stfibro bylo aplikovano peroralné a
nitrozilné pti 1ébe systémovych infekci a lokalné pro oSeteni popalenin a 1éCeni plisiiovych

nakaz.*! V letech 1912 az 1917 byla vydana cela fada odbornych praci v asopise British
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Medical Journal ¢i Lancet popisujicich uspésné vyuziti koloidniho stfibra pro 1écbu infekei
kiize, ucha a dutiny Gstni, zan&tu mandli**** a o pét let pozdgji byly vydany lékopisné normy
pro koloidni stifbro a nékteré stiibrné slouceniny.* S objevem antibiotik a p¥ichodem
antibiotické éry (r. 1940) zacalo pouzivani stiibra v mediciné ustupovat, v podstaté jedinym
lécivem obsahujicim stfibro pouzivanym od 70. let 20. stoleti dodnes je sulfadiazin
stiibrny,*® ktery se aplikuje lokalné pii 1é¢bé popélenin k eliminaci bakterialnich infekci.
V soucasné dob¢ nachazi sttibro uplatnéni pouze v lokalni terapii a predevSim ve formeé
zdravotnickych prostiedki jako je sterilni kryti, endotrachealni trubice, katetry ¢i cévni
néhrady pro eliminaci lokalnich bakterialnich infekci a tvorby bakterialniho biofilmu*’->°,

S prudkym rozvojem vyzkumu v oblasti koloidni chemie v druhé poloving 20. stoleti
se zaCala zkoumat v poslednich dekddach 20. stoleti i antimikrobidlni aktivita koloidniho
sttibra. Byly publikovany tisice praci na téma antibakterialni aktivity AgNP, velké mnozstvi
studii se pak vénuje antivirdlnim a antimykotickym u€inkim AgNP. Je ziejmé, ze AgNP
vykazuji velmi silnou toxicitu pro Siroké spektrum k antibiotikiim rezistentnich i citlivych
Gram-pozitivnich 1 Gram-negativnich bakterii. AgNP jsou toxické i1 pro multirezistentni
bakterie jako S. typhus,> MRSA,? P. aeruginosa,”! multirezistentni enterobakterie®? a mnoho
dal$ich. Mechanismy antibakterialni aktivity AgNP byly rozsahle studovany. M4 se za to,
ze za antibakteridlni aktivitu jsou zodpovédné ionty stiibra uvolnéné z povrchu nanocastic,
avSak né¢které studie prokazaly, Ze antimikrobidlni aktivita je spojena i s malym rozmérem
Sastic.>3"* Zd4 se, ze AgNP pisobi na bakterie nespecificky. Vstupuji dovnitt bunék a z
jejich povrchu se uvoliuji ionty stfibra. Zptisobuji morfologické zmény, rozpad bunécéné
stény a membrany, uvolnéni bunééného obsahu do okoli a tim buné&nou smrt.> Interaguji
s thiolovymi skupinami proteinti ucastnicich se metabolickych procest, které timto
inaktivuji, a bufika odumira.’® Jednim z mechanismii je také kondenzace DNA a ztrata
replikaéni schopnosti.’’ Dochazi k tvorbé reaktivnich forem kysliku (ROS) jako je
hydroxylovy radikal nebo superoxid, které zpiisobuji oxidativni stres. AgNP déle deaktivuji
enzymy respiraéniho fetézce, coz vede ke smrti bakterii.’®*° Dochazi také k denaturaci
ribozomii a tim potladeni exprese enzymi a proteini dileZitych pro produkci ATP.%
Akumulaci AgNP v membrané se méni jeji permeabilita, je ovlivnéna spravna funkce
membranovych proteint a dochézi k morfologickym zméndm. AgNP déle zplisobuji zmény
redoxniho cyklu v cytosolu, akumulaci radikalt uvniti buniky a disipaci gradientu pH skrz
cytoplazmatickou membranu, ¢imz se redukuje tzv. proton motive force, hnaci sila syntézy

ATP.0142
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Antibakterialni aktivitu lze testovat n€kolika zplisoby. Nejcastéjsi jsou to difuzni a
dilu¢ni metody, mezi mén¢ pouzivané patii napt. ,time kill assay”, kdy se sleduje rlst
bakterii v ¢ase. Principem diskové nebo jamkové difuzni metody je méfeni velikosti
inhibi¢ni zoény kolem disku s antibakterialni latkou umisténého na pevné piidé nebo kolem
jamky v pevné pidé, do které je aplikovan vzorek. Porovnadnim velikosti inhibi¢ni zony
s tabulkovymi hodnotami se poté rozhoduje o citlivosti nebo rezistenci bakterie. Pomoci
dilu¢nich metod se ur¢uje minimalni inhibi¢ni koncentrace — MIC, tedy nejnizsi koncentrace
antibakterialni latky z geometrické koncentracni fady, pti které se zastavi rust bakterii.
Porovnanim s tabulkovymi hodnotami opét urujeme citlivost bakterie. Vysledky
jednotlivych metod se t€zko porovnavaji mezi sebou, ale v piipadé AgNP zélezi také na
jejich velikosti, tvaru a sloZeni a koncentraci zivného média nebo agarové pudy.

Antibakterialni aktivita AgNP z4visi na jejich velikosti.>**% Mensi AgNP maji vétsi
plochu povrchu vzhledem k objemu a do kontaktu s bakterii ptijde velkd ¢ast oblasti
povrchu, proto s bakteriemi vice interaguji. Nejucingjsi se zdaji byt AgNP o primérnych
velikostech niz§ich nez 10 nm. Morones a kol. pomoci TEM prokazali, ze s Gram-
negativnimi bakteriemi interagovaly pouze nanocastice s velikostmi 1-10 nm z rozsahu 1—
100 nm. Vysoka antibakterialni aktivita AgNP pod 10 nm byla také zaznamenana u E. coli
a S. aureus nejen métenim MIC, které se vyznamné snizily oproti MIC vetSich AgNP (15—
100 nm), ale 1 z monitorovani kinetiky rastu také vyplynulo, ze u AgNP o velikosti 5 nm
byla baktericidni aktivita rychlejsi nez u &astic vétsich.% V dalsi praci byly pfipraveny
Castice stiibra s primérnou velikosti 15 nm a 75 nm. K testovani byly pouzity bakterie E.
coli tentokrat kultivované na agarové pidé. MIC po 24 hodinach v ptipadé vétSich AgNP
(75 nm) byla 31,8 pg/cm?, v piipadé mensich AgNP (15 nm) byla MIC rovna 8 ug/cm.®’

Morfologie ¢astic je také urCujicim parametrem antibakterialni aktivity. Napft. podle
prace autorti Pal a kol. trojhranné zkosené nanocastice inhibuji bakterialni rast pii 50—
100krat mensich koncentracich nez sférické nanogastice.’® P¥i piipravé AgNP pomoci
mikrovinného zéafeni se volbou doby ozafovéni, koncentrace prekurzoru a stabiliza¢niho
¢inidla daji ziskat Castice riiznych velikosti a tvarti. Singh a kol. publikovali, Ze takto
piipravené anizotropni AgNP maji lepsi baktericidni Gi¢inky neZ sférické nanocastice.®’

Kromé planktonni formy mohou bakterie tvofit tzv. biofilm, spolecenstvi bakterii
prichycené k povrchu obalené v extracelularni polymerni matrici (EPM).”® Ta je vedle vody
tvofena makromolekulami (proteiny, polysacharidy nukleové kyseliny), lipidy,
peptidoglykany, fosfolipidy, absorbovanymi zivinami, metabolity bun¢k a dalSimi latkami.

EPM nejen fixuje bunky, ale ovliviiuje pohyb plynt a rozpusténych latek mezi

19



mikrokoloniemi. Také buiiky chrani pfed vnéj$imi vlivy okoli jako je UV zéfeni, toxické
latky a mechanické poSkozeni. Tvorba biofilmt byla prokdzana u vétSiny patogennich
bakterii, napt. u zéastupcti rodi Pseudomonas, Escherichia, Salmonella, Streptococcus,
Staphylococcus apod.”® "> B&zné se vyskytuje biofilm na kamenech v fekach, ve sprchach,
trupech lodi, kohoutcich apod.

Biofilm je nezadoucim jevem, pokryva implantaty, katery a kanyly, zpiisobuje
chronické infekce a poskozeni tkani.”!"”* Bakterie mezi sebou diky biofilmu 1épe komunikuji,
predavaji si genetické informace a mohou si tak vypéstovat velmi silnou rezistenci
k antibiotiktim, coz piedstavuje zna¢ny problém, protoZze tato spolecenstva jsou zodpovédna
az za 80 % chorob.””> Navic biofilm slouzi jako bariéra pro priichod antibiotik, chréni pred
UV zafenim, vysousenim, extrémnim pH. Bakterie také 1épe odolavaji imunitnimu systému
nez planktonni forma.’¢"8

Malé AgNP vsak EPM nezachyti a mohou pronikat skrz tlustou vrstvu biofilmu a
zni¢it az 98 % biofilmu.”® Destrukce biofilmu a inhibice jeho tvorby byla prokdzana u mnoha
druhti bakterii.®® Expozice AgNP vede k redukci mikrobialni biomasy a pteziti bunék a také
inhibuje produkci proteinti a exopolysacharidii.?!8? AgNP jsou napt. schopny vyrazné nicit
biofilm tvofeny bakteriemi rodu Acinetobacter a inhibovat jeho tvorbu, coz je vyznamny
nozokomialni patogen zpusobujici kozni infekce, infekce mocové a dychaci soustavy,
krevniho ob&hu atd.®

Kontaktni coc¢ky byvaji infikovany bakteriemi, které na povrchu ¢ocky tvofi biofilm,
a jejich cast&jsi uzivani pak mize zptsobit zanét rohovky. P. aeruginosa a Staphylococcus
epidermidis jsou zndmymi pivodci této choroby. Biofilm prodluzuje dobu kontaktu bakterie
s okem a bakterie v biofilmu jsou odolné;jsi viici dezinfekci. Pied pfichodem antibiotik se na
infekce oci pouzival roztok AgNOs, ktery je vSak nachylny ke komplexaci, a tak se snadno
inaktivuje. Stfibro ve form¢ nanocastic by tento problém mohlo vyiesit, pokud bude
davkovano v mnozstvich, kterd nejsou toxicka pro ¢lovéka. Studie ukazala, ze AgNP jsou

schopny zni¢it az 95 % biofilmu tvofeného témito dvéma bakteriemi.*!¥!

2.2 Antifungalni aktivita

Houby jsou piavodci zavaznych onemocnéni (napf. aspergiléza, kandidoza,
kryptokokoéza nebo histoplazméza) a maji za nasledek miliony imrti roéné.** Rozméhaji se
onemocnéni klize zpusobené kvasinkami rodu Candida a dermatofyty, které se Zzivi

keratinem a napadaji nehty, o¢i, vlasy a kiizi, napt. rod Trichophyton.® Jsou zodpovédné za
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fadu vaznych nemoci, zejména u osob s poruchami imunitniho systému, prodluzuji dobu
pobytu v nemocnici a zvySuji riziko umrti pacienti.

V domech s nedostatecnym odvétravanim, topenim a slabym svétlem se dafi plisnim.
Pfitomnost alergenti, antigenii a mykotoxinli mize zptisobit astma, alergické reakce, kozni
a dychaci obtize apod. Dlouhodobd expozice plisnim miize také ovlivnit nervovou a
ob¢hovou soustavu nebo zplsobit rakovinu. Pfikladem mtize byt ¢asto se vyskytujici houba
Aspergillus  fumigatus kolonizujici dolni dychaci cesty a zptisobujici alergickou
bronchopulmonalni aspergilozu, ktera vede k destrukci plicni tkané nebo Penicillium
brevicompactum produkujici alergeny, které mohou zpiisobit hypersenzitivni pneumonitidu.
AgNP se proto zacinaji pouzivat i ve stavebnich materidlech. Ze zvifecich patogent, proti
kterym jsou uc¢inné AgNP, stoji za zminku napt. Mortierella spp. zpusobujici potrat u krav,
zépal plic a systémovou mykézu, podrazdéni kiize, alergie atd.3%

Na antifungélni pfipravky si houby snadno vytvafi rezistenci, napt. u nékterych
druht rodu Candida zacala vzristat rezistence k flukonazolu, jednomu z nejcastéji
pouzivanych antimykotik nebo k nejnovéjsi skupiné antimykotik — echynokandintim. 5%

Jak dokazuje mnoho publikaci, AgNP jsou velmi u€inym antimykotikem proti fadé
druhii hub napadajicich Zivocichy i rostliny.”>** V praci Panacka a kol. AgNP projevily
vysokou antmykotickou aktivitu vac¢i Candida spp. v koncentracich srovnatelnych
s béznymi fungicidy a na rozdil od iontového stiibra nevykazovaly Zadnou cytotoxicitu
k lidskym fibroplastim. Po stabilizaci AgNP se jejich MIC jeste snizily. AgNP stabilizované
SDS (dodecyl sulfat sodny) dokonce inhibovaly C. albicans jiz v koncentracich 0,05 mg/1.%*
Gajbhiye et al. publikovali zvySeny ucinek flukonazolu po kombinaci s AgNP proti P.
glomerata, Phoma herbarum, Fusarium semitectum, Trichoderma sp. a Candida albicans
pomoci diskové difuzni metody.’* Kim a kol. nabizi jako mozny mechanismus antifungalni
aktivity destrukci integrity membrany a inhibici déleni C. albicans.*>*¢

Na rostlinach parazituje celd fada hub zpiisobujicich jejich poSkozeni a ekonomické
ztraty a nékteré z nich produkuji mykotoxiny, nebezpecné pro zdravi zvitat a lidi. Jedna
z potencidlnich aplikaci AgNP je oSetfeni houbovych nemoci zemédé€lskych a jinych rostlin

jako nahrada nebezpeénych fungicidt.”®"’
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2.3 Antiviralni aktivita

I pfes bohaté moznosti 1écby virdlnich onemocnéni, maji viry stale na svédomi
nejvice onemocnéni a umrti na svété. Neustale se objevuji nova virdlni onemocnéni nebo
viry méni hostitele, nap¥. SARS (syndrom nahlého selhani dychani) nebo ptaci chfipka.”®

Idedalni antivirotikum by mélo byt Sirokospektralni, aby mohlo byt pouzito jako prvni
pomoc pfi nepiedvidatelnych epidemiich. AgNP jsou jednou z moznosti 1€cby virdlnich
nemoci diky jejich antivirdlni aktivit¢ a ptedpokladané nizs§i pravdépodobnosti vyvoje
rezistence. Uginek AgNP byl prokazan proti mnoha virim bez ohledu na druh. Vyrazna
antiviralni aktivita byla potvrzena in vitro proti takovym virim jako je virus HIV,
hepatitidy B, HSV (herpes simplex virus) a chiipkovy virus HIN1 a také proti virim
napadajicim rostliny, viru horecky dengue apod.’®%*'9 AgNP jsou navic toxické vici
primarnimu vektoru horecky dengue komaru Aedes aegypti® Na komary a moskyty se
bézn¢ pouzivaji organofosfaty a regulatory riistu hmyzu, tyto chemikélie vSak maji
nepiiznivy dopad na zdravi a zivotni prostfedi a komaii si na tyto chemikalie buduji
rezistenci.

Utinek AgNP vicdi virim, podobné jako wG¢inek antibakterialni, zavisi na jejich
velikosti, zeta potencialu a povrchové modifikaci.'® % Mensi AgNP jsou aktivn&jsi nez
vEtsi Castice a pii spravné zvolené koncentraci a velikosti jsou AgNP schopny likvidovat
virus bez zjevné toxicity vii¢i infikovanym burikam.!%¢197 Stabiliza¢ni ¢inidla maji také vliv
na antiviroticky ucinek AgNP. V praci Speshock a kol. polysacharidy pouzité jako
stabiliza¢ni €inidlo chrénily bunky proti toxickym ucinkiim AgNP, ale zaroven se snizila
aktivita proti TCRV (virus Tacaribe).!%’

Mechanismus antiviralni  aktivity neni zcela znam. NejpozorovanéjSim
mechanismem, kterym mohou AgNP inhibovat viry, je navazani viru na AgNP a
zablokovani interakce viru s buikouw.'!™ U viru HIV bylo pozorovdno, Ze se
transmembranovy glykoprotein 120 vaZe na AgNP a tim je zabranéno navazani na receptor
hostitelské buiiky CD4.!%! Podobné u chiipkového viru bylo pozorovano, ze AgNP interaguji
s disulfidovymi vazbami glykoproteini na povrchu viru a inhibuji tak adsorpci viru na
buniky.'% V dalsi studii se AgNP modifikované merkaptoethan sulfonatem kompetovaly s
virem HSV o navézani na heparansulfat na povrchu buiiky.!?® Uvnit buiiky jsou pak AgNP
schopny inhibovat reverzni trankskripci pfimym navazanim na molekuly RNA nebo DNA,

jak se ukazalo u viru HIV nebo HBV nebo interferovat s RNA polymerazou.'°!:10%107
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3. Pouziti AgNP

3.1 Analytické aplikace a katalyza

Nanocastice uslechtilych kovii vykazuji specifickou absorpci v UV/Vis oblasti
zateni, ktera se v makroskopické formé nevyskytuje. Pokud je frekvence dopadajiciho zareni
v rezonanci s kolektivni oscilaci vodivostnich elektronti (povrchového plazmonu), dojde k
rezonan¢nimu piedani energie zafeni plazmonu, coz se projevi absorpénim pikem ve
spektru.” Trojhranné nanoéastice stiibra se diky témto zajimavym optickym vlastnostem a
citlivosti viiéi okoli napf. daji vyuzit jako optické biosenzory.'” VInova délka piku
plazmonové rezonance zavisi na velikost nanocastic, jejich tvaru a vlastnostech okolniho
prostiedi. Analyt v blizkosti stfibrnych nanocastic zptisobi malou zménu indexu lomu, coz
se projevi posunem absorpéniho maxima — SPR senzory.'!°

Vyznamné postaveni zaujima koloidni stiibro ve spektroskopickych metodach —
SERS a SERRS (povrchem zesileny rezonan¢ni Ramantiv rozptyl). Tyto techniky umoziuji
detekovat v n¢kterych pfipadech az femtomolarni koncentrace analytu v roztoku s vysokou

citlivosti a specifitou.'!!

Nanocastice uslechtilych kovli, predevSim stfibra, zesiluji
neelasticky rozptylené zafeni (Ramaniiv rozptyl). Kdyz dopadne viditelné zafeni na povrch
nanocastice, dojde k rezonanci lokalizovanych povrchovych plazmoni a ke vzniku silného
elektromagnetického pole. Analyt adsorbovany na koloidni ¢astici zvysi svlj indukovany

dipdl a tim i intenzitu emitovaného zafeni. V soucasnosti lze detekovat i jedinou molekulu.!'?

Nanocastice stiibra se daji dobfe uplatnit v oblasti heterogenni katalyzy. Diky svému
obrovskému povrchu vici objemu jsou efektivnéj$imi katalyzatory nez stejné mnoZzstvi
makroskopického materidlu. Katalytickou aktivitu AgNP ovliviiuje jejich tvar, struktura
povrchu a velikost.'>!13 Také plati, Ze rostouci ¢stice jsou lep$imi katalyzatory nez stabilni
koloidni ¢stice.!'* AgNP se vétSinou pouzivaji jako redukéni ¢inidla, ale uplatiiuji se i v
katalyze oxidaci.!'*!!® Katalyza za uasti AgNP se ¢asto studuje na nékolika modelovych
reakcich, napf. redukce rhodaminu 6G,''® redukce metylenové modii'?> nebo redukce p-
nitrofenolu tetrahydridoboritanem sodnym na p-aminofenol.!!” Reakce se da studovat
UV/Vis spektrofotometrii, protoZe p-nitrofenol v alkalickém prostfedi absorbuje pii 400 nm
a vznikajici p-aminofenol pfi 300 nm. Typickym piikladem katalytické oxidace

katalyzované AgNP je oxidace etylenu na etylenoxid.''®
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3.2 Vyuziti biologickych vlastnosti

Biologickych vlastnosti stfibra se vyuziva v mnoha aplikacich, kde je potieba zajistit
sterilni prostfedi. Soucasné vykumy podporuji myslenku vyuziti AgNP v mediciné pii lécbé
popalenin a k povrchové upravé nastrojii nebo kontaktnich ¢ocek.'!'*!?! Dosud pouzivané
nastroje pokryté iontovym stiibrem nemaji tak vysokou antibakteridlni aktivitu, kterd se
navic s casem snizuje. V jednom piipadé byl dokonce zaznamenan vyrazné vyssi vyskyt
stafylokokalni infekce na katetru pokrytém oxidem stfibra nez v kontrolni skupiné.
Divodem mohla byt inaktivace stiibra po kontaktu skrevni plazmou.'?? P¥i pouziti
nanocastic stiibra se vSak antibakteridlni aktivita zveda, nebot’ iontové stiibro uvoliuje
postupné.'!” AgNP se také osvédéily jako soudast chirurgickych rousek, aniz by doslo
k iritaci kize dobrovolniki.!?® Také zabraiuji koagulaci krve, coZ je preduréuje pro dalsi
klinické aplikace.'** AgNP byly také studovany pro cilenou distribuci 1é¢iv.!%>

V soucasnosti se rozmahd vyvoj textilnich materidlii s antibakteridlni sloZkou,
pficemz se daji vyuzit rizné materialy napt. bavina, polyester, nylon nebo hedvabi.!2%127
Tyto textilie pak mohou byt vyuzity pro vyrobu funkéniho obleceni, jako sterilni kryti pii
1é¢be popalenin nebo raznych nfekci, na elektromagnetické stinéni nebo jako membrany do
filtrti na ¢isténi vody.'?®!%” AgNP se daji snadno na textilie deponovat sonochemicky,
redukci iontl stiibra ethanolem nebo isopropanolem nebo depozici vrstev s asistenci
iontového svazku.!?6139 AgNP se staly velmi popularnimi v riiznych spotiebitelskych
produktech, at’ uz v tekuté form¢ nebo suspendované v pevné fazi (mydla, zubni pasty,
pracky, opalovaci krémy, oble¢eni, nidoby na potraviny)."!'*! Myslenkou je, ze AgNP slouzi
jako zasobnik iontl stfibra, které se sa Casem postupné uvoliuji. Potencidln¢ by se daly
AgNP vyuzit jako levny akaracid a insekticid.>®!*? Byly také studovany pro jejich pouziti

Vv v

v Cistickach odpadnich vod a tspésné byly inkorporovany do keramickych filtra jako bariéra
1,133,134

pro patogeny ve vodé, coz by mohlo najit vyuziti v rozvojovych zemic

AgNP jsou také studovany pro jejich vyuziti v1éEbé rakoviny. Pies pokrok
modernich metod 1écby zlstava rakovina jednim z nejvétSich problémi soucasné mediciny.
Preklinické studie ukazuji, ze AgNP jsou cytotoxické pro fadu nddorovych bunéénych linii
— rakoviny prsu, délozniho &ipku, jater, plic, krve, tlustého stfeva apod.!>13 AgNP maji
schopnost poskozovat DNA a zplisobovat oxidativni stres v burikach.’’* Byla také
pozorovana schopnost AgNP zvySovat uc¢inek radioterapie. Jedinecné optické vlastnosti

AgNP nabizi také moznost uplatnéni v zobrazovacich metodach a diagnostice rakoviny.'*’
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Piekazkou v pouziti AgNP pro terapeutické ucely by mohla byt jejich cytotoxicita
vuci zdravym bunkdm. Ukazuje se vSak, Ze rakovinné buiiky maji k nim maji vétsi citlivost
nez buiiky zdravé. AgNP zvySuji hladinu ROS a maji silnou afinitu k thiolovym skupindm.
Navazanim AgNP na thiolové antioxidanty tak dale mohou zvySovat oxidativni stres.'*
Rakovinné bunky maji pozménény metabolizmus a produkuji vice ROS, ale zaroveinl jsou
chranény pied ROS zvySenym glukézovym metabolismem, kdy vznikd NADPH, reduktant
enzymt zapojenych v detoxifikaci ROS. Inhibici tohoto detoxifika¢niho mechanismu AgNP
rakovinné buiiky umiraji na oxidativni stres.!'!

Nékteré rakovinné buniky nedisponuji moznosti opravy DNA, ¢ehoz se da vyuzit
vzhlede k tomu, Ze AgNP DNA poskozuje. Napt. bunky TNBC (triple negativni karcinom
prsu) jsou zranitelnéjsi nez bunky jinych forem rakoviny prsu, co se tykd poSkozeni DNA,
protoze maji vadné opravné mechanismy. Swanner a kol. publikovali, ze buitky TNBC jsou
mnohem citlivéjsi k cytotoxickému plisobeni AgNP neZ butiky zdravé. AgNP v rakovinnych
bunikach zptsobily vétsi poSkozeni DNA a oxidativni stres a zaroven nebyla prokazana
toxicita pro jatra a ledviny. V pfitomnosti AgNP se také zvysil efekt radioterpie proti
TNBC.!* Prabhu a kol. pozorovali, Ze AgNP potlacily proliferaci bunééné linie rakoviny
tlustého stfeva potlacenim jejich ristu, uvéznénim bunck ve fazi GO/G1, redukci syntézy
DNA a indukei apoptozy.'** AgNP byly testovany i in vivo a vyrazné zmensily nador a
prodlouzily délku Zivota u mysi.'*”!* AgNP by také mohly slouzit jako prevence vzniku
rakoviny klze plsobenim UVB zafeni, které zptisobuje rakovinu kiize poskozovanim
DNA.!'% Tato antirakovin aktivita nanogastic také zavisi na jejich velikosti, Gi¢inné byly
pouze castice mensi (1040 nm), castice o velikosti 60 a 100 nm tuto aktivitu

nevykazovaly.!#®
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4. Synergie antibiotik s AgNP

Rezistence bakterii k u¢inkiim antibiotik je vaznym problémem soucasné¢ mediciny
vzhledem k mnozstvi nemoci bakteridlniho ptivodu. Zmensuje se rozsah moznosti 1éCby
bakteridlnich infekci a wvzrGstd hrozba epidemii zplUsobenych multirezistentnimi a
panrezistentnimi bakteriemi. Mohutna produkce antibiotik ma také za nasledek jejich
vysokou koncentraci v povrchovych a podzemnich vodach, v pidé a sedimentech.'*”-148
Snizeni efektivity antibiotik se objevuje jak v humanni, tak ve veterindrni mediciné, kde se
antibiotika pouzivaji plo$né k prevenci nemoci a v n¢kterych zemich také jako regulatory
rastu.

Rezistence bakterii, co se tykd zvifat, byla zaznamendna u komenzalnich bakterii
(napt. E. coli), zoonotickych enteropatogenti (napt. Salmonella spp.) 1 Cisté¢ zvifecich
patogentl (napi. Pasteurella multocida, Actinobacillus spp.).'*~1>! Jednou z moZnosti, jak
bojovat proti infekcim zpisobenymi rezistentnimi bakteriemi je kombinovana terapie, kdy
je antibiotikum posileno jinou antimikrobidlni nebo neantimikrobidlni latkou. Tyto tzv.
adjuvanty mohou byt jina antibiotika, neantibiotické latky (kardiovaskularni 1é¢iva) nebo
inhibitory rezistence (inhibitory beta-laktamaz, inhibice tvorby biofilmu).!*? Jednou
z moznosti, jak posilit uc¢inek antibiotik a snizit tak jejich davku, je jejich kombinace s
AgNP.

AgNP maji antibakteridlni u¢inky proti velkému mnoZzstvi humannich i1 zvifecich
bakterii, a to dokonce proti vysoce rezistentnim bakteriim jako je MRSA.>>!53 Dilezité je,
ze efektivni koncentrace AgNP jsou nizké (ug/l-mg/l) a cytotoxicita se naopak projevuje az
pii vysSich koncentracich. Na lidech prozatim nebyly prokazany vyrazné toxické ucinky
AgNP (viz kapitolu 6.3).

AgNP mohou usnadiovat antibiotiku interakci s bakterii nékolika zpiisoby. Napf-.
mohou usnadnit prostup antibiotika do buiiky tim, Ze méni permeabilitu membrany nebo
mohou kooperovat pfi destrukci membrany. V ptipadé beta-laktamovych antibiotik by
mohly AgNP inhibovat beta-laktamazy produkované rezistentnimi bakteriemi, které
hydrolyticky $tépi beta-laktamovy kruh antibiotik. Spoluprace na niceni buiikky pak vede
k jeji smrti. Hwang a kol. navrhli, ze tato synergie je spojena s tvobou hydroxylovych
radikéldi, zmé&nou ochrannych funkci buiiky a antibiofilmovou aktivitou.!>* Proto se zda byt
kombinace antibiotik s AgNP efektivnéjsi pro zvySovani u¢inku antibiotik nez kombinace
s jinymi adjuvanty pouzivanymi v klinické praxi. Diky kombinaci se zvySuje efektivita
podavaného antibiotika, snizuje se potfebna davka antibiotika i AgNP a tim se sniZuje jejich

26



toxicita vic¢i buiikam hostitelského organismu. Obnovuje se také schopnost antibiotika zabit
bakterie, které k nému byly rezistentni.

Pti studiu kombinovaného antibakterialniho ucinku se ¢asto vyuziva diskova difuzni
metoda nebo nebo tzv. checkerboard metoda, kdy se na mikrotitracni desticku davkuje
antibakterialni latka o rGznych koncentracich v jednom sméru a druha antibakterialni latka
o riznych koncentracich v druhém sméru. Vznikne tak ,,Sachovnice* s kombinacemi
riznych koncentraci. Jamky se dale naockuji bakterii a po inkubaci se vyhodnocuje rist a
inhibice bakterii v jamkach. Podle hodnoty frakéniho inhibi¢niho koncentraéniho indexu
(FIC) se kone¢ny spolec¢ny ucinek hodnoti jako synergicky (FIC < 0,5), indiferentni (0,5 <
FIC < 2) nebo antagonisticky (FIC > 2). Toto déleni neni jednotné a nckdy se
z indiferentniho ucinku vyd¢€luje jesté aditivni ucinek (0,5 < FIC < 1) nebo se za se za
antagonisticky ucinek povazuje az FIC > 4.!5157 FIC se uréuje podle vzorce (1)

MIC A v kombinacis B | MIC B vkombinacis A

FIC = MIC A t MIC B ’ (1)

kde A a B jsou antibakterialni latky.

Antibiotika jsou v kombinaci s AgNP jednoznaéné efektivnéj$i bez ohledu na
mechanismus ué¢inku a chemickou strukturu antibiotika.26!3%158-160 Qypergicky tidinek se
projevuje u Gram-pozitivnich 1 Gram-negativnich bakterii. Mechanismus spolec¢ného ti¢inku
neni znamy a pro rizné skupiny antibiotik a riizné bakterie bude rozdilny. Vliv na odezvu
bakterie na kombinovany u¢inek AgNP a antibiotika bude mit rovnéz i charakteristika
AgNP. V roce 2005 Li a kol. pozorovali zvySenou aktivitu amoxicillinu vici E. coli po
aplikaci spole¢né s AgNP a navrhli mechanismus tohoto spole¢ného piisobeni.!>®
Amoxicillin obsahuje funk¢éni skupiny, napf. aminoskupiny a mize snadno tvofit vazby
s AgNP. Molekuly amoxicillinu by se mohly navazat na povrch nanocastice, kterd tvofi
jadro. Zvysila by se tak lokalni koncentrace antibiotika v jednom bod¢ na povrchu buiiky.
AgNP také mohou usnadiiovat transport amoxicillinu k povrchu bakterie. Amoxicillin je
hydrofilni, av§ak membrana buriky je tvofena hydrofobnimi fosfolipidy a glykoproteiny.
Naopak AgNP se diky vysoké povrchové energii mohou k membréané piiblizit. Hwang a kol.
v roce 2012 pozorovali synergicky ucinek chloramphenicolu, kanamycinu a ampicillinu
a AgNP vii¢i nékolika Gram-pozitivnim a Gram-negativnim lidskym bakteriim. Kombinace
AgNP s antibiotiky také inhibovala tvorbu biofilmu. Zaznamenali, Ze zvySend permeabilita
membrany neni pro synergicky ucinek dilezitd, naopak metabolismus spojeny s ATP ano.

Na ATP jsou zavislé pumpy v periplazmatické membrané, které vylucuji toxické latky
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z buiiky a jsou jednim z hlavnich mechanismu bakterialni rezistence. Jako mechanismus
spole¢ného u¢inku pak navrhli tvorbu ROS.!** Deng a kol. v roce 2016 testovali synergii
AgNP s antibiotiky ze 4 raznych tfid (beta-laktamovéa antibiotika, chinolon,
aminoglykosidy, tetracyklin) proti multirezistentni Salmonelle typhimurium. Pouze beta-
laktamova antibiotika projevila jen aditivni Uc¢inek, ostatni antibiotika projevila uc¢inek
synergicky a spektroskopicky se prokazalo, ze tato antibiotika tvoii s AgNP komplexy. U
tetracyklinu, ktery jako jediny nezpiisoboval ve vysSich koncentracich agregaci AgNP, a byl
tedy pouzit ke studiu navazani AgNP k buiice, se ukazalo, ze komplex tetracyklin-AgNP
interaguje s burikami silnéji a ve vétsi mife se uvoliluji ionty stfibra. Docasné se tak vytvori
vysokd lokalni koncentrace iontt stifbra a inhibuje se tak riist bakterie.'®!

Spoluprace muze byt i opacna, kdy antibiotikum usnadiiuje uplatnéni toxicity AgNP.
Genatimicin dramaticky podporuje rozpousténi PVP-AgNP (PVP — polyvinylpyrrolidon),
coz zvysuje lokalni koncentraci ionti stiibra a usnadnuje pfichyceni PVP-AgNP k povrchu
bakterie testované E. coli a S. aureus posunem naboje k méné zapornym hodnotam.'?

Zesileny ucinek 15 komercnich antibiotik v kombinaci s AgNP byl také pozorovan
proti houbam. AgNP syntetizované pomoci redukce stfibrnych iontli extraktem
z aksamitniku (7agetes erecta) o velikosti 10 az 90 nm inhibovaly kvasinky (Candida
glabrata, C. albicans) a Gram-negativni bakterie (Cryptococcae neoformans), zatimco proti
Gram-pozitivnim bakteriim (S. aureus and Bacillus cereus) byl efekt minimalni.'®> AgNP
biosyntetyzované pomoci houby Alternaria alternata zvysily ucinek flukonazolu proti P.
glomerata, P. herbarum, F. semitectum, Trichoderma sp. a C. albicans.>*

Bylo publikovano nékolik praci, které ukazuji, Ze AgNP lze pouzit v kombinaci
s jinymi adjuvanty a vyrazné tak posilit jejich antibakteridlni u¢inek. Naptiklad kombinaci
AgNP s N-acetyl cysteinem bylo dosazeno vyrazné redukce MIC u vSech testovanych
mikroorganismi (S. aureus, E. coli, P. aeruginosa a C. albicans) s hodnotami FIC < 0,5.
Snimky z TEM odhalily poSkozenou bunéfnou sténu bakterii a kvasinky. AgNP také
inhibovaly aktivitu dehydrogenazy dychaciho fetézce. Testovani vlivu AgNP na lidské
buiiky HepG2 neodhalilo Zadnou cytotoxicitu v koncentraci rovné MIC a jen slabou
cytotoxicitu v koncentracich vyssich. V kombinaci s NAC dokonce cytotoxicita klesla.!¢*
Potara a kol. zkoumali antimikrobidlni aktivitu AgNP s povrchovou vrstvou chitosanu. Tato
kombinace pusobila proti dvéma kmeniim S. aureus synergicky a MIC byly pfiblizné
desetkrat nizs$i nez pii pouziti AgNP a chotisanu zvlast.!s> V jiné publikaci myramistin
pouzity jako povrchovy modifikator AgNP az dvacetkrat zvysil jejich aktivitu proti E.

coli.'® Kombinace hydrogelu obsahujiciho laktoferin a xylitol s komeré¢n& dostupnym
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krytim na rany s obsahem stfibra piisobila synergicky proti biofilmiim bakterii MRSA a P.
aureginosa.'®” Antimikrobidlni peptidypolymyxin B a gramicidin S, které permeabilizuji
membranu bakterii, také projevily synergické pusobeni s AgNP proti riznym Gram-
negativnim bakteriim.!®®

Je znamo, Ze antibakterialni aktivita AgNP je zavisla na jejich velikosti, tvaru a
povrchové modifikaci (viz kapitolu 2.1). Pokud tyto tfi parametry ovliviiuji antibakterialni
aktivitu, budou taky ovliviiovat synergicky efekt AgNP s antibiotiky. Role velikosti na
synergni ucinek AgNP kombinovaného s antibiotiky byla popsana v publikacich Habash a
kol. a Kareem a kol. Habash a kol. testovali synergii a vyhodnocovali FIC pro 10nm a 20nm
AgNP s aztreonamem u P. aeruginosa. VEtsi Castice 40nm, 60nm a 100nm zadnou interakci
po kombinaci s antibiotikem neprojevily.!®® Kareem a kol. také zaznamenali lepsi
synergicky ucinek 10nm AgNP nez 20nm v kombinaci s riznymi druhy antibiotik proti
S. aureus.'™® Vliv stabiliza¢nich ¢inidel jako je citrat, SDS a PVP na synergii AgNP a

antibiotik pfinesla studie Kora a kol.!”!

Synergicky ucinek se projevil u vSech
stabilizovanych AgNP v kombinaci se streptomycinem, ampicilinem a tetracyklinem proti
Gram-pozitivnim 1 Gram-negativnim bakteriim. Kombinovany tc¢inek byl vyznaméjsi u
AgNP stabilizovanych PVP nez u AgNP stabilizovanych SDS nebo citratem. Studie
hodnotici vliv tvaru AgNP na synergii jesté nebyla publikovana, avSak da se predpokladat,
ze na zéklad¢ rozdilnych antibakterialnich vlastnosti rizné tvarovanych AgNP bude i

synergicky ucinek jinak vyrazny.
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5. Rezistence k AgNP

Aplikace AgNP v mediciné a zdravotnictvi je v popiedi zajmu kvili stale se
rozSifujici rezistenci bakterii k béZnym antibiotikiim, coz stézuje 1écbu bakterialnich infekci.
AgNP se svymi silnymi antibakteridlnimi G€inky, nizkou cytotoxicitou a schopnosti
zvySovat ucinek konvencnich antibiotik (viz kapitolu 4 a 6) se zdaji byt ide4lni nahradou za
antibiotika nebo jejich dopliikem. Zatim se neda fici, zda by AgNP mohly byt pouzivany
v mediciné k posilovani efektivity antibiotik nebo je dokonce zcela nahradit. Nicméné
logickou otazkou vsak je, zda a jak snadno se u bakterii mize vyvinout rezistence k AgNP
a jak takové rezistenci predchazet.

Mikroorganismy rezistentni k antibiotikiim 1 k té¢Zkym kovim se bézné ve vodach
v ptirod¢ vyskytuji. Vysoky vyskyt bakterii rezistentnich k antibiotikim v pfirodnich
vodach je spojen shojnym pouzivanim antibiotik. Pfitomnost velkého mnozstvi
rezistentnich bakterii v ptirod€ je rizikem pro vefejné zdravi. Pfikladem muze byt bakterie
P. aureginosa, Casty puvodce nosokomidlnich infekei. Tato bakterie rezistentni
k antibiotikiim 1 tézkym koviim byla detekovana v pfirodnich vodach znecisténych
splaskovymi vodami.!”

Bakteridlni rezistence mize byt pfirozena nebo ziskana. Bakterie ziskavaji rezistenci
mutacemi nebo osvojenim riznych typii genetického materidlu od jinych bakterii napt. ve
form¢ plazmidii nebo transpozont. Pfirozena rezistence je fenotyp bakterie pred pouzitim
antimikrobialniho agens, tedy je to pfirozend vlastnost mikroorganismu. Rezistenci Ize
ziskat mnoha mechanismy, napf. zménou kompozice a permeability bunécné stény, ktera
funguje jako bariéra pro pfijem rtiznych latek, nebo syntézou enzymi, které dané latky
degraduji. Biocidy jako napf. stfibro maji za cil fadu mist na povrchu bakterialni buiiky nebo
uvnitt a jsou tedy Sirokospektralni. Naopak antibiotika cili na specifickou vlastnost bunky a
maji spektrum uZz8i. Rezistence k biocidim mize byt ziskdna mutacemi normalnich
bunéénych gent, plazmidl nebo transpozont.

Obecné bakterie vyuzivaji mnoho zpusobt, jak se zbavit tézkych kova, at’ uz
pasivnich nebo aktivnich. Vyuzivaji EPS (extracelularni polymerni latky), které komplexuji
kovy a chrani je tak pted nadmérnym stresem zptisobenym kovy.!”*!7* Vn&j§i membrana se
zapojuje do obrany produkci enzymt, které oxiduji kovy, a produkci vnéjSich
membranovych vezikulf, které kovy vylucuji.'”>!’® U Gram-negativnich bakterii byly
popsany periplazmatické redoxni enzymy a proteiny vazajici kovy.!””!”® Peptidoglykan v
buné&ené sténé je schopen kovy komplexovat.!” Kovy by mohly také byt piimo oxidovany
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nebo redukovany enzymy elektronového transportniho fetézce, coz by mohlo vést ke tvorbé
minerali v cytoplazmé jako napf. u rozpustnych sloucenin telluru.'®® Modifikaci
transportnich systéml v cytoplazmatické membrané¢ mohou bakterie predchazet praniku
¢astic kovti do buiiky.'®! ATPazové transportéry zajistuji prenos kovii pfes membrany.'%?
Qin a kol. popisuji rezistenci bakterie k As** pomoci metylace S-adenosylmethionin
methyltransferazou za vzniku tékavého trimethylarsinu.'®® Né&které bakterie jsou schopny
akumulovat kovy v cytoplazmé ve form¢ mineralli jako je magnetit, sulfid Zeleznaty
apod.!8*1% Existuji také nepfimé mechanismy, které napravuji skody zptisobené kovy —
bakteridlni kmeny exponované toxickym davkam kovl up-reguluji geny souvisejici s
eliminaci ROS, reparace DNA a hydrolyze abnormdlné slozenych proteint.'3¢-188

V ptirodé¢ jsou mikroorganismy vystaveny zvysSujici se koncentraci stiibra.
Vyznamnymi zdroji stiibra jsou vody zneciStované lidmi napft. z Cistiek odpadnich vod
nemocnic, tovaren a diillni vody. Rozséhlé vyuzivani AgNP ve spotiebitelské sféte také vede
ke zvySovani mnozstvi stiibra v zZivotnim prostfedi. Sedimenty se mohou stat sekundarnim
zdrojem stifbra v moti.'®® PouZzivani kali jako hnojiv miize také vést k rozsifeni stiibra do
zivotniho prostiedi.'”® Determinanty rezistence ke stiibru jsou velmi rozsifené a diky jejich
lokalizaci na mobilnich genetickych elementech se usnadiiuje horizontalni pfenos uvnitf
ekosystému, coz miize dale vést k rozsiteni novych fenotypli mezi bakterialni populace.''-1%?
Tato fakta zdlraziiuji nutnost eliminovat uvolnovani stfibra do zivotniho prostiedi a zabranit
tak rozsifovani rezistence ke stiibru mezi klinicky vyznamné mikroorganismy.

Na téma rezistence ke stiibru v nanoc¢asticové formé bylo publikovano velmi malo
praci. Bakteridlni rezistence byla zkoumana predevsim u iontového stfibra. Mechanismem
takovéto rezistence mize byt eliminace iontd stiibra na méné toxické nizsi oxidacni stavy,
nicméné vice se uplatiiuje aktivni eflux iontd stifbra z buiiky.!*>~!7 Spole¢né s aktivnim
efluxem hraje vyraznou roli v rezistenci k iontim stifbra sniZzen4 permeabilita membrany.'*®

Bakterie rezistentni ke stfibru byla poprvé izolovana v roce 1960 z popaleniny, ktera
byla oSetfovana dusi¢nanem st¥ibrnym.!”” Mechanismus rezistence ke stibru byl poprvé
popsan u Gram-negativni bakterie Salmonella enterica sérovar Typhymurim u pacienta
s popaleninami v roce 1975. Domélym modelem této rezistence kodované na plazmidu
pMG101 je transport ptes ATPazu SilP, efluxni systém SilCFBA a periplazmaticky
chaperon pro pienos stiibra SilE.?%*"! Asiani a kol. popisuji, ze SilE méni svoji konformaci
v pfitomnosti stiibra, funguje jako molekularni houba a jako prvni obrana proti stiibru, které

za¢ina pronikat do periplazmy.??? Od té doby byly bakterie rezistentni na stiibro izolovany

z klinického prostfedi opakované. Piiklady bakterii rezistentnich ke stiibru zahrnuji E. coli,
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Enterobacter cloacae, K. pneumoniae, Acinetobacter baumannii, S. typhimurium a

atd. 194,196,203

Pseudomonas  stutzeri V pfirodé¢ se také beézné nachdzi pfirozené

mikroorganismy rezistentni ke stfibru, napt. P. stutzeri nalezena ve stfibrnych dolech
v Utahu a K. pneumoniae izolovana z krevet na pobiezi Indie.?*2%

Ohledné rezistence, popt. tolerance ke stfibru v nanocasticové formé bylo dosud
publikovano nepatrné mnozstvi praci.

Gunawan a kol. studovali odezvu Bacillus sp. na dlouhodobou a opakovanou
expozici nanocastic oxidu stiibra v matrici TiO,. Pozorovali vznik rezistence u bakterie
Bacillus subtilis, ktera po dlouhodobé expozici stiibru zacala dominovat v populaci
mikrobiot. Ukazali, ze B. subtilis ma ptirozenou schopnost adaptovat se na oxidativni stres
zplisobeny iontovym st¥ibrem uvolnénym z kompozitu.2%

Khan a kol. objevili, ze Bacillus pumilus izolovany z odpadnich vod mél stejnou
rustovou kiivku v pfitomnosti i nepfitomnosti AgNP. Ukdzalo se, ze mechanismus tolerance
této bakterie k AgNP je nadmérna produkce exopolysacharidi, které obali nanocéstici a
znemozni tak jeji interakci s buné&nou sténou bakterie.?"’

U bakterie E. coli K-12 MG1655 byla rezistence vyvolana opakovanou expozici
AgNP. Po 225 opakovanich projevila exponovana populace vétsi viabilitu nez kontrolni
skupina v pfitomnosti riznych koncentraci AgNO3 a 10nm AgNP modifikovanych citratem.
Genomickou analyzou autofi odhalili, ze zmény spojené s rezistenci se zapocaly jiZ ve stém
kroku.?%

V ptitomnosti iontového stiibra, ale i AgNP doslo u bakterie Sa/monella Senftenberg

k expresi determinantu plazmidové rezistence zalozené na energeticky dependentnim efluxu

z buiiky membranovymi proteiny.>*
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6. Toxicita Ag

6.1 Cytotoxicita

Hlavnimi faktory, které zpiisobuji cytotoxicitu AgNP, jsou vznik ROS a uvoliovani
iontl stiibra, které pravé vznik ROS katalyzuji v pfitomnosti riznych forem kysliku. AgNP
jsou nejprve rozpoznany membranovymi receptory, ndsledné jsou internalizovany,
translokovany a nakonec bud’ degraduji, jsou akumulovany nebo je buiika eliminuje. AgNP
a uvolnéné stiibrné ionty interaguji ptedevSim s thiolovymi skupinami molekul
v cytoplazmé, bunéné membrané a membrané mitochondrii a dostavaji se do jadra, kde
poskozuji DNA. Internalizované AgNP produkuji ROS a zplsobuji oxidativni stres a
dochdzi tak k silnému poskozeni bunénych membran a organel, coZz ma za nasledek
apoptozu nebo nekrozu. Oxidativni stres spousti zanétlivé odpovedi, jako je aktivace vrozené
imunity a zvySena permeabilita endotelidlnich bun¢k. Dochazi k poskozeni DNA a aberaci
chromozomt. Na reakci exponovanych bunék mé vliv mnoho faktord jako velikost, tvar,
povrchova tiprava AgNP 210-2!1

Stiibro neni klasifikovano jako karcinogen. Nebylo publikovéno, ze by stiibro
zpusobovalo rakovinu u zvitat nebo lidi. Kawata a kol. vSak pozorovali up-regulaci exprese
gent opravy DNA rakovinnych bunc¢k v bunécné linii lidského hepatomu HepG2 pfi
chronické expozice AgNP v nizkych netoxickych davkach.?!?

Cytotoxicita zavisi na Case, davce, teploté€, velikosti a tvaru ¢astic a jejich povrchové
Gipravé a typu exponovanych bungk.?!%?!3 Malé AgNP maji vétsi plochu povrchu, jsou
aktivngj$i, snaze se rozpousti a katalyzuji vznik ROS. Navic 1épe pronikaji do buiiky a skrze
biologické bariéry. Na mnoha druzich lidskych tkani byla pozorovana zavislost bunéénych
aktivit a toxikologickych parametrii na velikosti ¢astic, napi. membranova integrita, iroven
ROS, prinik ¢astic do bunék, ECs¢ (koncentrace latky, kterd zptsobi urcity efekt u 50 %
testovanych organismil) apod. Stejné tak povrchovd modifikace ¢astic ovlivituje jejich
interakci s buiikami, protoze vyrazné Castice stabilizuje proti agregaci. Také tvar Castic
ovlivituje interakci s buiitkami, napt. nanocastice tyckového tvaru spiSe interaguji piimo
s povrchem, ale Spatn¢ se internalizuji. Na typu bun¢k také zavisi odezva. Napft. expozice
fibroplasti (NIH3T3) AgNP m¢la za nésledek expresi ROS a c-Jun N-terminélnich kindz,
které aktivuji apoptdézu mitochondrii. Zatimco bunky tlustého stfeva (HCT116) nebyly tak
nachylné na vliv AgNP, protoZe mohou aktivovat expresi antiapoptdzniho proteinu bcl-2.214

V dalsi studii byla pozorovana genotoxicita AgNP modifikovanych Skrobem u fibroplastti a
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glioblastomi. U obou typt bun¢k indukovaly AgNP disfunkci mitochondrii a zvySily Groven
ROS, zpisobily poskozeni DNA a aberaci chromozomil a pozastaveni bunééného cyklu.
Nicméné fibroplasty snaze odolavaji vlivu AgNP, protoze se mohou dostat z arestu
bunééného cyklu.?!® Luther a kol. ukazali, Ze ackoliv se AgNP vice akumuluji v astrocytech
neZ v buiikach rakoviny plic, jsou méné toxické, nebot’ uvoliuji méné iontd stfibra.2!

Za icelem porovnani cytotoxicity AgNP a iontového stfibra se testoval jejich vliv na
zivotaschopnost lidskych koznich fibroblasti a lidskych epidermalnich keratinocyt. Kromé
toho se zkoumaly zanétlivé odpovédi a poskozeni DNA. Vysledky ukézaly, ze iontové
stiibro bylo vyrazné toxictéjsi nez AgNP. AgNP a iontové stiibro v necytotoxické
koncentraci neposkozovaly DNA a neovlivnily hladinu zanétlivych markerit kromé zvySeni
hladiny interleukinu 6 u fibroblastti s iontovym stfibrem. AgNP jsou jednozna¢né vhodnéjsi

pro lokalni oSetfeni ran az do koncentrace 25 mg/1.?

6.2  Invivo toxicita AgNP u zvirat

Rahman a kol. zkoumali vliv AgNP (25 nm) podanych intraperitonedlné na genovou
expresi v riznych mistech mozku mysi. Autofi dosli k zavéru, Ze neurotoxicita AgNP je
zplisobena oxidanim stresem a zménami v genové expresi vedouci k apoptdze.?!’
Intraven6zni podani AgNP také plsobi na organy toxicky tvorbou ROS, které ptisobi ztratu
spojeni endotelovych bunék. Prinik AgNP z cév pies poskozenou endotelovou bariéru, jim
umoziuje hromadit se v organech a pak zpusobovat jejich zanéty — zanéty jater, plic a
ledvin.?!8

Pii oradlnim poddni AgNP dochazi v zavislosti na davce ke smrti, ztraté vahy,
hypoaktivité, zménadm hladiny neurotransmiterti, zméndm jaternich ezyml a krevnich
hodnot, zvétseni srdce a imunologickym efektim.?!” P¥i zkoumdani vlivu AgNP na
reprodukci a vyvoj bylo zjisténo, ze AgNP se pfi ordlnim podani akumulovaly ve varlatech
a jsou toxické pro spermie a u samic pro vajicka a také plod. Orédlni podani AgNP samici
mysi v raném stadiu téhotenstvi zptsobilo zpozdény fyzicky vyvoj potomkl a zhorSené
kognitivni chovéani. AgNP po injekci byly detekovany v placenté, matefském mléce a
potomcich.??’ Inhalované AgNP byly detekovany aZz v placenté a zptsobily zvysenou

221

resorpci zarodkli spojenou se sniZzenou hladinou estrogenu matky.” Pfi vystaveni

poskozené kiize krysy nebylo nalezeno poSkozeni jater a AgNP nemély vliv na biochemii

2 Vysledky pyblikovémy v: Galandakova, A., Frankova, J., Ambrozova, N., Habartova, K., Pivodova, V.,
Zalesak, B., Safarova, K., Smékalova, M. a Ulrichova, J. Effects of silver nanoparticles on human dermal
fibroblasts and epidermal keratinocytes. Human and Experimental Toxicology 35(9), 946-957 (2016).
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krve. Zjistilo se, ze uvolnéné iontové stiibro z AgNP muiZe pronikat skrz kizi pouze, kdyz
je poskozena epidermalni bariéra, ale nezpiisobuje zaddnou akutni toxicitu.??

Park a kol. urc¢ili LOAEL (nejnizsi davka nebo expozi¢ni koncentrace latky, pii které
je jesté pozorovan statisticky vyznamny neptiznivy G¢inek na organismus v porovnani s
kontrolni skupinou) vztazeny ke zvysené trovni koncentrace cytokinini na 0,5 mg/kg
hmotnosti za den u mysi po 28denni oralni expozici AgNP.??* P¥i akutnim testu toxicity Kim
a kol. pozorovali pouze slabé poSkozeni jater u krys vystavenych vysoké koncentraci AgNP
vice nez 300 mg/kg.?** Testy dermalni toxicity ukézaly, Ze expozice vice nez 0,1 mg/kg
AgNP méla za nasledek mirné poskozeni sleziny, jater a kiize u morcete.’*> Tang a kol.
zkoumali distribuci a toxicitu AgNP u krys poddvanych podkozni injekci v koncentraci

62,8 mg/kg.?*® AgNP se krvi dostaly do ledvin, jater, sleziny, mozku a plic. Navic zptisobily

poskozeni hematoencefalické bariéry a neuronalni degeneraci.??’

6.3  Vliv AgNP na ¢lovéka

Do lidského téla se AgNP mohou dostat nékolika zptsoby, napt. kizi, oraln¢,
inhalaci, krvi. Primarni cestou expozice Clovéka stfibrem je jeho pfijem s potravou.
Vzhledem k obrovskému mnozstvi vyrobkti obsahujicich AgNP je expozice stiibru mnohem
vetsi, nez bylo diive bézné. Munger et al. provedl studii na lidech, kteti byli exponovani
oralné AgNP o koncentraci 10 ppm po dobu 3, 7 a 14 dni a AgNP o koncentraci 32 ppm po
dobu 14 dni. Nebyly zjistény zadné vyznamné metabolické, hematologické, urinalni nalezy,
74dné morfologické zmény srdce, plic nebo abdominalnich organt.??®

Sledovani pracovnik v tovarng, ktefi pracuji s AgNP a jsou vystaveni nizkym
davkam stfibrného prachu a rozpusSténého stiibra v meznich hrani¢nich hodnotach,
neukazalo Zadny negativni dopad na jejich zdravi.?*

wrwe

mnozstvi chloridovych a sulfidovych iontl, které se stiibrnymi ionty tvofi nerozpustné
soli. 230

Pti testovani dermalni toxicity vyrobku Acticoat obsahem AgNP urcéeného ke
sterilnimu kryti ran nebyly u 30 pacientl prokazany zadné biochemické nebo hematologické

indikatory toxicity.**!
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6.4 Toxicita AgNP pro vodni organismy

Diky rostoucimu mnozstvi aplikaci AgNP existuje realné riziko zne€isténi zivotniho
prostiedi a toxického vlivu na vodni organismy. Velké mnozstvi stiibra se do zivotniho
prostiedi dostava s primyslovymi odpady. Zivotni prostfedi miize byt exponovano nékolika
cestami. Byly jiZ zaznamenany tniky AgNP z domécnosti (kosmetika, hygienické produkty,
obleteni) a primyslu do odpadnich vod.*® Piedpokladana koncentrace AgNP
v povrchovych vodach v Evropé se odhaduje fadové na jednotky ng/1.2*?

Mnoho studii ukéazalo, ze AgNP jsou toxické pro organismy na riiznych trofickych
urovnich — fasy, sinice, vodni rostliny, musle, korysi, ryby apod. VétSina studii vede
k zavéru, Ze toxicita je zpiisobend uvolnénymi ionty stiibra z povrchu AgNP, zatimco jini
autofi se priklani k teorii, zZe toxicita je spojena s charakterem c¢astic nebo kombinaci
obojiho. Nicméné¢ mechanismus toxicity neni stale jednozna¢né objasnén. Navarro a kol.
pozorovali sniZzeni kvantového vytézku fotosystému II u sladkovodni fasy Chlamydomonas
reinhardtii a dosli k zavéru, Ze toxicita je zprostfedkovana prave ionty stiibra uvolnénymi
v pfitomnosti fas.>** Podobné& byl kombinovany vliv nano¢astic stfibra a uvolnénych iontt
sttibra popsan jako pfiCina toxicity u moiské fasy Thalassiosira pseudonana a sinice
Synechococcus sp.2** Je znamo, ze AgNP zplsobuji oxidativni stres a méni aktivitu
antioxida¢nich enzymii ve vodnich rostlinach i zvifatech.?*>-2*® Napt. u sladkovodni fasy a
moftskeé fasy Dunaliella tertiolecta se toxicita AgNP projevila snizenym obsahem chlorofylu,
zvysenou tvorbou ROS a lipidovou peroxidaci.?*® Vodni rostliny Spirodela polyrhiza a
Spirodela punctuta byly také vystaveny oxida¢nimu stresu, pticemz toxicky efekt zde nebyl
piipsan iontovému sttibru.>*” Oukarroum et al. navrhli, ze AgNP vstupuji do bunék vodni
rostliny Lemna gibba a uvnitf jsou uvoliiovany ionty stfibra, které zde spousti oxidativni
stres.?*® Chronick4 expozice AgNP zptisobuju také zpozdéni ristu a vyvoje larev bentickych
bezobratlych zivo¢icht (Balanus amphitrite, Crepidula onyx a Hydroides elegans).**° U ryb
bylo zjisténo, Ze se AgNP bioakumuluji v Zdbrech, jatrech a svalech.?****! Histologické
studie odhalily poskozeni tkani a vakuolizaci jater a svalii.*! AgNP také zptlisobuji retardaci
a malformace u rybich embryi, zpomaleni srdecniho rytmu embryi, redukci rychlosti lihnuti
a délky larev.4?243

Mnoho akutnich ale i chronickych toxicitnich studii provedenych s korysi Daphnia
spp. prokdzalo toxicky vliv vriznych koncentracich AgNP vrozsahu od nékolika
mikrogarmi po miligramy na litr v zavislosti na metod¢ ptipravy castic, jejich velikosti,

povrhové modifikaci, naboji apod.>** Vice nez 70 % AgNP vstupuje do organismu koiyse

36



piijmem fas jako potravy.>**?*’ Nasledné se stfibro akumuluje v téle kolem Zaber a stiev.?*
U novorozenych jedinct, kteti byli exponovani 0,1 mg/l AgNP byla zaznamenana mensi
velikost t&la, zmény stravovani, mensi zasoby hnédé tukové tkané a 1éze.>*’ Jina studie
ukazala, 7e 0,002 mg/l AgNP a vice ovliviluje schopnost pohybu ve vodg.?*®
Z toxikogenomickych testd navic vyplynulo, ze AgNP zplsobuje u dafnii poskozeni
DNA 249.250

Ve vodnim prostiedi je stabilita AgNP ovlivnéna pisobenim rtiznych faktorii a méni
se tak fyzikalné-chemické vlastnosti a potazmo toxicita. Agregace a rozpousténi zavisi na
pH, iontové sile a piitomnosti oxida¢nich ¢inidel a jinych slou¢enin.?*!~2%* DiileZitost sloZeni
média byla zdiiraznéna v mnoha soucasnych studiich. Napf. Yue a kol. publikovali, Ze
cytotoxicita AgNP stabilizovanych citratem vici linii rybich bunék se 1isi v zavislosti na
iontové sile a obsahu chloridi v médiu.?** Podobné obsah organického uhliku, pH a obsah
chloridi ovlivnil miru toxicity u ryby Pimephales promelas.*>

V soucasnosti bylo publikovano nékolik malo studii, které se zabyvaly vlivem
dlouhodobého plsobeni ziedénych médii na stabilitu AgNP s riiznymi stabilizaCnimi
¢inidly.?>%?7 Ukazalo se, Ze pouzité médium musi byt ziedéno desetkrat, aby se piedeslo
agregaci Castic, zatimco zivotaschopnost organismi pii téchto podminkach nebyla
ovlivnéna. Romer et al. objevili, ze akutni toxicita AgNP stabilizovanych citratem vici D.
magna vzrista s fedénim média.>>® Chronicka toxicita AgNP vi¢i dafniim ve zfedéném

médiu vSak nebyla toho Casu publikovana.
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7. Synergicky ucinek AgNP a antibiotik vii€i zviFecim

bakteriim"

Testovani zvySeného ucinku antibiotik v kombinaci s AgNP se provadélo v centru pro
vyzkum nemoci zvifat (CReSA) v pribéhu mé zahrani¢ni staZe. Pouzité patogeny byly
zviteci bakterie, pficemz nékteré znich byly kurcitym antibiotikiim rezistentni.
Kombinovany ucinek byl hodnocen pomoci FIC indexu za pouziti mikrodilucni
»Sachovnicové metody. Aby se zjistilo, zda na kombinovany uc¢inek ma vliv velikost AgNP,
syntetizovaly se AgNP o dvou primérnych velikostech ¢astic 28 nm a 8§ nm. AgNP byly
kombinovany s bézné pouzivanymi antibiotiky amoxicilinem, penicilinem G, gentamicinem

a kolistinem.

Pro syntézu AgNP byly pouzity nésledujici chemikalie: AgNO3 (Fagron), NH3 (28—
30% [w/w], Sigma-Aldrich), NaOH (Lach-ner), D(+)-malt6za monohydrat (Sigma-Aldrich),
NaBH;s (Sigma-Aldrich), zelatina (Penta) a sodnd siil kyseliny polyakrylové (PAA) s
molekulovou hmotnosti 1200 (Sigma-Aldrich). Velikost nanoc¢astic byla méfena pomoci
pristroje Zeta Plus analyzer (Brookhaven) vyuzivajiciho dynamického rozptylu svétla
(DLS). Velikost ¢astic a jejich morfologie pak byla ovéfena TEM pomoci mikroskopu JEM-
2010 (Jeol) a UV/Vis spektroskopii na pristroji Specord S 600 (Analytic Jena). Snimky

z TEM byly analyzovany pomoci softwaru Gwyddion' pro uréeni distribuce velikosti &astic.

Stérické AgNP o primérné velikosti ¢astic 28 nm (AgNP-28nm) byly syntetizovany
pomoci znamé modifikované Tollensovy metody,> jejimZz principem je redukce
diaminsttibrného komplexu sacharidy. Modifikace této metody, kterd se bézn¢ pouziva pro
nanaSeni stiibrného zrcatka na rizné povrchy, spociva ptedevSim ve sniZeni koncentrace
reak¢ich komponent. Syntéza probihala nasledujicim zptisobem. Smichéanim roztoku AgNO3
s NH3 vznikl komplex [Ag(NH3)2]". Poté bylo pH upraveno roztokem NaOH a jako redukéni
¢inidlo byla pouzita D-maltéza. Koneéné koncentrace reagencii byly: AgNOs 1-107 mol/l,

NH3 5-10° mol/l, NaOH 9,6-:10° mol/l a D-maltéza 1:102 mol/l. Smés po né&kolika

b Vysledky publikovany v: Smékalova, M., Aragon, V., Panadek, A., Prucek, R., Zbofil, R. a Kvitek, L.
Enhanced antibacterial effect of antibiotics in combination with silver nanoparticles against animal
pathogens. The Veterinary Journal 209, 174179 (2016).

39



sekundach zménila svoji barvu na hnédozlutou, coz znaci pifitomnost nanocastic. Takto
piipravend disperze AgNP méla koncentraci stiibra 108 mg/l.

Pro stabilizaci AgNP byla do piipravené disperze piidana zelatina o vysledné
koncentraci 0,5 % pro testy probihajici v Zivném médiu Miiller-Hinton (M.-H.) a 0,1 % pro
testy probihajici v médiu BHI (brain-heart infusion broth, bujon z mozkosrdcové infuze).

AgNP o primérné velikosti 8 nm (AgNP-8nm) se pripravovaly obdobné. Jako
reduk¢ni ¢inidlo byl pouzit tetrahydridoboritan sodny. Konecné koncentrace reagencii byly:
AgNOs 1-102 mol/l, NH; 5:102 mol/l, Na[BH4] 2-10? mol/l. Pro stabilizaci takto
pfipravenych AgNP se pied redukci pfidala do reakéniho systému PAA o vysledné
koncentraci 0,18 %. Disperze méla po pfipravé tmaveé hnédou barvu. Vyslednd koncentrace
sttibra v disperzi AgNP byla 1080 mg/I1.

AgNP o primérnych velikostech 28 nm a 8 nm (méfeni DLS metodou) byly
syntetizovany na zaklad€ rizné redukéni sily redukénich €inidel. Primérna velikost AgNP
ur¢end pomoci metody DLS byla nasledné¢ ovéfena TEM. Snimky TEM prokazaly
pritomnost sférickych AgNP o velikostech 20,6 (10 az 30 nm) pro AgNP ptipravené redukci
maltdzou (obr. 4a) a 4,7 nm (2 az 18 nm) pro AgNP piipravené redukci borohydridem (obr.
5a). Primérna velikost ¢astic uréena metodou DLS byla nizsi nez velikost uréend ze snimka
TEM. Diivodem je fakt, ze metoda DLS nadhodnocuje frakce ¢astic s vétsi velikosti, protoze
intenzita rozptyleného svétla zavisi na Sesté mocniné velikosti ¢astic. V UV/Vis spektrech
pripravenych AgNP byly zaznamenany absorpcni pasy s maximy pii 409 nm (AgNP-28nm)
a 392 nm (AgNP-8nm), coz je charakteristické pro ¢astice nanometrovych rozmért (obr. 4b
a 5b).2 Mensi &astice absorbuji v oblastech niz§ich vinovych délek, zatimco s rostouci
velikosti ¢astic dochazi k Gervenému posunu.'? Z uzké $itky pikii 1ze usuzovat na nizkou
distribuci velikosti AgNP.

Po smichani nestabilizovanych AgNP-28nm s kultivaénimi médiy doslo k ¢astecné
agregaci, jak bylo zfejmé 1 z UV/Vis spekter, kde se objevily sekundarni piky v oblasti
vyssich vinovych délek (obr. 4b). Bylo publikovéno, Ze sekundarni absorpéni piky v oblasti
550 nm az 650 nm se objevuji, kdyz ¢astice podléhaji agregaci.?’ Ke stabilizaci AgNP-28nm
byla pouzita Zelatina jako velmi uc¢inny, levny a netoxicky stabilizator. Ke stabilizaci AgNP-
28nm v médiu BHI bylo potieba pouzit vétsi mnozstvi Zelatiny nez pro médium M.-H.,
jelikoz BHI obsahuje vyssi koncentraci elektrolytli a proteini nez médium M.-H. Stabilita
AgNP je velmi ovlivnéna iontovou silou okolniho prostiedi. AgNP-8nm, které se

piipravovaly za ptfitomnosti PAA byly v médiich stabilni.
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Obrazek 4. Snimek z TEM (a) a UV/Vis absorpéni spektra AgNP-28 nm pfipravenych
redukci [Ag(NH3)2]" D-maltézou (plna ¢ara) a absorpéni spektra AgNP po smichéani s
médiem MH (Cerchovana cara) a médiem BHI (¢arkovana cara) (b). Vlozeny histogram
vyhodnoceny z korespondujiciho snimku TEM zobrazuje distribuci velikosti AgNP.
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Obrazek 5. Snimek z TEM (a) a UV/Vis absorp¢ni spektrum (b) AgNP-8nm pfipravenych
redukci AgNO; borohydridem. Vlozeny histogram vyhodnoceny z korespondujiciho snimku
TEM zobrazuje distribuci velikosti AgNP.

Bakterialni kmeny izolované ze zvitecich tkani S. enterica LT2, S. aureus GP0004,
E. coli eaet GN2514, Actinobacillus pleuropneumoniae 17/06L, P. multocida P-813 a
Streptococcus uberis GP1037 byly ziskany ze sbirky centra CReSA (Spanélsko). K testovani
synergického efektu byla pouzita antibiotika amoxicilin (Sigma), draselna sil penicilinu G
(Fluka), gentamicin sulfat (Sigma-Aldrich), kolistin methansulfonat sodny (Sigma). Média
BHI (Oxoid, pH 7,4) a M-H (Oxoid, pH 7,3) byla pfipravena podle instrukci vyrobce a
sterilizovédna. Pro kultivaci A. pleuropneumoniae bylo médium BHI suplementovano 1%

IsoVitaleXem (BBL). VSechny reagenty byly pouzity bez ptedchozi tpravy. Na piipravu
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roztokll byla pouzita deionizovand voda. Bakterialni kmeny S. enterica, S. aureus, E. coli a
S. wuberis GP1037 byly kultivovany v kultivacnim médiu M.-H. a kmeny A4.
pleuropneumoniae a P. multocida v médiu BHI.

Minimalni inhibi¢ni koncentrace antibiotik, AgNP a jejich kombinaci byly urCeny
pomoci mikrodiluéni ,,Sachovnicové™ metody za pouziti jednorazové plastové mikrotitracni
desticky s 96 jamkami. Antibiotika byla postupné fedéna médiem dvakrat ve vodorovném
sméru a ve vertikalnim sméru byly pridany AgNP taktéz sériové fedéné médiem dvakrat.
Bakterialni citlivost byla hodnocena podle dokumentu VETO01-A3 Institutu pro klinické a
laboratorni standardy (CLSI).%°

Dftive neZ se provedla inokulace, bylo nutné bakterie pfes noc kultivovat na agarové
pudé€. Nakultivované bakterie pak byly suspendovany ve sterilnim 0,85% roztoku NaCl na
hustotu 0,5 McFarlandovy stupnice a poté byla suspenze zifedéna 1 :50 kultivatnim
médiem. Nakonec bylo ke 180 pl antimikrobidlni smési antibiotika a AgNP naockovano
20 pl bakteridlniho inokula. Mikrotitra¢ni desticka byla nasledné inkubovana pii 37 °C po
24 hodin. Bakterialni rtst byl poté hodnocen méfenim optické hustoty pii 600 nm pomoci
spektrofotometru PowerWave XS (BioTek). Z ur¢enych MIC byl nasledné vypocitan FIC
index podle vzorce (1), kdy byl kombinovany antibakteridlni ucinek hodnocen podle
nasledujicich  kritérii: synergie (FIC <0,5), aditivita (0,5 <FIC<1), indiference
(1 <FIC <£2) a antagonismus (FIC > 2).

Dosazené vysledky antibakteridlni aktivity samotnych AgNP jsou prezentovany
v tabulce 1. MIC AgNP se pohybovaly v rozmezi 6,3 az 100,0 pg/ml v zavislosti na
testovaném kmenu bakterie a velikosti AgNP. Antibakterialni t¢inek se projevil predevsim
u Gram-negativnich bakterii. Rst Gram-pozitivnich bakterii byl inhibovan mén¢, avSak
piesné ur¢eni hodnoty MIC AgNP-28nm bylo omezeno danou koncentraci disperze pii
ptipravé (108 pg/ml) a testovana koncentrace mohla byt maximalné polovi¢ni. Disperze
AgNP byla nejprve nafedéna na 100 pg/ml a poté se médiem na destiCce natedila na
polovinu, tedy 50 pg/ml. Antibakterialni aktivita menSich nanocastic stiibra byla silngjsi nez
aktivita téch vétsSich. AgNP obou velikosti nejvice potlacily rist Gram-negativni bakterie

P. multocida, naopak Gram-pozitivni bakterie S. uberis byla k AgNP nejméné citliva.
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Tabulka 1. MIC [pg/ml] nanocastic stfibra o primérnych velikostech 28 nm a 8 nm.

Bakterie AgNP-28nm AgNP-8nm
S. enterica (G-)* 25 12,5

S. aureus (G+) > 50 25

E. coli (G-) 25 6,3

A. pleuropneumoniae (G-) 50 25

S. uberis (G+) > 50 100

P. multocida (G-) 6,3 6,3

a — G+, Gram-pozitivni bakterie; G-, Gram-negativni

Vysledky spole¢ného antibakterialniho efektu testovanych antibiotik a AgNP jsou
uvedeny v tabulkdch 2 az 5. V pfipad¢ ampicilinu se MIC samotného antibiotika proti
testovanym bakteriim pohybovaly v rozmezi 0,25 az > 32 pg/ml (tab. 2). MIC amoxicilinu
vuci E. coli a A. pleuropneumoniae byla > 32 ug/ml, piicemz breakpoint (hranicni
koncentrace antibiotika, ktera definuje mikroorganismus jako citlivy nebo rezistentni dle
jeho MIC) je >32 pg/ml a tyto kmeny byly tedy k amoxicilinu rezistentni. Nejlepsiho
kombinovaného t¢inku amoxicilinu a AgNP bylo dosaZeno pii kombinaci 12,5 pg/ml AgNP
obou velikosti s 8 pg/ml amoxicilinu. Pfi této kombinaci doslo k obnoveni citlivosti ptivodné
k ampicilinu rezistentni bakterie 4. pleuropneumoniae. Antibakterialni aktivita amoxicilinu
kombinovaného s AgNP-28nm byla synergni s FIC indexem 0,4; pii kombinaci s AgNP-
8nm byl vSak ucinek pouze aditivni s FIC indexem 0,6. Aditivni G¢inek amoxicilinu
kombinovaného s AgNP obou velikosti byl také pozorovan proti Gram-pozitivni bakterii
S. aureus s FIC indexem 0,8. Aditivni ucinek také vykazovala kombinace amoxicilinu
a AgNP-8nm proti S. uberis. Ostatni kombinace mély indiferentni efekt.

V ptipad¢ testovani antibakterialniho uc¢inku Penicilinu G v kombinaci s AgNP byly
dosazeny podobné vysledky jako v ptipadé amoxicilinu (tab. 3). MIC samotného penicilinu
se pohybovaly v rozmezi 0,03 az > 32 pg/ml. S. aureus (MIC 1 pg/ml, breakpoint > 0,25
pg/ml), E. coli (MIC > 32 nug/ml, breakpoint > 4 ug/ml) a A. pleuropneumoniae (MIC > 32
pg/ml, breakpoint > 4 pug/ml) byly k penicilinu rezistentni. Nejlepsi vysledky byly dosazeny
pii kombinaci 6,3 pg/ml AgNP-8nm se 2 pg/ml penicilinu proti 4. pleuropneumoniae, kdy

se FIC index rovnal 0,3.
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Tabulka 2. MIC [pg/mL] amoxicilinu (Amx) a vysledky kombinace amoxicilinu s AgNP

MIC v kombinaci MIC v kombinaci
Bakterie MIC Amx AgNP-28nm Amx FIC &inek® AgNP-8nm Amx FIC &inek
S. enterica (G-)* 1 25 1 2,0 I 12,5 1 2,0 I
S. aureus (G+) 2 25 1 0,8 A 12,5 0,5 0,8 A
E. coli (R)° >32 25 >32 20 I 6,3 >32 2,0 I
App? (R, G-) >32 12,5 8 04 S 12,5 8 0,6 A
P. multocida (G-) 0,25 6,3 0,25 2,0 I 6,3 0,25 2,0 I
S. uberis (G+) 0,25 > 50 0,25 2,0 I 50 0,125 1,0 A

a — G+, Gram-pozitivni bakterie; G-, Gram-negativni bakterie
b — S, synergie; A, aditivita; I, indiference

¢ — R, rezistentni k amoxicilinu

d—App, A. pleuropneumoniae

Tento synergni uCinek byl nejsilnéjsi ze vSech provedenych experimentd. VEtsi
AgNP-28nm v kombinaci s penicilinem proti A. pleuropneumoniae vykazovaly pouze
aditivni efekt. Aditivni ucinek byl také pozorovan v piipad¢ kombinace AgNP obou velikosti

s penicilinem vii€i S. aureus. Ostatni kombinace m¢ly indiferentni efekt.

Tabulka 3. MIC [pg/mL] penicilinu G (Pen) a vysledky kombinace penicilinu s AgNP

MIC MIC v kombinaci MIC v kombinaci
Bakterie Pen AgNP-28nm Pen FIC 1&inek® AgNP-8nm Pen FIC ucinek
S. enterica (G-)* 2 25 1 1,5 I 12,5 1 1,5 I
S. aureus (R, G+) 1 12,5 0,5 0,6 A 12,5 0,125 0,6 A
E. coli (R)° >32 25 >32 2,0 I 6,3 >32 20 I
App? (R, G-) >32 25 8 06 A 6,3 2 0,3 S
P. multocida (G-) 0,03 6,3 0,03 2,0 | 6,3 0,03 2,0 |

a — G+, Gram-pozitivni bakterie; G-, Gram-negativni bakterie
b — S, synergie; A, aditivita; I, indiference

¢ — R, rezistentni k penicilinu

d—App, A. pleuropneumoniae

NejefektivnéjSim antibiotikem v kombinaci s AgNP byl gentamicin (tab. 4).
Kombinace gentamicinu s AgNP-28nm vedla k aditivnimu u¢inku u bakterii S' enterica a P.
multocida a synergnimu ucinku u bakterii S. aureus, E. coli a A. pleuropneumoniae.

S AgNP-8nm byl efekt aditivni u E. coli a P. multocida a synergni u S. aureus. Kombinace
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3,1 pg/ml AgNP-28nm i AgNP-8nm se 2 pg/ml gentamicinu vedla k obnoveni citlivosti
rezistentni P. multocida k danému antibiotiku (MIC 8 pg/ml, breakpoint > 8 pug/ml). Také
rezistentni A. pleuropneumoniae (MIC 8 pg/ml, breakpoint > 8 pg/ml) byla opét citliva ke
gentamicinu kombinovaném s AgNP. Kombinaci gentamicinu s AgNP-28nm umoznilo

snizit koncentraci antibiotika na 0,25 pg/ml.

Tabulka 4. MIC [ug/mL] gentamicinu (Gen) a vysledky kombinace gentamicinu s AgNP

MIC MIC v kombinaci MIC v kombinaci
Bakterie Gen AgNP-28nm Gen FIC Cinek® AgNP-8nm Gen FIC uginek
S. enterica (G-)* 1 12,5 0,25 0.8 A 12,5 0,25 1,3 I
S. aureus (G+) 2 25 0,25 04 S 6,3 0,5 05 S
E. coli (R)° >32 6,3 8 0,4 S 3,1 16 0,8 A
App? (R, G-) 8 25 0,25 0,5 S 25 8 2,0 I
P. multocida (R, G-) 8 3,1 2 0.8 A 3,1 2 0,8 A

a — G+, Gram-pozitivni bakterie; G-, Gram-negativni bakterie
b — S, synergie; A, aditivita; I, indiference

¢ — R, rezistentni ke gentamicinu

d—App, A. pleuropneumoniae

MIC samotného kolistinu se pohybovaly mezi 4 az 8§ pg/ml (tab. 5) a tedy vSechny
testované bakterie byly k tomuto antibiotiku rezistentni (breakpoint > 2 pg/ml). V kombinaci
kolistinu s AgNP-28nm byl spoleény ucinek pouze aditivni a to u vSech bakteridlnich

kmena.

Tabulka 5. MIC [pg/mL] kolistinu (Col) a vysledky kombinace kolistinu s AgNP

MIC MIC v kombinaci MIC v kombinaci
Bakterie Col AgNP-28nm Col FIC 1ginek® AgNP-8nm Col FIC uginek
S. enterica (R, G-)*¢ 4 12,5 2 1,0 A 6,3 2 1,0 A
E. coli (R, G-) 8 12,5 2 08 A 1,6 2 05 S
App” (R, G-) 8 25 2 08 A 25 8 20 1
P. multocida (R, G-) 8 3,1 1 06 A 3,1 1 06 A

a — G-, Gram-negativni bakterie
b — S, synergie; A, aditivita; I, indiference
¢ — R, rezistentni ke kolistinu
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Aditivni G¢inek byl také pozorovan pro kombinaci kolistinu s AgNP-8nm proti
S. enterica a P. multocida. Pfi kombinaci 3,1 pg/ml AgNP-28nm nebo AgNP-8nm
s kolistinem se rezistentni P. multocida stala ke kolistinu citlivou, protoze MIC kolistinu
klesla na 1 ug/ml. Kombinace 2 pg/ml kolistinu s 1,6 pg/ml AgNP-8nm méla synergni

antibakterialni Gi¢inek proti E. coli.

AgNP jsou dobtfe zndmy svoji vyjimecnou antimikrobialni aktivitou proti lidskym
patogentim a maji schopnost zvySovat u¢inek jinych antimikrobidlnich latek (viz kapitoly 2
a 4). BohuZzel neni pfili§ studii, které by se zabyvaly vlivem AgNP proti bakteriim
zpusobujicim nemoci u zvirat. Pfitom rezistence zvifecich bakterii predstavuje stejn¢ velky
problém jako rezistence humannich bakterii. Rezistentni kmeny, které zplisobuji zavazné
nemoci tzv. hospodarskych zvifat napt. mastitida (S. uberis) nebo respiracni choroby
(4. pleuropneumoniae) se rychle rozsiiuji.?s

Vétsina produktil se stiibrem uréenych pro veterinarni sektor se vyskytuje ve formé
dezinfekci pro povrchy. Existuji také rizné kapky, masti, gely nebo spreje pro potlaceni
infekci (TraumaPet Ag, Auxivet). AgNP se také pouZivaji jako prebiotika v krmeni.?®!

V této studii se testovala Ctyfi rizna antibiotika v kombinaci s AgNP proti bakteriim
zpusobujicich nemoci zvifat, pficemz néckteré byly k danému antibiotiku rezistentni.

Antibakterialni aktivita AgNP silné zavisi na jejich velikosti, >+

proto byly syntetizovany
AgNP o dvou velikostech, aby bylo mozné urcit, zda i zvySeny ucinek antibiotik je ovlivnén
rozméry AgNP.

Mensi AgNP mély opravdu silné€jsi antibakterialni G€inky. Mohou totiz snadnéji
pronikat pory v bunééné membrané, uvolnit vétsi mnozstvi iontli stfibra a generovat vice
ROS.2%? V&t§i plocha povrchu ku objemu ¢&ini navic AgNP vice reaktivni.?®* Rist Gram-
pozitivnich bakterii byl inhibovan méné nez Gram-negativnich bakterii, coZz odpovida diive
publikovanym studiim.’>*"-*%* Tento fakt miize byt pfipsan ten¢i peptidoglykanové vrstvé
Gram-negativnich bakterii ve srovnani s pevnou peptidoglykanovou bunécnou sténou
Gram-pozitivnich bakterii.

Amoxicilin je beta-laktamové antibiotikum, které inhibuje syntézu bakterialni
bunécné stény, a pouziva se pro 1é¢bu fady infekcei u zvirat. Amoxicilin naptiklad 1é¢i nemoci
zpusobené infekci A. pleuropneumoniae, kterd zplsobuje zdvaznd respiratni onemocnéni
prasat.’®> Bohuzel se vyskytuji piipady rezistence bakterii k amoxicilinu.?%® V ramci

testovani antibakterialni aktivity amoxicilinu v kombinaci s AgNP bylo prokazano, ze AgNP

zvySuji ucinek antibiotika proti 4. pleuropneumoniae a dokonce MIC amoxicilinu byla
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snizena pod hranici breakpointu, coz znamend, Ze takovou bakterii lze v tomto piipadé¢
hodnotit jako citlivou k amoxicilinu. Kombinovany uc¢inek AgNP a amoxicilinu proti
A. pleuropneumoniae byl synergni v piipadé AgNP-28nm a pouze aditivni v ptipadé¢ AgNP-
8nm. Zvyseny ucinek amoxicilinu v kombinaci s AgNP také publikoval Shahverdi a kol.
proti S. aureus na zakladé hodnoceni velikosti inhibiéni zony za pouziti diskové metody.?!
Pouziti diskové difuzni metody se vSak nezdd vhodné, jelikoz neexistuje parametr, podle
kterého by se dalo urcit, zda je interakce synergni nebo pouze aditivni. Otazkou také zlstava
do jaké miry AgNP difunduji skrz pevny agar.

Podobné vysledky jako s amoxicilinem byly pozorovany u penicilinu G, ktery také
nalezi do skupiny beta-laktamovych antibiotik. Nejsiln€j$i pozorovany synergni ucinek se
projevil  pifi  kombinaci = AgNP-8nm  spenicilinem  proti =~ Gram-negativni
A. pleuropneumoniae.

Nejvice pozitivnich vysledkii bylo dosazeno kombinaci AgNP s gentamicinem.
Stejné jako jiné aminoglykosidy je mechanismem ucinku gentamicinu ireverzibilni navazani
na ribozomalni podjednotku 30S bakterie a intereference s proteinovou syntézou. Celkove
byly pozorovany c¢tyfi aditivni a Ctyfi synergni ufinky gentamicinu a AgNP. Podobné Birla
akol. pozorovali zvy$eny uéinek gentamicinu v piitomnosti AgNP proti E. coli a S. aureus.*
Naopak v nékterych studiich kombinace genatmicinu a AgNP neméla zadny zvySeny
antibakterialni u¢inek.>"?® Dilezitym vysledkem této studie bylo obnoveni citlivosti
ptvodné rezistetnich bakterii 4. pleuropneumoniae a P. multocida ke gentamicinu po
kombinaci s AgNP. A. pleuropneumoniae je Gram-negativni bakterie, ktera zpusobuje
pleuropneumonii prasat, vysoce nakazlivé zavazné respiracni onemocnéni. Mezi prasaty se
pienasi aerosolem nebo pfimym kontaktem a vyskytuje se jako chronickd nebo akutni
infekce, kterou provazi tézké klinické ptiznaky v nejhorsich ptipadech nasledované rychlou
smrti. P. multocida je Gram-negativni bakterie, kterd infikuje domestikovanad zvirata a
zpusobuje onemocnéni jako je napt. cholera driibeze. Stiibro by tedy mohlo byt feSenim pfti
1é¢be téchto zavaznych onemocnéni v situacich, kdy nebudou antibiotika Gi€inna.

Kolistin je polypeptidové antibiotikum s baktericidnim ucinkem proti Gram-
negativnim bakteriim. Jeho ucinek spociva v destabilizaci bunécné membrany. Pouziva se
pii 1écbe infekei u lidi 1 zvifat. V humédnni medicin€ vSak ptichdzi na fadu az poté, co jina
antibiotika v 1é¢bé infekce selzou. U hospodaiskych zvifat je kolistin pouzivan k 1écbé
infekci zplisobenych bakteriemi Celedi Enterobacteriaceae. Piedevsim v dusledku vzniku
rezistence k jinym skupindm antibiotik se spotieba kolistinu u zvifat v poslednich letech

zvySuje. Kolistin by se vSak také m¢l ponechavat jako druholiniova 1écba zvitat, aby se
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predeslo vzniku rezistence. V posledni dobé se bohuzel piipady rezistence zacaly objevovat
i u kolistinu.2%” Ze &tyf kmenii bakterii, které byly zvoleny k testovéani, byly viechny kmeny
ke kolistinu rezistentni. Pii kombinaci AgNP s kolistinem byl zaznamenan ve vétSing¢
piipadii pouze aditivni antibakteridlni efekt, avSak u enterobakterie E. coli se projevila
synergie. Dulezité je také, ze 3,1 pg/ml AgNP snizilo potiebnou davku kolistinu pod hranici

breakpointu u bakterie P. multocida, ktera se tak stala ke kolistinu citlivou.
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8. Synergie AgNP a antibiotik vii¢i bakteriim citlivym

k antibiotikum®

AgNP byly opét syntetizovany podle vyse popsané modifikované Tollensovy metody,
ktera spociva v redukci diaminstfibrného komplexu sacharidy, kterym zde byla D-maltéza.
AgNP byly béhem syntézy stabilizovany piidavkem Zzelatiny s vyslednou koncentraci
0,05 %. Charakterizace AgNP probihala pomoci metod DLS, TEM a UV/Vis spektroskopie.
AgNP ptipravené Tollensovym procesem dosahovaly primérné velikosti 28 nm s velmi
uzkou distribuci velikosti, jak lze vidét z kiivky lognormalni distribuce velikosti Castic
potizené metodou DLS (obr. 6a) a jak je patrné ze snimkl potizenych TEM (obr. 6b).
V UV/Vis absorp¢nim spektru AgNP byl zaznamenéan uzky pik povrchového plazmonu u
vinové délky 410 nm, coz také odpovida Casticim téchto rozméri (obr. 6¢). Zmétrena hodnota
zeta potencialu -28 mV znamena vysokou agregacni stabilitu pfipravenych AgNP.

AgNP musely byt pfed testovanim synergie stabilizovany Zelatinou, kterd je pro tento
ucel vhodnd, protoze je netoxickou pfirodni latkou. Po smichéani s kultivacnim médiem
v poméru 1 : 1 byla pozorovana ¢astecna agregace ¢astic stiibra, ktera se projevila zménou
barvy koloidu, ndristem v primérné velikosti ¢astic, sekundarnim pikem v UV/Vis spektru
a také snizenim zeta potencidlu. Primérna velikost ¢astic se zvysila na 85 nm, absorp¢ni pik
u 410 nm se snizil a objevil se sekundarni pik u 550 nm (obr. 7a). Zeta potencial poklesl na
hodnotu -13 mV. Obrazek 7 ukazuje snimky z TEM AgNP po ptipravé (obr. 7b) a po
stabilizaci zelatinou (obr. 7c). Nestabilizované AgNP tvotily agregaty velikosti stovek nm
(obr. 7b) na rozdil od stabilizovanych AgNP, které zlstaly dobfe separovany (obr. 7c).
Pokles zeta potencialu a agregace AgNP byl zptisoben kationty pfitomnymi v kultivaénim
médiu. Obecné AgNP snadno v prostiedi s vysokou iontovou silou snadno agreguji,
obzvlasté¢ jsou-li kationty multivalentni. Opacné nabité kationty jsou piitahovany
k negativné nabitému povrchu AgNP a snizuji jejich negativni zeta potencial. AgNP se pak
nemohou dostateéné odpuzovat, ptiblizuji se, spojuji se a nasledné agreguji a sedimentuyji.

Zelatina byla pfidana aZ po syntéze a neovlivnila tak jejich charakterizaci, napf. méfeni

¢ Vysledky publikovany v: Panacek, A., Smékalova, M., Kilianova, M., Prucek, R., Bogdanova, K., Vecetova,
R., Kolat, M., Havrdova, M., Plaza, G. A., Chojniak, J., Zbofil, R. a Kvitek, L. Strong and Nonspecific
Synergistic Antibacterial Efficiency of Antibiotics Combined with Silver Nanoparticles at Very Low
Concentrations Showing No Cytotoxic Effect. Molecules 21(1), 26 (2016).
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velikosti. Takto nizkéd koncentrace Zelatiny vSak na velikost nemé¢la vliv a byla dostate¢na

pro stabilizaci AgNP v kultivaénim médiu, jak potvrdily snimky z TEM a méfeni DLS.
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Obrazek 6. Lognormalni rozlozeni velikosti ziskané z méteni DLS (a), snimky z TEM (b)
a UV/Vis absorpéni spektra AgNP s priimérnou velikosti 26 nm a izkou distribuci velikosti

castic (c).
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Obrazek 7. UV/Vis absorpcni spektra (a) zZelatinou stabilizované (plna céara) a
nestabilizované (¢arkovana c¢ara) disperze AgNP v kultivaénim médiu v poméru 1 : 1, TEM
snimky nestabilizovanych (b) a zelatinou stabilizovanych AgNP (c¢).

Pro stanoveni MIC AgNP, antibiotik a jejich kombinace byla vyuzita Sachovnicova
dilu¢ni metoda. Antibiotika byla fedéna geometrickou fadou a kombinovana s AgNP
o koncentraci nizsi nez jejich MIC. Podle bakteridlniho kmene byly pouzity koncentrace
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AgNP 0,6; 1,25; 2,5 a 5 mg/l. 100 pl média M.-H. (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) o definované koncentraci antibiotik a AgNP bylo inokulovano
bakteriemi o koncentraci 10°~10° CFU/ml (CFU — colony-forming units). MIC byla uréena
24 hodinach (37 °C).

K testovani byly pouZity tyto bakterialni kmeny (znadeni dle Ceské sbirky
mikroorganismil, Masarykova univerzita, Brno): E. coli CCM 4225, P. aeruginosa CCM
3955 a S. aureus CCM 4223. Aplikovana antibiotika jsou shrnuta v tabulce 6.

Tabulka 6. Pouzitd antibiotika rozdélena podle mechanismu tc¢inku a jejich zkratky.

Naruseni funkce
Inhibice syntézy Inhibice syntézy nukleovych  cytoplazmatické
bunécné stény Inhibice proteosyntézy kyselin membrany
Ampicilin (AMP) # Gentamicin (GEN) f Oxolinov4 kyselina (OXO) *  Kolistin (COL) ™
Ampicilin/sulbaktam
(AMS) 2 Tetracyklin (TET) & Ofloxacin (OFL) ¥
Piperacilin (PIP) ? Amikacin (AMI) Ciprofloxacin (CIP)
Piperacilin/tazobaktam
(PPT) 2 Chloramfenikol (CMP) "  Kotrimoxazol (COT) !
Penicilin (PEN) ? Erytromycin (ERY) |
Oxacilin (OXA) # Klindamycin (CLI)/
Cefazolin (CZL) ®
Cefuroxim (CRX) ®
Cefoxitin (CXT) ®
Cefepim (CPM) ®
Cefoperazon (CPR) ®
Ceftazidim (CTZ) ®
Meropenem (MER) ©
Teikoplanin (TEI) ¢
Vankomycin (VAN) ¢
Aztreonam (AZT) ©
Kategorie antibiotik podle jejich chemickeé struktury: (a) peniciliny; (b) cefalosporiny; (c) karbapenemys;
(d) glykopeptidy; (e) monobaktamy; (f) aminoglykosidy; (g) tetracykliny; (h) amfenikoly; (i) makrolidy;
(j) linkosamidy; (k) chinolony; (1) sulfonamidy; (m) polypeptidy.

Vysledky testovani antibakteridlni aktivity antibiotik v kombinaci s AgNP jsou
shrnuty v tabulkach 7-9. Z hodnot MIC antibiotik a antibiotik v kombinaci AgNP je patrné,
ze synergicky ucinek byl pozorovan u vSech pouzitych antibiotik a u vSech bakteridlnich
kment.

V ptipad¢ E. coli se projevil vyrazny synergicky ucinek v koncentracich AgNP 2,5
mg/l a 5 mg/l (MIC AgNP = 7,5 mg/l). Pfi kombinaci antibiotik s AgNP o téchto

koncentracich se MIC antibiotik snizily o dva az tfi fady oproti antibiotikiim aplikovanym
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bez AgNP. Pfi nizsich koncentracich AgNP byl synergicky efekt pozorovan u GEN, COL a
OFL s MIC vice jak dvakrat niz§imi, nez byly MIC antibiotik samotnych. E. coli byla vici
samotnému AMP rezistentni, antibiotikum nevykazovalo zddnou antibakterialni aktivitu ani
v nejvyssi pouzité koncentraci 32 mg/l (breakpoint = 8 mg/l). V kombinaci s AgNP proti
E. coli se aktivita AMP znovu obnovila a E. coli byla vi¢i AMP znovu senzitivni. Pfi
koncentraci AgNP 2,5 mg/l se snizila MIC AMP na 0,03 mg/l.

V ptipadé¢ P. aeruginosa byly MIC antibiotik v kombinaci s AgNP (2,5 mg/l a
5 mg/l) také o dva az tfi fady nizsi nez pii aplikaci antibiotika samotného. V ptipad¢ nizsich
koncentraci AgNP byla pozorovana synergie s MER, GEN a COL (MIC vice nez dvakrat
nizsi).

Bakterie S. aureus byla citlivéjsi k AgNP vice nez dalsi testované bakterie s MIC
rovné 5 mg/l, coz se také promitlo do silnéjSiho synergického efektu. Nejvyssi pouzita
koncentrace 2,5 mg/l vedla k nejvyssimu poklesu MIC antibiotik, o dva az tfi fady. Pti
koncentraci 1,25 mg/l AgNP byl také pozorovan synergicky efekt téméf pro vSechna
AgNP byl u S. aureus pozorovan témet ve vSech ptipadech (PEN, AMS, TET, COT, ERY,
CLL CIP, TEI a VAN) synergicky ucinek s vice jak dvojnasobnym poklesem MIC. Naopak

u E. coli a P. aeruginosa bylo snizeni MIC antibiotik vyjimecné.

Tabulka 7. MIC antibiotik (mg/l) v kombinaci s AgNP v koncentracich nizsich nez MIC
(7,5 mg/l) pro E. coli CCM 4225.

AMP AMS CZL CRX CXT GEN COoT COL 0XO OFL TET AZT

ATB +0
mg/l AgNP - 8 2 1 1 0,5 4 0,5 0,5 0,03 4 0,03
ATB + 0,6
mg/l AgNP - 8 2 1 1 0,03 2 0,125 0,5 0,015 4 0,03
ATB + 1,25
mg/l AgNP - 8 2 1 1 0,06 2 0,125 0,5 0,015 2 0,03
ATB +2,5
mg/l AgNP 0,03 0,03 0,0019 0,00097 0,00097 0,00048 2 0,00097 0,5 0,00024 1 0,0078
ATB+5
mg/l AgNP  0,00097 0,00097 0,00097 0,00097 0,00097 0,00048 0,0019 0,00048 0,00097 0,00024 0,00048 0,0019
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Tabulka 8. MIC antibiotik (mg/l) v kombinaci s AgNP v koncentracich nizsich nez MIC
(7,5 mg/l) pro P. aeruginosa CCM 3955.

PIP PPT AZT MER CTZ CPR CPM GEN AMI COL OFL CIP

ATB+0
mg/l AgNP 4 4 4 1 1 4 2 0,25 1 0,5 1 0,125
ATB + 0,6
mg/l AgNP 4 4 4 1 1 4 1 0,03 0,25 0,125 1 0,03
ATB + 1,25
mg/l AgNP 2 4 4 0,5 1 4 1 0,015 0,25 0,06 1 0,03
ATB +2,5
mg/l AgNP 0,015  0,0039 0,00097 0,0019 0,00024 0,00048 0,00024 0,00048 0,00048 0,00048 0,00024 0,00024
ATB+5
mg/l AgNP  0,0078 0,0039 0,00097 0,0019 0,00024 0,00048 0,00024 0,00048 0,00048 0,00048 0,00024 0,00024

Tabulka 9. MIC antibiotik (mg/l) v kombinaci s AgNP v koncentracich niz§ich nez MIC
(5 mg/l) pro S. aureus CCM 4223.

PEN OXA AMS CMP TET COT ERY CLI CIP GEN TEI VAN

ATB +0

mg/l AgNP 0,125 0,25 0,5 4 0,25 1 0,125 0,125 0,25 0,25 0,25 1
ATB + 0,6

mg/l AgNP 0,015 0,25 0,125 4 0,015 0,03 0,06 0,015 0,03 0,25 0,03 0,03
ATB + 1,25

mg/l AgNP 0,015 0,03 0,06 2 0,015  0,0078 0,06 0,015 0,015 0,06 0,015 0,00097
ATB +2,5

mg/l AgNP  0,00006 0,00048 0,00048 0,00048 0,00012 0,0019 0,00012 0,00012 0,00012 0,00048 0,00097 0,00048

roor v

Dosazené vysledky této studie prokazaly silny synergicky ucinek vétSiny antibiotik
v kombinaci s AgNP za pouziti mikrodilucni metody. AgNP byly pouzity ve velmi nizkych
koncentracich, niz§ich nez jejich MIC, na rozdil od nékterych studiich, kde byly AgNP nebo
antibiotika pouzity v koncentracich rovnych nebo dokonce vysSich nez jejich MIC.
V nékterych studiich dokonce nebyl vzdy prokazan synergicky kombinovany ti¢inek. 24268
270V této studii byla pouZita pro testovani synergie mikrodiluéni metoda, ktera neomezuje
difuzni schopnost AgNP. AgNP s piidavkem Zelatiny byly v kapalném médiu stabilni a
mikrodilu¢ni metoda tedy byla pro testovani synergie vhodnéjsi nez diskova.

Préace vyuzivajici mikrodilu¢ni metodu a zarovenn AgNP o koncentracich nizsi nez
jejich MIC byly publikovany autory Li, Markowska a Singh (42-44 v ¢&1).13%271:272 [ j a kol.
testovali synergicky efekt amoxicilinu a AgNP viici E. coli. ACkoliv amoxicilin neni zahrnut
v této studii, mtizeme vysledky porovnat s ampicilinem na zakladé jeho podobné chemické
struktury, mechanismu uc¢inku a vyuziti k 1é¢bé infekci. Li a kol. zaznamenali synergicky

ti¢inek 0,15 g/l amoxicilinu a 5 mg/l AgNP.!*® V porovnani s témito vysledky jsme dosahli
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lepsiho efektu kombinaci 0,03 mg/l ampicilinu a 2,5 mg/l AgNP. Singh a kol. pozorovali
zvySeny ucinek ruznych antibiotik v kombinaci s AgNP, nejlepSich vysledki vSak také
doséahly pfi pouziti beta-laktamovych antibiotik.?’> Autofi Markowska a kol. prokazali
synergni U¢inek u ampicilinu, strepomycinu, rifampicinu a tetracyklinu.?’! Kombinace
AgNP s oxacilinem, ciprofloxacinem, meropenemem a ceftazidimem zadny synergicky
ucinek neprojevila na rozdil od této prace, kde se osvédcCilo Siroké spektrum antibiotik
s riznymi mechanismy ucinku a chemickou strukturou proti riznym bakterialnim kmentim
za pouziti mikrodilu¢ni metody. DalSim vyznamnym zjiSténim bylo obnoveni citlivosti
bakterii E. coli rezistentnich k ampicilinu antibiotikiim (MIC antibiotika klesla pod hodnotu
breakpointu) v kombinaci s AgNP. Tento efekt byl dfive popsan v praci Brown a kol., ktefi
prokézali, ze AgNP funkcionalizované ampicilinem byly ucinné proti E. coli rezistentni
k ampicilinu.'®® Tento mechanismus vedouci ke zvyseni citlivosti bakterii k antibiotiku po
aplikaci s AgNP nebo dokonce k obnoveni citlivosti bakterie by mohl byt vysvétlen
nespecifickym antibakteridlnim ptisobenim AgNP. AgNP a antibiotika inhibujici syntézu
bunécné stény mohou kooperovat v naruSovani bunécni stény. AgNP miize usnadnovat
pienos hydrofilnich antibiotik k povrchu buiiky, zvySovat permeabilitu membrany a tim
umoznit lepsi vstup antibiotik do buiiky. Inhibice aktivity bakteridlnich enzymd, diky kterym
jsou bakterie rezistentni, mize byt dal$im mechanismem, jak AgNP obnovuji ucinek
antibiotika a citlivost bakterii.

Zajimavym faktem bylo, Ze synergicky efekt vSech pouzitych antibiotik v kombinaci
s AgNP proti vS§em Gram-negativnim a Gram-pozitivnim bakteriim byl podobny bez
vyraznéjSich rozdil v zavislosti na typu antibiotika, jejich mechanismu u¢inku nebo
chemické struktury, z ¢ehoz lze usuzovat, ze synergicky efekt antibiotika a AgNP je
nespecificky. AgNP neptsobi toxicky vii¢i bakteriim pouze jedinym zplsobem, napi.
poskozenim bunétné stény nebo inhibici proteosyntézy ¢i syntézy nukleovych kyselin jako
antibiotika. Je znamo, ze AgNP plsobi na vice bunéénych Grovnich, méni permeabilitu
membrany,?”* membranovy potencidl>’* a akumuluji se v membrang, coz vede k tvorbé tzv.
,,pits* v bun&ené sténé.?”> Také ovliviiuji metabolismus purini a inhibuji enzymy jako je
tryptofanaza nebo enzymy respira¢niho fetézce a narusuji tak dilezité metabolické procesy
v bakterii.?”® P¥i aerobnich podminkach se uvoliiuji ionty stiibra z povrchu nanogastic, které
vstupuji do bun&k a nasledné se tvoii ROS, které poskozuji DNA, RNA, proteiny a lipidy.2”®
Negativni piisobeni AgNP na bunku riznymi zpisoby vede k celkovému oslabeni
mechanismu rezistence bakterie, ktera pak ztrdci svoji schopnost odolavat

pusobeni antibiotik.
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Absence nezadouci cytotoxicity je dulezitd pro potencidlni vyuziti AgNP
v medicindlnich aplikacich, kde by preparaty, pomticky nebo napi. implantaty obsahovaly
AgNP v kombinaci s antibiotiky pro zamezeni rozvoje infekce. Spole¢né s antibakterialni
aktivitou byla tedy rovnéz posuzovana cytotoxicita samotnych AgNP a nékterych vybranych
antibiotik a také jejich kombinace v koncentracich, které vykazovaly antibakteriani u¢innost
(tab. 10). Také byl hodnocen index toxicity LDso vybranych antibiotik, AgNP a jejich
kombinace. Metodika testovani cytotoxicity byla mirné¢ pozménéna, aby se zamezilo
potencialnimu aditivnimu vlivu antibiotik, ktera jsou pii kultivaci bunc¢k standardné
pfitomna. Bunky NIH/3T3 byly kultivovany v médiu DMEM (Dulbecco’s Modified
Eagle’s médium, Life Technologies) bez suplementace antibiotiky béhem ttech pasazi, aby
byly ziskany bunky bez antibiotik. Poté byly buiiky nasazeny do 96jamkov¢ desticky (TPP,
Biotech) o hustoté 2 x 10* bunék na jamku. Po 4 hodinach byly k buiikam piidany toxikanty
a desticky byly inkubovany v inkubétoru s vlhéenou atmosférou s obsahem 5 % CO» pii
37 °C po dobu 24 hodin. Néasledné bylo do kazdé jamky ptidano 20 pl roztoku thiazolylové
modie (MTT, 5 mg/ml). Po 4 hodinach byl roztok MTT byl odstranén a k utvofenym
formazanovym krystaliim bylo ptfidano 100 pl dimethylsulfoxidu. Absorbance byla méfena
pii 570 nm na ctecce desticek Infinite PRO M200 (Tecan, Rakousko). Pocet piezivsich
bun¢k byl vypocitan jako podil absorbance vzorku a absorbance kontroly nasobeny 100krat
avyjadien v procentech zivotaschopnosti. Kazdéa koncentrace byla testovana v tripletu a cely

experiment byl opakovéan dvakrat.

Tabulka 10. Koncentrace AgNP a antibiotik pouZzité pti ur€ovani cytotoxicity.

koncentrace nizsi

AgNP/ATB MIC [mg/1] nez MIC [mg/1]
Ag NP 7,5 2,5
AMS 8 0,003
CZL 2 0,0019
MER 1 0,0019
CMP 4 0,00048
GEN 0,5 -
VAN 1 -
TET 4 -
CIP 0,25 -
COT 4 -
COL 0,5 -
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Hodnoty parametru LDso antibiotik se pohybovaly od 120 mg/l do 250 mg/l
v zavislosti na pouzitém antibiotiku (tab. 11). Po kombinaci s AgNP index LDso klesl na
hodnoty 90 mg/l az 180 mg/l (7,5 mg/l AgNP) a 80 mg/l az 150 mg/l (15 mg/l AgNP).
V piipadé hodnoceni cytotoxicity v koncentracich antibiotik rovnych MIC inhibovala
antibiotika samotna Zivotaschopnost bunék pouze slabé na 80 % az 90 % oproti kontrole
(obr. 8). V ptipadé AMS odpovidala Zivotaschopnost bun¢k 78 % a v ptipadé¢ MER 77 %,
coz se da také povazovat za slaby pokles. AgNP samotné v koncentraci odpovidajici jejich
MIC také slabé ovlivnily zZivotaschopnost buné€k, kterd oproti kontrole klesla na 82 %.
Hodnota LDso AgNP byla stanovena na 30 mg/l. Po kombinaci antibiotik s AgNP klesla

jejich zivotaschopnost na hodnoty v rozsahu 71 % az 80 % ve srovnani s kontrolou.

Tabulka 11. Index toxicity LDso [mg/l] antibiotik bez AgNP a v kombinaci s AgNP o
koncentraci 7,5 mg/l a 15 mg/l.

AMS CZL MER CMP GEN VAN TET CIP COT COL

Atb + 0 mg/l AgNP 160 200 250 200 250 200 200 120 120 120
Atb + 7,5 mg/l AgNP 100 130 180 150 180 150 180 100 100 100
Atb + 15 mg/l AgNP 80 90 130 100 150 100 150 90 90 80

100 -
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Antibiotika, AgNP a jejich kombinace

Obrazek 8. Zivotaschopnost bunék po aplikaci antibiotik, AgNP a jejich kombinace
v koncentracich rovnych MIC.
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Nejvétsi cytotoxicky vliv byl zaznamenan u antibiotik AMS, CZL, MER a CMP
v kombinaci s AgNP, Zivotaschopnost bunék klesla na 71 %, 73 %, 72% a 73 %.
Kombinace antibiotik a AgNP v koncentracich rovnych MIC, které inhibovaly sav¢i buiiky
nejvice, byly dale pouzity v testech cytotoxicity, tentokrat v koncentracich pod jejich MIC.
Za pouziti antibiotik a AgNP v takto nizkych koncentracich samostatné, nebyla pozorovana
zadna inhibice zivotaschopnosti bun¢k oproti kontrole. Byla-li antibiotika kombinovana

s AgNP, poklesla Zivotaschopnost bunék na 90 % az 95 % ve srovnani s kontrolou (obr. 9)
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Antibiotika, AgNP a jejich kombinace

Obrazek 9. Zivotaschopnost bunék po aplikaci antibiotik, AgNP a jejich kombinace
v koncentracich nizsich nez MIC.

Kombinace antibiotik s AgNP vykazovala synergické antibakterialni u¢inky pfti tak nizkych
koncentracich AgNP, které nebyly cytotoxické pro buitky NIH/3T3. Zadné z antibiotik ani
AgNP v koncentracich rovnych MIC neprojevily vyraznou toxicitu a pfi jejich kombinaci
v koncentracich pod jejich MIC bylo zaznamenano pouze mirné sniZeni Zivotaschopnosti
bunék. Jak bylo dfive publikovano AgNP samy o sob¢ v koncentraci nizs§i nez 30 mg/l
nejsou cytotoxické pro lidské bunky, nevykazuji toxické ucinky wvici krvi a viaci
environmentalné vyznamnym organismiim.**3?7"2"8 Dosud nebyla pozorovana zadna

toxicita komercné dostupnych AgNP na ¢lovéka v nizkych koncentracich (viz kapitolu 6.3).
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9. Synergie AgNP a antibiotik vii¢i multirezistentnim

enterobakteriim?

Podobné jako v pfedchozim piipadé€ i v této studii byly pouzity AgNP o velikosti
28 nm pfipravené pomoci modifikované Tollensovy metody a stabilizovany 0,05%
zelatinou. AgNP dosahovaly primérné velikosti 28 nm s velmi izkou distribuci velikosti,
jak potvrdily snimky z TEM (obr. 10a). Pik povrchové plazmonové rezonance byl

zaznamenan u 405 nm (obr. 10b), coz odpovida Casticim téchto velikosti.
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Obrazek 10. Snimky z TEM (a) a UV/Vis absorp¢ni spektra (b) AgNP vyjadiujici tizkou
distribuci velikosti Castic.

Pro testovani antibakteridlni aktivity byly pouzity tyto bakterie: ESBL-pozitivni E.
coli (ESBL — Sirokospektré beta-laktamazy), ESBL-pozitivni K. pneumoniae, AmpC-
pozitivni E. coli (AmpC - cefalosporindzy) a KPC-pozitivni K. pneumoniae (KPC —
karbapenemazy). Jako kultivaéni médium bylo pouzito médium M.-H. (Becton, Dickinson
and Company). Kazdy kmen byl identifikovan standardnimi mikrobiologickymi metodami
pomoci automatického systému Phoenix (Becton Dickinson) a MALDI-TOF (matrici
asistovand laserova desorpce/ionizace s hmotnostnim analyzatorem) doby letu Biotyper

(Bruker Daltonics). VSechny kmeny byly testovany na ptitomnost genti kddujicich produkci

4 Vysledky publikovany v: Panagek, A., Smékalova, M., Vedefova, R., Bogdanova, K., Réderova, M., Kolaf,
M., Kilianov4, M., Hradilova, S., Froning, J. P., Havrdova, M., Prucek, R., Zbofil R. a Kvitek, L. Silver
nanoparticles strongly enhance and restore bactericidal activity of inactive antibiotics against multiresistant
Enterobacteriaceae. Colloids and Surfaces B: Biointerfaces 142,392-399 (2016).
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enzymii ESBL a AmpC pouzitim specifického setu primert.?”® Karbapenemazové geny byly
amplifikovany pomoci PCR (polymerdzovad fetézova reakce) podle metody uvedené
v publikaci Monteiro a kol.?*° Vybrané vzorky byly sekvenovany.

Pti testovani kombinovaného ucinku s AgNP byla pouzita tato antibiotika: cefotaxim
(COX), ceftazidim (CZD), meropenem, ciprofloxacin a gentamicin.

Pro stanoveni MIC AgNP, antibiotik a jejich kombinace byla vyuZzita Sachovnicova
dilu¢ni metoda. Antibiotika a AgNP byly oddélen¢ fedény médiem M.-H. geometrickou
fadou. Koncentrace AgNP po ptipraveé byla 108 mg/l a kone¢né koncentrace po fedéni byly
nasledujici: 54, 27, 13,5, 6,8, 3,4, 1,7, 0,8, 0,4, 0,2, 0,1 a 0,05 mg/l. Pii ur€ovani synergie
byly sledovany MIC kazdého antibiotika v kombinaci se 4 rliznymi koncentracemi AgNP
vzdy pod hodnotuou MIC AgNP, tedy MICag/2, MICag/4, MICag/8 and MICag/16. Pro
kazdé testovani antibakteridlniho Gc¢inku byla pouzita Cerstva suspenze bakterii. Bakterie
byly kultivovany po 24 hodin pfi 35 °C na krevnim agaru a poté bylo pfipraveno inokulum,
jehoZ opticka hustota byla méfena denzitometrem (Densi-La-Meter, LACHEMA, Ceska
republika). Kolonie bakterii byla suspendovana v roztoku NaCl, tak aby konec¢na opticka
hustota doséhla hodnoty 0,5 McFarlandovy stupnice zakalu, coz odpovida piiblizn¢ 1-2 x
10% CFU/ml E. coli. Poté se inokulum fedilo M.-H. médiem na koncentraci 10° CFU/ml.
Hodnoceni antibakterialni aktivity bylo provedeno podle testovacich protokoltt CLSI (Ustav
pro klinick¢é a laboratorni standardy) a EUCAST (Evropska komise pro testovani
kterd viditeln€ inhibuje rast bakterii po 24 hodinach (35 °C) a nasledné byla inhibice
potvrzena preockovanim na M.-H. agar (Becton, Dickinson nd Company, Franklin Lakes,
NJ, USA). Nakonec byl vypoéitan FIC index. Uéinek byl hodnocen podle kritérii: synergie
(FIC £0,5), aditivita (0,5 < FIC < 1), indiference (1 < FIC <2) a antagonismus (FIC > 2).
(viz kapitola 3).

Pripravené AgNP stabilizované Zelatinou projevily vysokou antibakterialni aktivitu
vyjadfenou velmi nizkymi MIC (tab. 12). Rast multirezistentnich bakterii byl inhibovan pii
aplikaci AgNP v koncentracich fadove jednotek mg/l. Nejvétsi aktivita AgNP se projevila u
ESBL-pozitivni E. coli (MIC = 0,8 mg/l), naopak nejvyssi koncentrace AgNP musela byt
pouzita pro inhibici ristu ESBL-pozitivni K. pneumoniae (MIC = 6,75 mg/1). V tabulce 12
jsou také uvedeny MIC antibiotik a jejich breakpointy (EUCAST)?®' pro rozliseni

senzitivnich a rezistentich kmena.
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Tabulka 12. Experimentaln¢ urcené¢ MIC AgNP a antibiotik a klinické breakpointy dle
databaze EUCAST pro testované multirezistentni kmeny bakterii

MIC AgNP MIC/breakpoint antibiotik [mg/1]
bakterie [mg/1] COX CZD MER CIP GEN
ESBL-pozitivni E.
coli 0,8 4/1 (R)* 16/1 (R) 0,062(S) >32/0,5(R) 0,5/2(S)
AmpC-pozitivni E.
coli 3,4 8/1 (R) 32/1 (R) 0,06/2 (S) 32/0,5 (R) 0,5/2 (S)
KPC-pozitivni
K. pneumoniae 34 >16/1 (R) >64/1(R) >32/2(R) >32/0,5(R) 172 (S)
ESBL-pozitivni K.
pneumoniae 6,75 >32/1 (R) 32/1 (R) 0,06/2 (S) 0,2/0,5(S) >32/2(R)

2R — rezistentni kmen; S — citlivy kmen

Tabulky 13—-16 shrnuji MIC AgNP a vypocitané¢ FIC indexy kombinace AgNP
s riznymi antibiotiky. AgNP vyznamné zvySovaly aktivitu antibiotik vii¢i testovanym
multirezistentnim kmentim. U vSech kombinaci byla pozorovana synergie. Vyjimku tvofila
pouze KPC-pozitivni K. pneumoniae, kdy byl kombinovany u¢inek AgNP a COX pouze
aditivni.

Na rozdil od bakterii rezistentnich k antibiotikiim se u citlivych bakterii neprojevil
kombinovany uc€inek tak markantné. Pouze dvé ze sedmi kombinaci AgNP s antibiotiky
pusobily synergicky (AgNP-GEN proti ESBL-pozitivni E. coli a AmpC-pozitivni E. coli),
dvé kombinace byly aditivni (AgNP-CIP proti ESBL-pozitivni K. pneumoniae a AgNP-
GEN proti KPC-pozitivni K. pneumoniae) a tii indiferentni (AgNP-MER proti ESBL-
pozitvni E. coli, AmpC-pozitivni E. coli a ESBL-pozitivni K. pneumoniae). Meropenem ma
siln¢ antibakteridlni u¢inky sdm o sobé¢, a proto kombinovany uc¢inek s AgNP byl v ptipad¢
MER-citlivych bakterii pouze aditivni nebo indiferentni. Navic se u meropnemu nikdy
nesnizila MIC meropenemu v kombinaci s AgNP pod hodnotu 0,06 mg/l, tedy MIC
meropenemu samotného.

AgNP uspésné posilovaly Gcinek antibiotik ve vSech koncentracich, dokonce i pfi
koncentraci MICag/16. NejlepSich vysledkti vSak bylo dosazeno pii aplikaci AgNP
v koncentracich MICay/2 a MICAg/4, kdy MIC antibiotik dosahovaly fadové 100nésobné
nizSich hodnot, coz jsou hodnoty nizsi, nez jsou hodnoty jejich breakpointii. VSechny
testované multirezistentni bakterie se tak pfi kombinaci antibiotika s AgNP v subinhibi¢nich
koncentracich staly k antibiotiklim opét citlivé. V koncentraci AgNP rovné MICa,/8 byly
MIC antibiotika rovny hodnoté breakpointu nebo nizsi v téchto ptipadech: ESBL-pozitivni
E. coli exponovana COX nebo CIP, AmpC-pozitivni E. coli exponovana COX a ESBL-
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pozitivni K. pneumoniae exponovand COX, CZD a GEN. Snizeni hodnot MIC antibiotik na
nebo pod troven breakpointu nebylo pozorovano v ptipadé KPC-pozitivni K. pneumoniae.
nez hodnota breakpointu, byly zaznamenany pouze v piipadé COX proti vSem testovanym
multirezistentnim bakteriim krom& KPC-pozitivni K. pneumoniae. V ptipadé ostatnich
antibiotik se jejich MIC nesnizila pod hranici breakpointu nebo se nesnizila vilbec.
Koncentrace AgNP rovna MICAg/8 a predevsim MICAg/16 byly hrani¢ni, protoze se zacal

vytracet zvySeny antibakterialni i¢inek kombinace AgNP a antibiotik.

Tabulka 13. MIC [ug/mL] antibiotik (atb) a vysledky kombinace atb s AgNP o
koncentracich nizsich nez MIC (0,8 mg/l) pro ESBL-pozitivni E. coli

atb/AgNP COX CZD MER CIP GEN

MIC FIC* MIC FIC MIC FIC MIC FIC MIC FIC
atb + 0 mg/1 0,40 0,36 1,23 0,22 0,50
AgNP 4 0,1) 16  (0,13) 0,06 (0,19 >32 (0,16) 0,5 (0,17)
atb + 0,4 mg/l
AgNP 0,03 S 0,125 S 0,06 I 0,125 S 0,125 S
atb + 0,2 mg/l
AgNP 0,125 0,125 0,06 0,125 0,125
atb + 0,1 mg/l
AgNP 1 2 0,06 0,5 0,125
atb + 0,05 mg/1
AgNP 1 16 0,06 2 0,125

a — prumérna hodnota FIC a smérodatna odchylka, n = 3; S, synergie, I, indiference

Tabulka 14. MIC [pg/mL] antibiotik (atb) a vysledky kombinace atb s AgNP o
koncentracich nizsich nez MIC (3,4 mg/l) pro AmpC-pozitivni E. coli.

atb/AgNP COX CZD MER CIP GEN

MIC FIC* MIC FIC MIC FIC MIC FIC MIC FIC
atb + 0 mg/1 0,28 0,28 1,23 0,34 0,48
AgNP 8 (0,1) 32 0,1) 0,06 (0,2) 32 (0,11 0,5 (0,2)
atb + 1,7 mg/l
AgNP 0,03 S 0,125 S 0,06 I 0,125 S 0,125 S
atb + 0,8 mg/l
AgNP 0,03 0,125 0,06 0,125 0,125
atb + 0,4 mg/l
AgNP 1 2 0,06 8 0,125
atb + 0,2 mg/l
AgNP 1 8 0,06 16 0,125

a — pramérna hodnota FIC a smerodatna odchylka, n = 3; S, synergie, I, indiference
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Tabulka 15. MIC [ug/mL] antibiotik (atb) a vysledky kombinace atb s AgNP o
koncentracich nizsich nez MIC (3,4 mg/l) pro KPC-pozitivni K. pneumoniae.

atb/AgNP COX CZD MER CIP GEN

MIC FIC* MIC FIC MIC FIC MIC FIC MIC FIC
atb + 0 mg/1 0,59 0,38 0,37 0,33 0,55
AgNP >16 (0,26) >64 (0,26) >32 (0,25 >32 (0,11) 1 (0,3)
atb + 1,7 mg/l
AgNP 0,03 A 0,125 S 0,06 S 0,125 S 0,125 A
atb + 0,8 mg/1
AgNP 2 0,125 0,06 0,5 0,125
atb + 0,4 mg/1
AgNP >16 2 4 8 0,125
atb + 0,2 mg/1
AgNP >16 > 64 >32 16 1

a — prumérna hodnota FIC a smérodatna odchylka, n = 3; S, synergie, A, aditivita, I, indiference

Tabulka 16. MIC [ug/mL] antibiotik (atb) a vysledky kombinace atb s AgNP o
koncentracich nizsich nez MIC (6,8 mg/l) pro ESBL-pozitivni K. pneumoniae.

atb/AgNP COX CZD MER CIP GEN

MIC FIC* MIC FIC MIC FIC MIC FIC MIC FIC
atb + 0 mg/1 0,18 0,20 1,23 0,98 0,33
AgNP >32  (0,14) 32 (0,14) 0,06 (0,2) 0,2 (0,16) >32 (0,16)
atb + 3,4 mg/l
AgNP 0,03 S 0,125 S 0,06 A 0,125 A 0,125 S
atb + 1,7 mg/l
AgNP 0,03 0,125 0,06 0,125 1
atb + 0,8 mg/l
AgNP 0,03 0,125 0,06 0,2 2
atb + 0,4 mg/1
AgNP 1 2 0,06 0,2 16

a — prumérna hodnota FIC a smérodatna odchylka, n = 3; S, synergie, A, aditivita

Enterobakterie jsou Gram-negativni bakterie, které se piirozené vyskytuji ve
sttevech. Jsou indikatorem fekalniho znecisténi. Pfedstavuji nejcastéjsi patogen ¢loveka, 1
kdyz vétSina kment je pro ¢lovéka neSkodna. Mohou zplisobovat vazna onemocnéni (napf.
Shigella, Salmonella, nékteré kmeny E. coli). Mezi infekce patii naptiklad bakterémie,
pneumonie, vedlejsi infekce pti operacich a infekce mocového traktu, priijmy. Jsou Castym
ptivodcem nosokomialnich infekci. Nejvice jsou riziku vystaveni pacienti na jednotkach
intenzivni péce, déti a lidé s poruchou imunity. Navic se zvySujici se odolnosti enterobakterii
vuci cefalosporiniim tfeti a ¢tvrté generace a fluorochinolim a karbapenemiim se zuzuje
moznost volby 1é¢by. Resenim by mohla byt kombinace antibiotik s AgNP, které zvysuji
jejich ucinek a v nékterych ptipadech znovuobnovuji citlivost bakterii, které jsou k danému

antibiotiku rezistentni. Posileny ucinek antibiotik pomoci AgNP byl prokazdn v mnoha
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studiich (viz kapitolu 4). AvSak ne vzdy byl vysledny G¢inek synergni, ale pouze aditivni a
pouzité bakterie byly k antibiotikiim samotnym vesmés citlivé.

V této studii bylo prokazano, ze AgNP znacné zvySuji ucinek antibiotik vici
multirezistentnim bakteriim ve velmi nizkych koncentracich. Posileny antibakteridlni u¢inek
se projevil u vSech testovanych antibiotik, obzvlasté u téch, ke kterym byly bakterie
rezistentni. U citlivych bakterii se kombinovany efekt neprojevil tak vyrazné. Uginek byl
pouze ve dvou piipadech ze sedmi synergicky, ve tfech aditivni a ve zbytku indiferentni.
Antibakterialni u¢inek byl totiz u citlivych bakterii silny jiz v pfipadé pouziti samotnych
AgNP. Napf. u meropenemu se synergie projevila pouze u rezistentni bakterie. I pfes
synergni U¢inek vSak neklesla hodnota MIC kombinace AgNP a meropenemu pod hodnotu
MIC meropenemu vuci citlivym bakteriim.

AgNP velmi vyrazné posilovaly ucinek antibotik ve vSech testovanych
koncentracich. Nejvice byl zesilen Gc¢inek antibiotik pii MICay/2 a MICag/4, kdy MIC
antibiotik dosahovaly az 100nasobné nizsich hodnot a v ptfipadé rezistentnich bakterii se
hodnoty MIC dostaly pod breakpointy a staly se tak ztohoto pohledu opét citlivymi
k antibiotiklim. Pii MICa¢/8 a MIC/ag16 kombinovany ucinek také nebyl zanedbatelny,
avsak tato ziedéni byla hrani¢ni, protoze MIC antibiotik se pohybovaly mirn¢ pod
breakpointy nebo jim byly rovny, a posileny ucinek antibiotik se zacal postupné vytracet.

Existuji riizné publikace, které se zabyvaji synergii AgNP a antibiotik vici citlivym
ale 1 rezistentnim bakteriim. Markowska a kol. zkoumali synergii streptomycinu a
rifampicinu s AgNP vici P. aeruginosa. Avsak synergii pozorovali pouze u citlivého kmene
k antibiotiku, rezistentni P. aeruginosa k streptomycinu a rifampicinu si svoji rezistenci
zachovala i pfes kombinaci antibiotik s AgNP.?’! Také Singh a kol. testovali mozny synergni
ucinek AgNP a antibiotik vici citlivym i rezistetnim bakteriim, zde vSak pouzitim diskové
difuzni metody.?”? Kombinovany u¢inek byl vétsinou slaby. Pfi experimentech pouzili
AgNP o koncentraci 30 ug na disk, coz byla koncentrace, pii které AgNP samy vykazovala
antibakterialni G¢inek. Za pouziti dilu¢ni metody vSak poté potvrdili synergii AgNP a
antibiotik u citlivych 1 rezistentnich bakterii. Koncentrace AgNP byla 75 mg/l, coz je sice
koncentrace mensi nez MIC, ale je jiz cytotoxicka pro lidské bunky, coz tedy vylucuje
aplikaci v praxi.’®!"! V této studii bylo potieba k vyvolani synergie fadové 100krat nizSich
koncentraci AgNP. Brown a kol. pozorovali synergii zlatych a stiibrnych nanocéstic
funkcionalizovanych ampicilinem. Synergicky tuc¢inek se objevil dokonce 1 u
multirezistentnich kmenti bakterii P. aeruginosa, Enterobacter aerogenes a MRSA.!®

AgNP vSak byly pouzity vrelativn¢ vysokych koncentracich v porovnani se zde

63



prezentovanymi vysledky. Sen a kol. studovali synergicky efekt 15 mg/l AgNP v kombinaci
s 50 mg/l ampicilinu, 10 mg/l azitromycinu, 10 mg/l cefepimu a 20 mg/l tetracyklinu u
rezistentnich bakterii. Samotné AgNP o této koncentraci vSak inhibovaly rist 50 %
testovanych bakterii pii pouziti samotnych AgNP v této koncentraci.?®?

Synergni efekt a posileni ucinku antibiotik pomoci AgNP mize byt vysvétlen jiz
zminénym vice Uroviiovym pusobenim stiibra na bunééné struktury a metabolické procesy.
Diky tomuto mnohatroviiovému mechanismu u¢inku mohou AgNP zabijet patogenni
mikroorganismy nebo inhibovat jejich rist, a to véetné vysoce rezistentnich bakteridlnich
kmenti ¥adové v koncentracich jednotek g/l az desitek mg/1.>?°**%327* Pyi koncentracich
AgNP pod hodnoty MIC svoji aktivitu ztraci, ale do jisté miry mohou jesté¢ poskozovat
bunécnou sténu a zvySovat permeabilitu membrany a ovlivilovat bakteridlni metabolické
procesy. Stiibro také muze inhibovat produkci enzymt, které zpusobuji rezistenci nebo
dokonce pfimo inhibovat proces hydrolyzy antibiotik. Inhibice degradace antibiotik enzymy
ESBL, AmpC a KPC muze nastat bud’ pfimou inaktivaci enzymu nebo zménami ve struktufe
antibitotika chemickou nebo fyzikalni interakci molekuly antibiotika a povrchem AgNP,
které se mohou na antibiotikum adsorbovat.

Pro detekci produkce beta-laktamaz bakteriemi, které byly exponovany antibiotikiim
a kombinaci antibiotika a AgNP, byl pouzit test DDST (double-disk synergy test, diskovy
difuzni test s inhibitorem betalaktamaz) ve shodé s metodologii EUCAST.?% Antibiotické
disky cefotaximu, aztreonamu (ATM), cefepimu (FEP), ceftazidimu, ceftazidimu +
klavulanatu (CCA) a amoxilinu + klavulanatu (AMC) pro double disk synergy test byly
zakoupeny od firmy Bio Rad (Francie). DDST spoc¢iva v inhibici beta-laktamaz inhibitorem
kyselinou klavulanovou. V ptipad¢ pozitivniho vysledku se zvétsi inhibi¢ni zona a rozsifi se
smérem k disku, ktery obsahuje inhibitor. Tvofi se tak charakteristicky tvar zony mezi disky
s inhibitorem a bez n&j (obr. 11).1% Pti DDST byly na agarové piidy umistény disky s COX,
ATM, FEP a CZD v pozadované vzdalenosti od disku, ktery obsahoval AMC. Zarovei byl

na agar umistén disk obsahujici CCA v pozadované vzdalenosti od disku s CZD (obr. 11).
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Obr. 11. DDST pro detekci ESBL.

Test byl povazovan za pozitivni na ptitomnost ESBL, pokud se rozsitila inhibi¢ni
zona cefalosporinu nebo aztreonamu smérem k disku s amoxicilin-klavulanatem a pokud
byla inhibi¢ni zéna kolem disku s ceftazidimem-klavulanatem vétsi nez kolem disku se
samotnym ceftzidimem. VSechny testy byly vyhodnocovany po 24 hodinové inkubaci pii
37 °C. Kombinovany ucinek antibiotik a AgNP byl poté testovan tak, Ze disperze AgNP byla
pfidana do jesté tekutého agaru v takové koncentraci, kterd dosahovala polovi¢ni hodnoty
MIC, coz je dostacujici pro ztetelny synergicky efekt. Pro ESBL-pozitivni K. pneumoniae
¢inila polovina MIC 3 mg/l a pro ESBL-pozitivni E. coli 0,4 mg/1.

U obou kment byly testy pozitivni na produkci beta-laktamaz. Po kultivaci na agaru
bez AgNP se objevily typické inhibicni zony aztreonamu a cefalosporinil protdhlé smeérem
k amoxicilin/klavulanatu (obr. 12a a 13a). Také inhibi¢ni zéna ceftazidimu/klavulanatu byla
zvétSend ve srovnani s inhibi¢ni zénou ceftazidimu. Naopak produkce ESBL nebyla
detekovana, pokud byly bakterie kultivovany na agaru s 0,4 mg/l (ESBL-pozitivni E. coli) a
3 mg/l (ESBL-pozitivni K. pneumoniae) AgNP. Nebyly pozorovany protdhlé zony smérem
k amoxicilin/klavulanatu a zvétSené zony ceftazidimu/klavulanétu (obr. 12b a 13b) a jasné
byl zietelny synergicky efekt AgNP a antibiotik, jak je ziejmé z velkych inhibi¢nich zén

kolem kazdého antibiotika.
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Obrazek 12. Pozitivni (a) a negativni (b) detekce produkce ESBL ESBL-pozitivni E. coli
exponované antibiotiklim (a) a antibiotiklim v kombinaci s AgNP (b).

Obrazek 13. Pozitivni (a) a negativni (b) detekce produkce ESBL ESBL-pozitivni
K. pneumoniae exponované antibiotikim (a) a antibiotikim v kombinaci s AgNP (b).

Mechanismus spolupiisobeni AgNP a antibiotik zaloZzeny na obnové aktivity
antibiotika byl také potvrzen pomoci AFM. Pro tyto ucely byla ESBL-pozitivni
K. pneumoniae kultivovana v pfitomnosti 1 mg/l cefotaximu a 0,01 mg/l cefotaximu
kombinovaného s 1,7 mg/l AgNP v M.-H. médiu pti 37 °C po dobu 24 hodin. Poté byly
bakterie separovany centrifugaci a promyty PBS (fosfatovy pufr s NaCl, p.a., Sigma-
Aldrich). Bakterie byly 1 hodinu fixovany 2% glutaraldehydem (p.a., Sigma-Aldrich) a poté
byly ttikrat promyty PBS a postupné dehydrovany po 15 minutovych krocich v roztocich
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ethanolu (30%, 50%, 70% a 90%). Dehydrované bakterie byly deponovany na muskovit
(slidu) a byly zobrazeny mikroskopem atomarnich sil Ntegra Spectra (NT-MDT, Moskva)
v semikontaktnim méddu pod okolnimi podminkami (44—45 % vlhkosti a teploté 22-23 °C).

Bez aplikace AgNP byly bakterialni buiiky vystavené antibiotiku neposkozené, ale
pii expozici antibiotiku spolu s AgNP bylo obtizné charakterizovat buné¢nou sténu. To bylo
déano snizenou rigiditou bunééné stény a tedy obnovenim aktivity cefotaximu v subinhibi¢ni
koncentraci, ktery jakozto beta-laktamové antibiotikum, inhibuje tvorbu bunécné
stény. Buiiky se také jevily plossi a Sirsi.

Buiiky vystavené plsobeni cefotaximu bez kombinace s AgNP nevykazovaly dle
snimki AFM poSkozeni bunééné stény (obr. 14a), naopak pii souCasném plisobeni
cefotaximu s AgNP byl ve snimku i profilu znatelny Sum (obr. 14b). Pfi¢inou byla narusena
rigidita bunééné stény piasobenim antibiotika a tedy obnoveni aktivity cefotaximu

v subinhibi¢ni koncentraci v kombinaci s AgNP.
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Obrazek 14. Snimky z mikroskopu atomarnich sil a profil (obr. dole) ESBL-pozitivni K.
pneumoniae exponované cefotaximu (a) a cefotaximu v kombinaci s AgNP (b).
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I v tomto ptipadé byla hodnocena cytotoxicita antibiotik a AgNP s cilem vyloudit
pfipadny negativni vliv na sav¢i buniky. Cytotoxicita byla hodnocena v koncentracich 4 mg/1
AgNP a 2 mg/l antibiotika. Stejné koncentrace byly pouzity v ptipad¢ jejich kombinace.
Metodika testovani cytotoxicity byla stejna jako v predchozi kapitole.

Diky jejich ti¢innosti pii velmi nizkych koncentracich jsou AgNP neskodné a nemaji
z4dny cytotoxicky vliv na sav¢i buiky, jak potvrdil test cytotoxicity na bunééné linii
NIH/3T3. AgNP, antibiotika i jejich kombinace v koncentracich 2 mg/l a 4 mg/l nebyly
cytotoxické vii¢i savéim bunkdm ve srovnani s kontrolnimi buitkami. Zivotaschopnost
exponovanych bun¢k AgNP klesla na 97 % (4 mg/1) a 98 % (2 mg/1) ve srovnani s kontrolou,
a tedy nebyl pozorovan vyznamny cytotoxicky vliv AgNP. Pokud byla antibiotika
kombinovéana s AgNP, Zivotaschopnost sav¢ich buné€k mirn¢ klesla na 98 % az 95 % ve
srovnani s kontrolou v zavislosti na pouzitém antibiotiku (obr. 15). Jak jsme ukézali,
synergicky antibakteridlni uc¢inek vSak nastava pifi mnohem niz§ich koncentracich stfibra, a
proto mizeme jakykoliv cytotoxicky vliv kombinace AgNP s antibiotiky vyloucit pro

koncentrace efektivni vici rezistentnim kmenum.
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Obrazek 15. Zivotaschopnost bunék NIH/3T3 exponovanych AgNP, antibiotikim a
kombinaci AgNP a antibiotik.
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10. Tvorba rezistence bakterii k AgNP a jeji prekonani®

O nanocasticich stiibra se uvazuje jako o prostiedku, ktery by mohl nahradit nebo
doplnit klasickd antibiotika, ke kterym si bakterie rychle a snadno tvofi rezistenci.
Nanocastice stiibra maji skvélé antibakterialni vlastnosti a zvySuji G€inek antibiotik, jsou-li
pouzity spole¢né. Dal§im vyuzitim by mohla byt rizné obvazy napt. k 1écbé popélenin,
diabetické nohy a jinde, kde je potieba eliminaci vzniku bakterialni infekce. Nabizi se také
vyuziti ve forme kapek, masti nebo spreji které se jiz dnes vyuzivaji ve veterinarni praxi.
V téchto ptipadech se jiz o mnoho let diive ispésné vyuzivalo iontové st¥ibro.*’

Logickou otdzkou tedy je, zda si bakterie také jednoduSe nevytvoii rezistenci
k AgNP po opakované a dlouhodobé expozici subinhibi¢nim koncentracim. Opakovand a
dlouhodobd expozice je jednou z pfic¢in vzniku rezistence bakterii k antibiotikim. Dosud
publikované prace popisovaly pouze rezistenci k iontovému sttibru nebo k stiibrnym iontim
uvolnénym z povrchu AgNP. Jak se vsak ukézalo, bakterie mohou odoldvat i AgNP jako
takovym. Mechanismus, kterym bakterie stfibru odolavaji, neni zaloZen na eliminaci
plisobeni iontového stiibra ani oxidativniho stresu zptisobeného iontovym stiibrem, jak bylo

206208209 ale bakterie jsou schopny narusit agrega¢ni stabilitu AgNP

diive publikovano,
béhem opakované kultivace a minimalizovat nebo upln¢ zrusit jejich antibakterialni Gc¢inek.

Tato studie byla provedena s cilem ovétit moznost tvorby rezistence bakterii vici
AgNP. Pro ucely této studie byly opét pouzity AgNP s primérnou velikosti 28 nm o
koncentraci 108 mg/l, které byly pfipraveny modifikovanym Tollensovym postupem. Navic
byla v této studii pfipravena stejnym zpusobem disperze AgNP o koncentraci 432 mg/I,
pouze byly koncentrace vSech reakénich komponent kromé& NaOH ¢tyinasobné.

Primérnd velikost a zeta potencial AgNP byly ur¢eny pomoci metody DLS na
pristroji Zetasizer Nano ZS (Malvern, UK). Snimky z TEM byly pofizeny pomoci
mikroskopu JEM 2010 (Jeol, Japan) a snimky HRTEM (TEM s vysokym rozliSenim) byly
potizeny pomoci mikroskopu TITAN 60-300 (FEI, USA) opatienym HAADF (detektorem
elektronti difraktovanych pod velkymi uhly). Déle bylo provedeno chemické mapovani

pomoci STEM-EDS (rastrovaci transmisni elektronova mikroskopie-energiové disperzni

spektroskopie) s akviziénim ¢asem 20 min. Absorp¢ni spektra pro zdznam piku povrchového

¢Vysledky publikovany v: Panacek, A., Kvitek, L., Smékalova, M., Vecetova, R., Kolaf, M., Roderova, M.,
Dy¢ka, F., Sebela, M., Prucek, R., Tomanec, O. a Zbofil, R. Bacterial resistance to silver nanoparticles and
how to overcome it. Nature Nanotechnology 13, 65-71 (2018).
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plazmonu AgNP byla potizena UV/Vis spektrofotometrem Specord S 600 (Analytik Jena,
Germany).

Pro studium tvorby rezistence byly zvoleny sbirkové bakterialni kmeny, E. coli CCM
3954 a P. aeruginosa CCM 3955 (Sbirky mikroorganismtii Masarykovy univerzity v Brn¢)
a E. coli 013 (Sbirka Ustavu mikrobiologie Lékatské fakulty Univerzity Palackého).
Bakterie byly opakované (20krat) vystavovany subinhibi¢nim koncentracim AgNP a rovnéz
AgNOs3 na mikrotitracnich destickach. Disperze AgNP a AgNOs o koncentraci 1 mmol/l
(108 mg/1 stiibra) byly postupné fedény M.-H. médiem (Becton, Dickinson and Company)
na vysledné koncentrace 54, 27, 13,5, 6,75, 3,38, 1,69 and 0,89 mg/I. Po natfedéni byla poté
do jamek ockovéana inokula o koncentraci 10° CFU/ml. Inkubace probihala pti 37 °C
po dobu 24 hodin. Po kazdém inkuba¢nim kroku se zaznamenaly MIC AgNP a AgNO3, tedy
nejnizsi koncentrace testované latky v fadé, kterd jesté viditelné inhibovala rist
mikroorganismu. Thned po 24 hodinéach kultivace bylo z jamek obsahujicich tfi nejvyssi
subinhibi¢ni koncentrace stfibra odebrano 10 pl suspenze bakterii v M.-H. médiu a po
smichani pfeneseno na krevni agar (TRIOS). Agar byl poté inkubovan pii 37 °C po 24 hodin.
Bakterie, které rostly na agaru, byly poté pouzity jako inokulum o hustoté 10° CFU/ml
v dal$im kultivaénim kroku na mikrotitra¢ni desti¢ce. Vyse popsand procedura se povazuje
za jeden kultivaéni krok v pouzité metodice tvorby rezistence bakterii ke stfibru. Pro
kontrolu byla v desatém a dvacatém kroku ur¢ena MIC AgNP nebo AgNOs inhibujici
referenni kmeny pro potvrzeni vzniku rezistence u opakované exponovanych kment. Pro
stanoveni kone¢nych MIC po 20. kultivaénim kroku byla aplikovéna disperze AgNP o
koncentraci 432 mg/l. Inhibice ristu ke stfibru senzitivnich a rezistentnich bakteridlnich
kmenii byla potvrzena inkubaci na agaru, ktery obsahoval AgNP o koncentracich 20 a
40 mg/1 pti 35 °C po dobu 24 hodin.

Z nartstajicich hodnot MIC AgNP uvedenych v tabulce 17 je patrné, ze si bakterie
v pribéhu opakované kultivace pii subinhibi¢nich koncentracich postupné vytvarely
rezistenci vic¢i AgNP. Nejrychleji ziskala rezistenci E. coli CCM 3954. Jiz v Sestém
kultivacnim kroku se MIC zvysila z ptivodnich 3,38 mg/l na 13,5 mg/l a od osmého kroku
dosahovala nejvyssi mozné koncentrace 54 mg/l1 (pfi pouziti disperze AgNP o koncentraci
108 mg/l. Kmeny P. aureginosa CCM 3955 a E. coli 013 se staly rezistentni od 13. kroku.
Vsechny kmeny si poté nadale udrzovaly svoji rezistenci pii kazdém preockovani. Aby se
zjistila konkrétni hodnota MIC u bakterii se ziskanou rezistenci, byly pouzit disperze AgNP
o koncentraci 432 mg/l piipravené¢ podobnym zpisobem jako AgNP pouzivané v

ptedchozich testech. U vSech rezistentnich kmenti byla zaznamenana vyrazn¢ vyssi MIC
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AgNP nez u kment citlivych. MIC AgNP u obou testovanych kment E. coli byla uréena na
hodnotu 108 mg/1, zatimco vici P. aureginosa byla MIC AgNP rovna 54 mg/I (tab. 18).

Tabulka 17. MIC AgNP u Gram-negativnich bakterii ur€ovana po 20 po sobé jdoucich
kultiva¢nich krocich.

MIC [mg/1]
bakterie 1 2 3 4 5 6 7 8 9 10
E. coli CCM 3954 338 6,75 3,38 6,75 6,75 13,50 13,50 54,00 >54 >54
P. aeruginosa CCM
3955 1,69 3,38 0,89 1,69 338 338 1,69 1,69 3,38 3,38
E. coli 013 13,50 27,00 13,50 27,00 13,50 13,50 13,50 13,50 13,50 13,50
MIC [mg/1]
bakterie 11 12 13 14 15 16 17 18 19 20
E. coli CCM 3954 >54 >54 >54 >54 >54 >54 >54 >54 >54 >54
P. aeruginosa CCM
3955 6,75 27,00 54,00 >54 54,00 54,00 >54 54,00 >54 54,00
E. coli 013 27,00 27,00 54,00 27,00 27,00 54,00 >54 54,00 >54 >54

Tabulka 18. MIC AgNP urc¢ené pro bakterie citlivé (diive neexponované AgNP) a
rezistentni (po 20 kultivacnich krocich s AgNP).

MIC [mg/1] MIC [mg/1]
AgNP-citlivé  AgNP-rezistentni

E. coli CCM 3954 3,38 108
P. aeruginosa CCM 3955 1,69 54
E. coli 013 13,5 108

Pii opakované kultivaci bakterii s iontovym stiibrem nedochazelo k nartstu MIC.
V tomto piipad¢ tedy nebyla rezistence vyvolana. Navic u kmeni rezistentnich k AgNP
nebyly v ptipad¢ jejich kultivace s AgNO3 potvrzeny vyssi hodnoty MIC. To znamena, ze
se v tomto ptipadé nejedna o kiizovou rezistenci. Bakterie se ziskanou odolnosti viici AgNP
jsou stale citlivé k AgNOs. Je to tedy jasnym dikazem toho, ze bakteridlni rezistence
k AgNP je specificka a spojena praveé s nanocasticovou podstatou stiibra a ze mechanismem
rezistence neni pouze eliminace uvolnénych ionti stiibra.

Postupny vyvoj bakteridlni rezistence k AgNP byl také doprovazen postupnou
agregaci a sedimentaci AgNP na dn¢ jamek mikrotitracni desticky a zménou barvy disperze
ze zluté na hnédou az Cernou (obr. 16). Naopak v pritomnosti senzitivnich bakterii disperze
AgNP fedéna M.-H. médiem zistala zlutohnédd diky zachovani povrchového plazmonu,
ktery je typicky pro AgNP o velikostech né¢kolika jednotek az desitek nm (obr. 17). Tvorba

agregatli nebyla u citlivych referencnich kmenti pozorovana a barva disperze se béhem
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kultivace nezmeénila, agregacni stabilita tedy nebyla ovlivnéna a antibakteridlni vlastnosti
zustaly zachovany. Agregacni stabilita AgNP po kultivaci se senzitivnimi bakteriemi byla
prokézéana TEM (obr. 18a,b). Naopak v ptipad¢ rezistentnich bakterii dochazelo ke tvorbé
¢erné¢ho precipitatu tvoreného agregaty AgNP o velikostech fadove stovek nm (obr. 18c,d).
Agregace AgNP zplsobend rezistentni E. coli je dobie viditelnd na snimcich z TEM

(obr. 18e,1).

16 hodin 24 hodin

Obrazek 16. Postupnd agregace a precipitace AgNP na mikrotitracni desti¢ce s E. coli 3954
rezistentni k AgNP po 0, 4, 8, 12, 16 a 24 hodinach kultivace. Koncentrace AgNP se
postupné snizuje od 54 mg/l k 0,84 mg/l od druhé po osmou fadu. Prvni fada obsahuje
disperzi AgNP (108 mg/l) bez bakterii nebo kultivaéniho média.

Obrazek 17. Absence agregace AgNP na mikrotitrani desti¢ce s E. coli CCM 3954 citlivou
k AgNP po 0, 8, 16 a 24 hodinach kultivace. Koncentrace AgNP se postupné snizuje od
54 mg/1 k 0,84 mg/l od druhé po osmou fadu. Prvni fada obsahuje disperzi AgNP (108 mg/l)
bez bakterii nebo kultivaéniho média.
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Obrazek 18. Vysoka agregacni stabilita AgNP po kultivaci s E. coli citlivé k AgNP ukazana
na snimcich z TEM (a, b), agregované AgNP po 24 h kultivace s AgNP-rezistentni E. coli
CCM 3954 (c, d), agregace AgNP zplsobena rezistentni E. coli CCM 3954 (e, f).

Schopnost AgNP inhibovat nebo neinhibovat rast citlivych a rezistentnich E. coli
CCM 3954 byla potvrzena kultivaci na agarovych pudach obsahujicich AgNP v
koncentracich 20 mg/l a 40 mg/1. Bakterie rezistentni k AgNP kultivované na agaru s AgNP
nebyly inhibovéany na rozdil od bakteriich citlivych k AgNP, jejichz rist byl zcela inhibovan.
(obr. 19).
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Obriazek 19. Cista agarova miska (a), agarova miska s 20 mg/l AgNP (b) a 40 mg/l AgNP
(c), pomnozené citlivé bakterie E. coli CCM 3954 na misce s ¢istym agarem (d), na misce
s 20 mg/l AgNP (e) a 40 mg/l AgNP (f), pomnozené rezistentni bakterie E. coli CCM 3954
na misce s ¢istym agarem (g), na misce s 20 mg/l AgNP (h) a 40 mg/l AgNP (i).

V ptipadé rastu AgNP-rezistentni E. coli byla navic béhem kultivace na agaru
pozorovana agregace AgNP okolo bakteridlnich kolonii. Pivodné Zluté zbarveni zptisobené

AgNP se kolem bakterii zménilo na Sedou (obr. 20).
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Obrazek 20. Sedé zbarveni agaru okolo kolonii E. coli CCM 3954 rezistentni k AgNP
zpusobené agregaci AgNP po 24hodinové kultivaci.

Ve snaze piekonat mechanismus rezistence spocivajici v agregaci byla provedena
dodatecna stabilizace AgNP bézné€ pouZivanymi netoxickymi polymery (2% PAA, 2% GEL
— zelatina, 2% PEG — polyethylenglykol, 2% TWEEN 80), které velice dobfe stabilizuji
disperze AgNP a piedchdzi jejich agregaci. Vysledky MIC ukazaly, ze bakterie E. coli CCM
3954 rezistentni k AgNP si rezistenci ponechava i v pfitomnosti stabilizovanych AgNP.

Bakterie rezistentni k AgNP jsou ziejmé schopny tuto piekazku snadno ptekonat (tab. 19).

Tabulka 19. MIC nestabilizovanych a stabilizovanych AgNP pro E. coli CCM 3954 citlivou
a rezistentni k AgNP.

MIC [mg/1]
stabilizované¢ AgNP
nestabilizované AgNP PEG PAA GEL TW
AgNP-citliva E. coli 3,38 3,38 1,69 1,69 3,38
AgNP-rezistentni E. coli 108 54 54 54 54

Agregacni stabilita koloidnich ¢astic v kapalinach je uréena (mimo jiné) kompetici
van der Waalsovych piitazlivych a elektrostatickych odpudivych sil mezi koloidnimi
¢asticemi se stejnym povrchovym nabojem. Zeta potencial AgNP pouzitych v této studii byl
-28 mV, coz postacuje k zajisténi dlouhodobé agregaéni stability. Podle teorie DLVO,?’
ktera popisuje agregaci nabitych koloidnich ¢astic, miize byt agregace vyvolana pfidanim
vhodnych protiiontl, které eliminuji povrchovy naboj ¢astic. Tento mechanismus agregace
vyvolany pouzitim kationtového polyelektrolytu popisuje publikace Kvitek a kol.?’
Agregace AgNP je snadno monitorovana UV/Vis spektrofotometrii. Absorpéni spektra
AgNP ziedénych v M.-H. médiu v poméru 1 : 1 (V/V) pied a po kultivaci s AgNP-citlivym
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a AgNP-rezistentnim kmenem E. coli CCM 3954 zobrazuje obrazek 21a. Charakteristicky
pas povrchového plazmonu dobife dispergovanych koloidnich AgNP postupné mizi v
pritomnosti AgNP-rezistentniho kmene E. coli CCM 3954 v disledku agregace AgNP.
Naopak v ptitomnosti AgNP-citlivého kmene intenzita povrchového plazmonového pasu
zustava nezménéna i po 24 hodinach kultivace (obr. 21a). To naznacuje, Ze bakterie
rezistentni k AgNP vyvolavaji jejich agregaci extracelularni sekreci latky, ktera zlstava
adsorbovana na povrchu agregatii. Touto latkou je pravdépodobné latka s vysokou
molekulovou hmotnosti, jako jsou proteiny. Proteinové extrakty piipravené za pouziti
ruznych rozpoustédel byly proto podrobeny analyze hmotnostni spektrometrii (MS) a
tandemovou hmotnostni spektrometrii (MS/MS) k identifikaci proteind, které by mohly byt
odpovédné za pozorovanou agregaci AgNP. Pro ucely hmotnostni spektroskopie byly
agregaty AgNP separovany z 500 ml (10 x 50 ml) bakterialni suspenze obsahujici 27 mg
stiibra centrifugaci po dobu 2 minut pii 100 x g. Pelet byl jednou promyt destilovanou vodou
a doplnén do 6 ml destilovanou vodou na koncentraci 4,5 mg/l. Suspenze precipitovanych
agregatli stiibra byla rozd€lena do 4 alikvoti do zkumavek o objemu 1,5 ml a
zcentrifugovana. Pro proteinovou extrakci byly alikvoty inkubovany s 1 ml 0,1% kyseliny
trifluoroctové (TFA), 2,5% TFA, 2% NHsOH a 5% NH4OH. Extrakty ziskané po
24hodinové inkubaci pii 37 °C a tfepani (800 rpm) byly vakuové ususeny a proteiny byly
poté rozpustény v 50 pl 50 nM NH4sHCOs3 (za pomoci Sminutové sonifikace). Poté bylo
pridano 1,5 pl 200 uM trypsinu pro digesci proteinli a smes byla inkubovana ptes noc pii
37 °C. Po vakuovém suseni byly peptidy ziskané digesci piecistény pouzitim Spicek ZipTip-
C18 (Merck-Millipore, Tullagreen-Carrigtwohill, Ireland) podle instrukci vyrobce. Vzorky
peptidi byly rozpustény v 10 pl 0,1% TFA a separovany pomoci LC/MS Dionex
UltiMate3000 RSLCnano (Thermo Fisher Scientific, Germering, Germany) spojené s
iontovou pasti amaZon speed s technologii ETD (fragmentace pfenosem elektronu) s
iontovym zdrojem CaptiveSpray (Bruker, Bremen, Germany). Rychlost skenovéani byla
8100 u/s pro MS 1 MS/MS. Jako kolizni plyn pfi kolizi indukované fragmentaci bylo pouzito
helium. Data z MS/MS ve formatu MGF byla vyhodnocena pomoci softwaru Mascot Server
2.4 (Matrix Science, London, UK) a databaze Swiss-Prot.

Pomoci MS/MS analyzy se kromé extrakce v 0,1% trifluoroctové kyselin€ podatilo
identifikovat fadu proteind. Mimo jiné byly nalezeny 30S a 50S ribozomadlni proteiny a
urCité enzymy bunécného metabolismu E. coli, které signalizuji buné¢nou lyzu pted nebo
béhem extrakce. NejCastéji vyskytujici se protein v extraktu ve 2,5% TFA byl flagelin

nasledovany fimbridlnim proteinem typu 1. Flagelin byl také nejCastéji vyskytujicim se
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¢

NH4OH. Tabulka 20 sumarizuje peptidy sekvenovan

énym

kolizi v MS/MS, které se jednoznacné shoduji se sekvencemi flagelinu.

W

proteinem i pfi extrakci se zied

Tabulka 20. Peptidy identifikované pomoci databaze Swiss-prot.

) N . ; ; . 40| -

[MSOVASINLLINNINLAVSATY T€T  #LLI €561- € L€60°8YTT  LSEOSL 105 puyorioyosy - unpposerg V10OH DI vl

. ) . . ; ‘o . . 40" -
NININNOLITSTS N S'vL  LS'LI 6+'8 T GOVL'EVEL  TU8TLY o5 piyorioyosy - uneSery 11008 DITd €1

. . ‘ ‘ ; . . 40" -
VIVIASNOVOOIIOV LITL LL9T 6Tt~ T 9608°6EVT  606°0TL 1o pyorioyosy - unpppSery V1098 JITd - T

. ) . . . I . . 40" -
NININNOLITS T €6s  eL'el 6€°€l T SWTYERIL TISTUS o) piyorioyosy - unpppSery V1098 DI 11

. ON' . . i . . 40| -
TIAISSSTVSON' 879  €6Cl 1T°¢t 4 1680611 88T96S 15 pyyonioyosy - unppoerg 1100H DI 01
N IONTOTLASATI M 1‘1¢ Ss1T €5°€T- 4 9SY9°8LTT  STE0Y9  mMouxalf vjjasiys - wpSel] TAIHS JI'Td 6
S TAILILOOANVOAOI' T'S0T  ¥S°0T 81°L- 4 96687891 TSP Ey8  mMouxalf vjjasiys - wifpde] TAIHS OI'Td 8
SAAAISSIVAATY 00T  16%I cror- ¢ TOL'EOYT  €T6°88y  mMouxalf vjjasiyg - wipdeld TAIHS OI1d L
[YSOVASINLLINNINLIAVSATY T€T  $LLI €61~ € 1€60°8YCC  LSE0SL Mouxay/ pjjasdiyg - uradeld TIHS OITd 9
NININNOLITSTS N Sl LS'LI 6b'8- T 60VLEYEl  TL8TLY MouxalfpjjaSuyg - uiPSe[d TAIHS OITd S
A MAISSIVAA TV 86L  SI'LI SOPI- T STES091T S6T18S Mouxalf vjjasiyg - unddeld TAIHS OI'Td ¢
VIVIASNOVOOIIOV LT LL9T 6T 4 9608°6EFT  606°0TL Mouxalf vjjasiys - wpSel] TAIHS OI'Td €
NSININNOLITS T €6s €LEl 6€°¢1- 4 8YTOEYTT  TISTLS Mouxalf vjjasiys - wieSel] TAIHS OI'Td ¢
TIAISSSTVSON' 879  €6°CI 1T ¢ 16850611 887965 Mouxal/ vjjasiys - udeld TJIHS OITd |

[urur] [wdd]  [+2] jsoujouy ) o[s19 npndod
QOUIAYDS QIOYS sep Uy zwy  foqeN pueigodAA z/u snwsIue3IQ) - u1)oig onodmsig ost)

77



Flagelin je protein, ktery na povrchu bakteridlnich bunék tvoii bi¢iky umoznujici
bakteriim pohyb. Je rozpoznavan TLR (toll-like receptor) receptory, které spousti imunitni
odpovéd’ organismu. Jako adhezivni protein je kliCovym pro tvorbu biofilmu diky jeho roli
v pocateCnich fazich adheze buiky k povrchu. Nicmén¢ fyzikalné-chemicka interakce mezi
flagelinem a AgNP, a piedev§im vztah mezi flagelinem a agregacni stabilitou a
antibakterialni aktivitou AgNP, nebyl dosud zkoumdn a nebylo mozno s jistotou fici, Ze
flagelin pfimo zptsobuje agregaci.

V dal§im experimentu byl pouzit komeréné dostupny flagelin k ovéfeni, zda AgNP
budou agregovat po pridani suspenze flagelinu do disperze AgNP. Piivodni zlutohnéda barva
disperze se ihned po pfidani flagelinu zménila na Sedou (obr. 22a) a po 24 hodinach (37 °C)
byly na dné zkumavky pozorovany precipitaty (obr. 22b). Agregace po ptidani flagelinu k
disperzi AgNP byla potvrzena méfenim zeta potencidlu a UV/Vis spektroskopii. UV/Vis
spektra AgNP pred a po pfidani flagelinu jsou velmi podobné spektriim pofizenym pied a
po kultivaci s AgNP-rezistentni E. coli CCM 3954 (obr. 21). Absorpéni pas povrchového
plazmonu AgNP se v pfitomnosti reistentni E. coli CCM 3954 postupné snizoval diky
agregaci AgNP. V pfitomnosti citlivého kmene zistal pas povrchového plazmonu po

24hodinové¢ kultivaci stejny (obr. 21a).

a b
1.5 4 ¢ista disperze AgNP 1.5 1 1 mg/l flagelinu

disperze s citlivym bez flagelinu
kmenem po 24 hod g

7 disperze s rezistentnim @

2 kmenem po 8 hod 2

T4 ; ; : [

2 disperze s rezistentnim 2

3 kmenem po 24 hod 3
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Obrazek 21. UV/Vis absorpcni spektra AgNP ziedénych M.-H. médiem pied a po kultivaci
s citlivym a rezistentnim kmenem E. coli 3954 (a), UV/Vis spektra AgNP ziedénych M.-H.
médiem pred a po piidani flagelinu (b).
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Primérna velikost AgNP se okamzité zvétsila z 28 nm na 480 nm nasledkem tvorby
agregati. Zeta potencial po pridani flagelinu se zménil z hodnoty -28 mV na -6,2 mV. Pii
takto nizké hodnoté zeta potencidlu nejsou repulzivni sily dostate¢né vysoké k udrzeni AgNP

v dostatecné vzajemné vzdalenosti.

a

Obrazek 22. Vliv pridavku flagelinu k AgNP. Obrazky ukazuji okamzitou agregaci AgNP
po ptidani flagelinu (a, vlevo) a stav po 24 hodinach od ptidavku (b, velvo). Zkumavka
vpravo u obou obrazki obsahuje stabilni AgNP bez flagelinu.

Aby se dale potvrdila role flagelinu v agregaci AgNP, byla provedena charakterizace
a chemické mapovani agregatii stiibra pomoci HRTEM. Obrazky 23a a 23b jasn¢ ukazuji
agregaty AgNP na povrchu a v tésné blizkosti bakterialni stény. Chemické mapovani
odhalilo na povrchu agregatt stiibra ptitomnost zédkladnich prvka proteind, jako je uhlik,
kyslik, dusik a sira (obr. 23). AgNP tvorici velké agregaty nevstupuji dovnitf buiiky, jak lze
vidét na obrazku 23c a 23d, kde Zzadné AgNP nejsou uvnitt vidét. Na snimcich z HRTEM je

také vidét tenka vrstva flagelinu adsorbovana na povrchu agregatt (obr. 231,j).
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Obrazek 23. Chemické mapovani agregath stiibra v ptitomnosti bakterii. Snimky HRTEM
(a) a HAADF (b) agregatt stiibra na povrchu bakteridlni buniky. Kombinované chemické
mapovani stiibra a dusiku (c), d-h jednoprvkové mapovani stiibra (d), uhliku (e), kysliku
(f), dusiku (g) a siry (h), HRTEM snimky sttibrnych agregatt, které zobrazuji kompaktni
organickou vrstvu na povrchu AgNP (i, j) a kombinované chemické mapovani stiibra,
kysliku a dusiku (k).

Po uspésném popisu mechanismu agregace AgNP, za ktery je zodpovédny flagelin
produkovany bakteriemi, bylo testovano, zda je bakterialni rezistence k AgNP zptisobena
zménami v genotypu nebo fenotypu. Celkova genomova DNA kment E. coli rezistentiho
(NP516) a citlivého k AgNP byla izolovana pomoci DNeasy Blood & Tissue Kit (QIAGEN,
Némecko) podle manualu vyrobce. Vzorky bakterialni DNA (20 ng/ul) byly poslany do
laboratofi firmy Institute of Applied Biotechnologies (Praha, Ceska republika) pro ziskani
sekvence metodou WGS (celogenomové ndhodné sekvenovani). Pro analyzu WGS byla
pouzita platforma MiSeq (Illumina). Referencni soubor ve formatu FASTA byl stazen z
nabidky genomu Illumina iGenomes a indexovan Burrows-Wheeler Alignerem (BWA;
verze 0.7.13). FASTQ soubory z pair-end sekvenovani byly namapovany na indexovanou
referencni FASTA sekvenci pomoci BWA-MEM algoritmu. K vizualizaci ¢asti genetickych
vysledkt byla data z NGS (next-generation sekvenovani) vyhodnocena pomoci néstroje

Integrative Genomics Viewer IGV verze 2.3 (Broad Institute, Cambridge, UK). Jako
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referencni sekvence pro alignment byla vybrdna sequence E. coli K12 MG 1655
(NC _00096.2). Mapovani sekvenci neodhalilo zadné statisticky vyznamné zmény nukeotidli
DNA flagelarniho genu, ktery koduje proteiny tvoftici filamen (fliC), hook (fIgE) a capping
protein (fliD), ani gent kodujicich hlavni transkripéni regulator FIhDC a flagelarni regulator
FliA rezistentniho kmene. Jako piiklad, ze nebyly pozorovany zadné statisticky vyznamné
zmény mezi genomovymi sekvencemi rezistentni a citlivé E. coli slouzi obrazek 24
zobrazeny programem Integrative Genomics Viewer. Pro ilustraci byla vybrana ¢ast fliC
genu, prvnich 428 bp genové sekvence, a nebyly pozorovany zadné rozdily nukleotidli mezi
rezistentnim a senzitivnim kmenem E. coli. Barevné pasy reprezentuji odliSnosti od
referencni sekvence. Na zakladé€ téchto vysledkl lze tvrdit, Ze produkce flagelinu jakozto

mechanismus rezistence k AgNP nevyzaduje Zadnou genetickou zménu.
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Obrazek 24. Prvnich 428 part bazi genu fliC E. coli CCM 3954 rezistentni a citlivé k AgNP.

V dalsi ¢asti vyzkumu jsme se predevsim diky znalosti mechanismu rezistence
bakterii k AgNP mohli zaméfit na moZnost prekondni vyvinuté odolnosti. Zvolenym
pristupem byla aplikace inhibitoru bakterialniho flagelinu, ktery by potlacenim produkce
proteinu mohl zastavit agregacni proces. Je znamo, ze produkce flagelinu bakteriemi mtize
byt inhibovédna extraktem z kiry granatového jablka (PGRE). Extrakt z kiiry granatového
jablka (PGRE) byl pfipraven podle postupu z publikace Asadishad a kol.** Kiira byla
nakrajena na malé kousky a susena pii 50 °C po dobu 24 hodin. K 15 g vysuSen¢ kiry bylo

pridano 200 ml destilované vody a umisténo do tiepacky na 24 hodin pfi laboratorni teploté.
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Extrakt byl prefiltrovan ptes filtracni papir Whatman €. 1. Vzorek PGRE byl lyofilizovan za
ucelem zjistit hmotnost suSiny (20 g/l). V ptipadé kultivace E. coli CCM 3954 rezistentni k
AgNP v pritomnosti AgNP a subinhibitorni koncentrace PGRE 0,6 % (w/w) (MIC PGRE
byla ur€ena na 2,5 % (w/w)) se MIC AgNP viici rezistentni E. coli 013 v ptitomnosti PGRE
snizila z 54 mg/l na 13,5 mg/l a v ptipadé rezistentni E. coli CCM 3954 na 6,75 mg/1. E. coli
CCM 3954 rezistentni k AgNP v pfitomnosti AgNP a subinhibitorni koncentrace PGRE tedy
nebyla schopna odoldvat antibakteridlnimu efektu AgNP, bakterie ztratily svoji ziskanou
rezistenci. MIC AgNP vuci rezistentni E. coli 013 se v ptitomnosti PGRE snizila na MIC
puvodniho citlivého kmene a v piipad¢ rezistentni E. coli CCM 3954 na srovnatelné nizkou

hodnotu MIC citlivého referentniho kmene.

Pro ovéreni stalosti rezistence k AgNP byla E. coli rezistentni k AgNP opakované
inkubovana po dobu 120 hodin pti 37 °C v 50 ml M.-H. média bez AgNP. Vhodné podminky
ke kultivaci byly zajiStény preockovanim inokula do ¢erstvého média po 5, 24, 48, 72 a 96
hodinach. Soucasné bylo 100 ul bakteridlni suspenze naockovano na M.-H. agarové misky,
které byly inkubovany po dobu 24 hodin pii 37 °C a kolonie byly pouzity pro stanoveni MIC
AgNP. MIC AgNP (108 mg/l) pro AgNP-rezistentni bakterie zistala stejnd i po Sesti
kultivaénich krocich, bakterie si evidentn€ svoji rezistenci ponechédvaji. Stabilita rezistence
byla dale potvrzena testem s PGRE, kdy po inkubaci rezistentniho kmene se subinhibi¢ni

koncentraci PGRE ztistala MIC AgNP stale na hodnoté 108 mg/I.
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11. Vliv média a stabiliza¢niho Cinidla na toxicitu AgNP

O W

viéi Daphnia magna'

Byla studovana chronicka 21denni toxicita stabilizovanych a nestabilizovanych
AgNP vici organismu D. magna ve standardnim a 2krat zfedéném kultivaénim médiu.
Cilem bylo ur¢it, zda ma zfedéni kultivaéniho média vliv na stabilitu AgNP, a tim i vliv na
mortalitu a na reprodukci a poukazat na dtilezitost diisledné charakterizace médii a AgNP a
chovani AgNP v médiich a stanoveni toxicity vSech slozek disperze pfi vyhodnocovani testu

toxicity.

AgNP byly syntetizovany Tollensovou metodou, kterd je zalozena na redukci
diamminstiibrného komplexu D-maltoézou, jak je detailnéji popsano vyse. AgNP byly také
charakterizovany pomoci DLS, TEM a UV/Vis spektroskopii. Pro experimenty se
stabilizovanymi AgNP v nefedéném médiu byla do pfipravené disperze AgNP piidana
zelatina o kone¢né koncentraci 0,005 % a v ptipadé fedén¢ho média Zelatina o konecné
koncentraci 0,0001 %.

Pripravené sférické AgNP dosahovaly primérné velikosti 28 nm s velmi tzkou
distribuci velikosti ¢astic. Vysledky ziskané pomoci DLS byly ovéteny snimky z TEM, které
potvrdily piitomnost sférickych castic s primérem piiblizn¢ 30 nm (obr. 25). V UV/Vis
absorpnim spektru byl zaznamendn typicky absorpcni pik povrchového plazmonu

s maximem u 412 nm (obr. 26).

o]

4

¥

a

Obrazek 25. Snimky AgNP z TEM pfi niz8§im (a) a vysSim (b) rozliSeni.

f Pfijato jako: Smékalova, M., Panicek, A., Jancula, D., Marsalek, B., Kolafik, J., Prucek, R., Kvitek, L. a
Zbotil, R. Effects of culture medium conditions on stability, crystallinity and chronic toxicity of silver
nanoparticles to Daphnia magna. Podano do redakce Casopisu Applied Materials Today.
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Obrazek. 26. UV/Vis absorpcni spectrum AgNP (10 mg/l).

Monitorovani stability AgNP o koncentraci 1 mg/l v nefedéném a 2krat fedéném
kultivaénim médiu M4 bylo zaloZzeno na sledovani zmény polohy plazmonového
rezonan¢niho piku lokalizovaného ptivodné u 412 nm. Spektra byla zaznamenévana pomoci
UV/Vis spektrometru Specord S 600 (Analytic Jena) po dobu 24 hodin (nestabilizované
AgNP) nebo 72 hodin (AgNP stabilizované zelatinou). Snimky z TEM JEM-2010 (Jeol)
nestabilizovanych castic byly potizeny po 24 hodinidch pro srovnani s jejich piivodni
velikosti a tvarem.

Jakmile se smichaly AgNP s fedénym i1 nefedénym médiem byla ovlivnéna jejich
agregacni stabilita, jak bylo patrno z UV/Vis spekter (obr. 27a a 28a) a z nartistu pramerné
velikosti z 28 nm na 260 nm. Barva disperze se zmeénila ze zlutohnédé na modroSedou.
Absorbance piku ptivodnich ¢astic s maximem u 412 nm se postupné snizovala a zarovei se
objevil sekundarni pik s maximem 545 nm (nefedéné médium) a 505 nm (2krat fedéné
médium) ihned po smichéni s médiem. Pozice sekundarniho maxima se v ¢ase posouvala
k vy$§im vinovym délkam, coz koresponduje s naristajici velikosti ¢astic.?’ Po 24 hodinach
byla stanovena primérnd velikost ¢astic 420 nm. TEM snimky pofizené 24 hodin po
smichani s fedénym 1 nefedénym médiem potvrdily piitomnost velkych aglomeratt, které
vznikly z pavodnich malych AgNP (obr. 29). Navic se v nefedéném médiu rekrystalizaci
zformovaly velké Castice o velikostech kolem 200 nm (obr. 29a,b). Tento mechanismus

rekrystalizace byl popsan v praci Prucek a kol.?%°
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Obrazek 27. UV/Vis absorpéni spektra nestabilizovanych AgNP (10 mg/l) v nezfedéném
médiu M4 zaznamenand béhem 24 hodin (a) a AgNP stabilizované 0,005% zelatinou v
neziedéném médiu M4 zaznamenand béhem 72 hodin (b).
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Obrazek 28. UV/Vis absorpcni spektra nestabilizovanych AgNP (10 mg/l) ve 2krat
ziedéném médiu M4 zaznamenana béhem 24 hodin (a) a AgNP stabilizované 0,0001%
zelatinou ve 2krat ztedéném médiu M4 zaznamenana béhem 72 hodin (b).
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Obrazek 29. Snimky z TEM velkych aglomerath stiibra tvofenych rekrystalizaci a agregaci
potizené 24 hodin po smichani disperse AgNP s nefedénym (a, b) a zfedénym (c, d)
kultivaénim médiem.

Aby se predeslo agregaci AgNP v kultivaénim médiu, které je koncentrovanym
elektrolytem, byly AgNP stabilizovany zelatinou. Ke stabilizaci AgNP byly pouzity velmi
nizké koncentrace zelatiny, které neprojevily akutni toxicitu k dafniim, a to 0,005 % pro

nefedéné médium a 0,0001 % pro 2krat fedéné médium (obr. 30).
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Obrazek 30. Pocet zivych jedinct D. magna po expozici riznym koncentracim zelatiny v
Case.
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Zelatina o koncentraci 0,005 % tGspé&$né stabilizovala AgNP, coz potvrdila UV/Vis
absorpcni spektra, kde nebyly pozorovany zadné dramatické zmény absorpéniho pasu
povrchového plasmou (obr. 27b) ve srovnani s nestabilizovanymi AgNP (obr. 27a). Disperze
si také drzela svoji zlutohnédou barvu. V oblasti od 450 nm do 550 nm byla zaznamenana
pouze velmi slaba absorpce, kterd naznacuje mirny nariist primérné velikosti AgNP (obr.
27b). Métenim velikosti ¢astic pomoci DLS pak byl potvrzen mirny nérast velikosti ¢astic
na 33 nm, nicméné charakterizaci pomoci TEM nebyla pozorovana zadna rekrystalizace.
Disperze AgNP s 0,0001 % Zzelatiny byla méné stabilni ve srovnani s pouZzitim vyssi
koncentrace zelatiny. Doslo k postupnému snizovani pasu povrchového plazmonu
s maximem u 412 nm a zvySeni primérné velikosti ¢astic na 80 nm po 24 hodinach (obr.
28b). Po 24 hodinach byla pozorovéna Castecna agregace AgNP stabilizovanych 0,0001 %
zelatiny nasledovana sedimentaci. Takto nizka koncentrace Zelatiny neni dostacujici k uplné
stabilizace AgNP, ale zpomaluje agregaci a piedchédzi rekrystalizaci AgNP do vétSich
aglomeratli (za podminek, pfi kterych byly testy provadény).

Sladkovodni kory§ D. magna byl pouzit jako standardni testovaci organismus. Ve
vSech toxicitnich experimentech nebyly organismy starsi nez 24 hodin. Dafnie byly pofizeny
zcentra RECETOX (Masarykova Univerzita, Brno). Jako kultiva¢cni médium bylo
pripraveno standardni Elendtovo médium M4 (CSN ISO 10706, 2001) obsahujici zakladni
anorganické soli a vitaminy. Hodnota pH média byla 7,2.

Pii testovani chronické toxicity se postupovalo podle smérnice OECD (Organizace
pro hospodaiskou spolupraci a rozvoj) 211 pro testovani chemikalii.?®® Deset jedincii
rozdélenych do deseti kddinek s 50 ml média bylo exponovdno po 21 dni. Dafnie byly
kultivovany v cyklu 16 hodin svétlo a 8 hodin tma pti 18-22 °C. Organismy byly denné
krmeny fasou Pseudokirchneriella subcapitata. Koncentrace nestabilizovanych AgNP
v nefedéném médiu byly 0,5-8,0 mg/l a stabilizovanych AgNP 0,001-1,000 mg/l.
Koncentrace stabilizovanych i nestabilizovanych AgNP ve 2krat zfedéném médiu byly
0,03-0,50 mg/l. Jako negativni kontrola bylo pouzito samotné¢ médium M4. Médium a
toxikanty byly ménény za Cerstvé kazdé tfi dny. Béhem 21denni expozice byly kazdy den
zaznamenavany pocty prezivsich dospélcii a pocty noveé narozenych jedincli. Rovnéz byly
zaznamenavany den prvni reprodukce, celkovy pocet potomkti a délka dospélcii na konci
testu. Nakonec se spocitala hodnota ECso (efektivni koncentrace). Pro analyzu statisticky
vyznamnych rozdili mezi charakteristikami jedinct z exponované skupiny a kontrolou byl

aplikovan neparametricky Kruskal-Wallistv test (p < 0,05).
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Byla také testovana akutni toxicita Zelatiny, aby se urcilo, jaké koncentrace Zelatiny
pro stabilizaci AgNP se jiz nemohou pouzit, nebot’ by vyrazné ovlivnily vysledky testovani
toxicity AgNP. Pro tyto tcely bylo 10 jedincti odd€len¢ v kddinkach s 50 ml média M4
exponovano zelatiné po dobu 96 hodin. Kultivace probihala pii 18-22 °C s cyklem 16 hod
svétlo a 8 hod tma. Organismy byly krmeny fasou P. subcapitata od druhého dne.
Koncentrace Zelatiny byla 0,001-0,025 %. Pocet piezivSich jedincii byl zaznamenavéan
kazdy den béhem 96hodinové expozice. Jako kontrola bylo pouzito ¢isté medium M4.

Soucasti testi chronické toxicity stabilizovanych AgNP bylo i testovani chronické
toxicity samotné zelatiny v ptisluSnych koncentracich 0,0001 % pro 2krat fedéné médium a

0,005 % pro nefedéné médium.

v

negativni dopad na populaci dafnii ze vSech provedenych experimentii. Pro testovani byly
pouzity vyssi koncentrace AgNP v rozsahu 0,5-8 mg/1 (obr. 31a). Pocet ptfezivsich postupné
klesal s rostouci koncentraci AgNP. Expozice nejvyssi pouzité koncentraci 8 mg/l vedla ke
neukézala Zadny negativni vliv na dospélce kromé thynu jednoho jedince 21. den, ktery
taktéz uhynul v kontrolni skupiné.

Ptestoze koncentrace 0,5; 1 a 2 mg/l nemély zddny nebo jen mirny toxicky vliv na
zivotaschopnost rodicovskych organismi, byla reprodukce siln€é ovlivnéna v celém
koncentracnim rozsahu AgNP od 0,5 az po 8 mg/1 (obr. 31b). S rostouci koncentraci AgNP
byl pocet potomki nizsi a ¢as prvni sniisky byl opozdén. Celkovy pocet potomkii na konci
Koncentrace 2 mg/l AgNP vedla k opozdéni prvni sntiSky o jeden den (kontrola 7,6 dne) a
pii dvojnasobné koncentraci 4 mg/l dokonce vzrostl na 14,5 dne. Pti koncentraci 8 mg/l se
pak nevylihly zadni potomci. Délka dospélcti na konci testu postupné klesala s rostouci
koncentraci AgNP z 5 mm (kontrola) na 4,1 mm (4 mg/l). ECso (reprodukce) byla uréena na
1 mg/l AgNP.

88



=

0 = x 1800
eSS WAt -
a g i ?,5 n;:;ll b 1600 +0,5 mg/l !
ng) g4 = 1mg 1 1400 a1 mg/l ’m._m‘f
,_g 74 ~e2mgl pam— 8 1200 ] et 2 gl .’;"
E R ] mgfl é 1000 | - mg” i
% i : ¥ 8 mg/l g 800 | w8 MG
N 7] “‘“k I 0.
*g 3 - .‘:.,,...??E?ﬂf....‘_v € 600 | ~ekontrola
S 24 . 400 |
o
11 200 1
e §
012345678 9101112131415161718192021 012345678 9101112131415161718192021
Cas, dny Cas, dny

Obrazek 31. Pocet prezivSich jedincii (a) a potomkld (b) D. magna exponovanych
nestabilizovanému AgNP v nefedéném médiu M4 béhem 21 dni.

Aby mohla byt studovéana toxicita AgNP v jejich pivodni neovlivnéné velikosti,
AgNP byly stabilizovany Zelatinou. Zelatina o koncentraci 0,005 % zcela zabrénila agregaci
v nefedéném médiu béhem 3denniho experimentu (obr. 27b), pficemz test akutni toxicity
Cisté Zelatiny o stejné koncentraci neodhalil zadné nezaddouci t¢inky (obr. 30). Stabilizované
AgNP projevily mnohem vyssi toxicitu nez nestabilizované AgNP, jak potvrdil pokles poctu
prezivsich dospélcti béhem testu chronické toxicity (obr. 32a). Toxicita byla zaznamenéana
jiz béhem prvnich tii dnii testovani, kdy tfeti den byla pozorovana 80% mortalita pro nejvyssi
koncentrace 0,001 mg/l neprojevila zddny toxicky vliv béhem téchto tii dnd, nicméné pocet
dospélcti klesl ¢tvrty den na 7 a dokonce na jednoho jedince 6. den a 100% mortality bylo
dosazeno 7. den. Od devatého dne nezbyl zadny piezivsi jedinec v pfitomnosti AgNP ve
vSech testovanych koncentracich.

Prekvapivé se zelatina béhem testovani chronické toxicity také projevila toxicky,
nicmén¢ az mezi 6. a 10. dnem, tedy v dobé&, kdy prezil jediny ¢i dokonce zadny jedinec
vystaveny AgNP pro vSechny koncentrace stiibra (obr. 32a).

V ptitomnosti stabilizovanych AgNP se nenarodili zadni potomci. Zelatina také
znacné ovlivnila reprodukci dafnii (obr. 32b). Potomci v pfitomnosti Cisté Zelatiny dosahli

celkového poctu pouze 61 oproti kontrolni skupin€ s poctem 1794 potomkii.
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Obrazek 32. Pocet prezivSich jedincii (a) a potomkld (b) D. magna exponovanych
stabilizovanému AgNP 0,005% Zelatinou v nefedéném médiu M4 béhem 21 dni.

Nestabilizované AgNP ve 2krat zfedéném médiu byly vice toxické (obr. 33) nez
nestabilizované AgNP v neziedéném médiu (obr. 31). S rostouci koncentraci AgNP
postupné ubyval pocet prezivsich dospélct a pii nejvyssi pouzité koncentraci 0,5 mg/l byl
po 21 dnech pouze dva. Expozice AgNP o koncentracich 0,06 mg/l a 0,03 mg/l nebyly pro
dospélce letalni kromé jednoho jedince 14. den vystavenému 0,03 mg/l AgNP.

Pti vSech testovanych koncentracich AgNP také postupné klesal pocet potomku
(obr. 33b). Oproti 1102 potomkiim, kteti se narodili v kontrole bez AgNP, klesl celkovy
pocet potomki na konci testu na 180 v pfitomnosti 0,5 mg/l AgNP. Ackoliv uhynul jeden
jedinec pfi 0,03 mg/l pocet potomkl byl pii této koncentraci AgNP nejen nepatrné vyssi
(1176) nez u 0,06 mg/1 (1040) ale navic byla pozorovana hormeze. Nebyla vSak ovlivnéna
ani doba prvni sntiSky ani délka dosp€lcti u zddné ze skupin.

Vypocitana ECso AgNP pro reprodukci byla 0,32 mg/1.
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Obrazek 33. Pocet prezivSich jedincii (a) a potomkld (b) D. magna exponovanych
nestabilizovanému AgNP ve 2krat zfedéném médiu M4 béhem 21 dni.
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Dafnie postupné¢ umiraly pii vystaveni celému rozsahu koncentraci AgNP
stabilizovanych 0,0001% Zzelatinou od 0,03 mg/l do 0,5 mg/l (obr. 34a). Na konci testu s
AgNP o koncentraci 0,5 mg/l nepiezil zadny dospélec a pocet potomkil byl pouze 19.
Koncentrace 0,25 mg/l AgNP byla piirozené toxi¢téjsi nez nasledujicich 0,13 mg/l kromé
vy$siho poctu prezivsich dospélei 19. a 20. den. Nicméné pii obou koncentracich byl stejny
kone¢ny pocet dospélcii, tedy tfi. AgNP o koncentraci 0,06 mg/l byly mirné toxické, kdy
AgNP 0,03 mg/l také vedla ke smrti jednoho jedince 19. den a na konci testu zbylo 5 jedinci.
Mirnou toxicitu vykazovala také zelatina ke konci testu, nikoli vSak v rozsahu, ktery by
ovlivnil interpretaci toxicity samotnych AgNP (obr. 34a).

V koncentra¢nim rozsahu AgNP od 0,5 mg/l do 0,06 mg/l byl zaznamenan také
postupny pokles celkového poctu potomku s rostouci koncetraci AgNP (obr. 34b). Taktéz
potomkii dosahl 1739 oproti 1534 jedincim v kontrolni skuping. Ackoliv Zelatina méla za
nasledek méné mrtvych dospélct nez AgNP o koncentraci 0,06 mg/l (1237), celkovy pocet
potomk byl ve skupiné za piitomnosti zelatiny nizsi (1123).

Vypocitana ECso AgNP pro reprodukci byla 0,16 mg/1.

Doba prvni snlisky se v zadné ze skupin statisticky vyznamné neliSila od kontrolni
skupiny (8,8 dne). Délka dospélcti se vyznamné lisila od kontroly po expozici 0,25 mg/l
AgNP, kdy se snizila ze 4,8 mm na 3,3 mm.
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Obrazek 34. Pocet prezivSich jedincii (a) a potomkld (b) D. magna exponovanych

stabilizovanému AgNP 0,0001% Zelatinou ve 2krat ztedéném médiu M4 béhem 21 dni.

Rozpustné slouceniny stiibra a AgNP jsou vysoce toxické pro vodni organismy.

Toxicita AgNP se Casto pfipisuje iontim stiibra uvolnénym z jejich povrchu. Razné studie
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ukazuji, Zze AgNP jsou pro dafnie toxické v koncentracich od né€kolika mikrogramii az po
miligramy na litr. Z toho plyne, Ze toxicita AgNP velmi zavisi na okolnich podminkach, coz
je tifeba brat v potaz pii interpretaci vysledki testovani toxicity. V této studii bylo cilem
charakterizovat chronickou toxicitu AgNP vici D. magna s ohledem na koncentraci média
a pouZiti stabilizacniho ¢inidla.

Byly pozorovany jasné zndmky efektu davka/odpovéd’ nestabilizovanych AgNP na
mortalitu a reprodukci D. magna v neziedéném M4 médiu (obr. 31a,b). Pozorovana toxicita
vSak byla mnohem mens$i nez diive publikované toxické koncentrace AgNP. Nejnizsi
koncentrace s pozorovanymi negativnimi ucinky na délku dospélcti na konci testu byla
2 mg/l a vypocitana ECso pro reprodukci dosahla 1 mg/1. Naopak bylo publikovano, Ze napf.
AgNP pokryté vrstvou uhliku o koncentraci 50 pg/l mohou inhibovat reprodukci a redukovat
délku dospélci,?®” a EC1o PVP-stabilizovanych AgNP v chronickém testu toxicity doséhly
hodnot 0,92 pg/l pro D. magna, 2,25 g/l pro D. pulex a 3,45 pg/l pro D. galeata.*®®

Dtvodem nizké toxicity byla agregace a rekrystalizace pivodnich malych 28nm
AgNP do vétSich ¢astic. Je zndmo, ze antibakteridlni aktivita a cytotoxicita klesa s rostouci
velikosti castic (viz kapitoly 2.1 a 6.1). Po smichani AgNP s kultivaénim médiem se
postupné snizoval absorpéni pik povrchového plazmonu piivodnich nanocéstic a objevil se
novy sekundarni pik u vétSich vinovych délek, ktery znaci pritomnost agregatli vétSich nez
100 nm.?®® Navic se sekundarni piky postupné posunovaly k vy$§im vinovym délkam, coz
také znaci zvétSovani Castic (obr. 27a), jak také potvrdily snimky z TEM. TEM snimky
potizené 24 hodin po smichani AgNP s médiem potvrdily, ze piivodni malé castice byly
ptitomny spolu s ¢asticemi nové zformovanymi rekrystalizaci o priméru kolem 200 nm (obr.
29a,b). Oxidacni ¢inidla a koordinacni ligandy hraji kli¢ovou roli v procesu rekrystalizace,
protoze zpusobuji tzv. (oxidative etching) oxidacni leptani a rozpousSténi AgNP, které
podporuje rust novych krystali. Rekrystalizované castice jsou vysledkem dvou
kooperujicich procesit — oxidace a redukce. Nulavalentni ¢astice, které vzikaji redukci soli
kovu a postupné¢ rostou do nanokrystalu, mohou byt za ptitomnosti oxidovadel a
koordinac¢nich ligandli znovu oxidovany do iontové formy. Umoznuje to regulovat velikost,
tvar a krystalinitu béhem nukleace a riistu.?>!-285-29

V ptitomnosti oxidacnich ¢inidel se AgNP rozpousti a produkuje iontové stiibro,
které je pro vodni organismy velmi toxickou formou stfibra. Proto je toxicita vi¢i korystm,
jakou jsou dafnie, pfipisovdna piedevSim uvolnénému iontovému stiibru z povrchu
AgNP 2721 Piesto nékteré studie ukéazaly, Ze mechanismus toxicity AgNP se lisi od

mechanismu toxicity stiibrnych soli.>®® Toxicita zplisobena ionty stiibra mize byt
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redukovana za pfitomnosti jinych sloucenin, jako jsou komplexni Cinidla a rozpusténé
organické latky.?*>*3 P¥i naSich experimentech bylo pravdépodobné iontové stiibro
komplexovano kyselinou ethylendiamintetraoctovou (EDTA), komponentou média M4, a
proto lze predpokladat, Ze toxicita zplisobend iontovym stiibrem byla redukovéna. Dalsi
snizeni koncentrace pfitomnych uvolnénych iontl stfibra mohlo nastat v pfitomnosti fas
pouzitych jako potrava pro dafnie. Podobn¢ Blinova a kol. pti pouziti AgNP stabilizovanych
PVP (PVP-AgNP) a Sakamoto a kol. pti pouziti nestabilizovanych AgNP pozorovali nizsi
chronickou toxicitu nez akutni, coZ pfiéitaji pravé piidavku fas v chronickém testu.?%>>%
Navic exudaty fas mohou vyrazné snizovat toxicitu kovii obecné.>

Jak bylo zminéno vyse, toxicita ¢astic nepiimo koreluje s jejich velikosti. Proto je
stabilita ¢astic dilezitym parametrem, ktery rozhoduje o jejich toxicité. Malé Castice 1épe
penetruji do bundk nez velké &astice a snaze uvoliiuji ionty stfibra.?****® Kromé
stabilizacnich €inidel je stabilita AgNP velmi zavisla na okolnich faktorech jako pH nebo
iontova sila.?>?3 Kdyz se tedy koncentrace elektrolytu snizi zfedénim média, méla by podle
DLVO teorie vzrist stabilita AgNP.?’” Bylo publikovano nékolik malo studii, které se
zabyvaly vlivem zfedéni kultivacniho média na stabilitu AgNP a akutni toxicitu k dafniim.
Romer a kol. objevili, Ze standardni OECD médium musi byt zfedéno alesponl 10krat, aby
se vyznamng potlacila agregace citratem stabilizovanych AgNP a zaroven toto ziedéni nijak
neovlivnilo mobilitu nebo fekunditu organismi v nepfitomnosti AgNP.?® Nejnizsi
koncentrace s pozorovanymi negativnimi U¢inky se snizila z 11,2 ug/l na 2,5 pg/l.>%
Podobné 10nasobné ziedéni standardniho OECD média (s chloridy) neovlivnilo agregaéni
stabilitu PVP-AgNP 2%’

K minimalizaci toxicity Zelatiny byla pouZita velmi nizka koncentrace 0,0001 %. Pti
takto nizké koncentraci stabilizac¢ni latky muselo byt kultivacni médium 2krat zfedéno, aby
se potlacila nebo zpomalila agregace. Podle oCekavani byla agregace nestabilizovanych
AgNP ve zifedéném médiu pomalejSi a malé Castice zlstavaly v médiu po delsi dobu, coz
ukazuje pozvolnéj$i klesani primarniho absorpéniho maxima v Case nez za pouziti
nefedéného média (obr. 28a). Ve zfedéném médiu byly tedy AgNP toxictéjsi (obr. 33a,b)
nez v nefedéném (obr. 31a,b) jak zpohledu mortality rodiCovskych organismu, tak
z pohledu reprodukce. Hodnoty ECso pro reprodukci byly 0,32 mg/l ve zfedéném a 1 mg/l
v nefedéném médiu. Zivotaschopnost dospélcti a jejich reprodukce v kontrolni skuping bez
toxikantd nebyla ovlivnéna zfedénim média.

Ptidanim 0,0001 % Zelatiny se jesté zvysila stabilita AgNP (obr. 28b). Zna¢na Cast

AgNP zlstala stabilni po dobu tii dnli, coz je doba, po které se v chronickém testu

93



vvvvvv

cvwr

koncentrace stabilizovanych i nestabilizovanych AgNP, tedy 0,03 mg/l, se projevila
hormeze, kdy byl konecny pocet potomka vys$si nez v kontrolni skupin€. Podobné
pozorovani bylo publikovano diive, kdy reprodukce dafnii exponovanych 2 pg/l ve
21dennim chronickém testu toxicity byla 2krat vy3§i nez v kontrolni skuping.>”’ V jiné studii
se v multigenera¢nim experimentu dokonce v nékterych generacich D. pulex a D. galeata
projevila tolerance k AgNP.?%

Vypocitané hodnoty ECso stabilizovanych a nestabilizovanych AgNP v fedéném
médiu byly 0,16 mg/I pro stabilizované AgNP a 0,32 mg/I pro nestabilizované¢ AgNP, a tedy
stabilizované AgNP byly toxi¢téjsi nez nestabilizované.

Zelatina se i ve velmi nizké koncentraci 0,0001 % projevila na konci 21denniho testu

také mirné toxicky (obr. 34a,b). Jeji toxicita vSak neméla vliv na Zivotaschopnost jedinct pfi

v
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nestabilizované, které podlehly agregaci nebo rekrystalizaci. Pfi vSech koncentracich
AgNP >1 pg/l doslo k rychlému thynu dospélcti a organismy se nereprodukovaly (obr.
32a,b). Ve skupiné s Zelatinou se narodilo pouze 16 potomkii (obr. 32b). Disperze nanocastic
maji n€¢kolik riznych komponent. Kromé ¢astic samotnych zde mohou byt pfitomny napf-.
ionty uvolnéné z povrchu ¢astic, zbytky reaktantli, slouCeniny pouzité ke stabilizaci nebo
modifikaci povrchu castice. Kazda ztéchto slozek mulze pfispivat k celkové toxicité
disperze, a proto by kazda ze slozek méla byt testovdna zvlast a mél by se vyhodnotit
prispévek k toxicité. Pouzitd Zelatina o koncentraci 0,005 % toxicky v chronickém testu,
prestoze v akutnim testu toxicity (obr. 30) organismy neovlivnila. Zavislost toxicity
nano¢astic na pouzitém stabilizaénim ¢inidle byla publikovana i diive.?*® Toxicita celku,
ktera se projevuje navenek, mize pochazet pouze od jedné ze slozek disperze a nanocastice
samotné toxické nemusi byt vibec.?”® Alkilany a kol. pozorovali, Ze surfaktant
cetyltrimethylamonium bromid (CTAB), ktery pouzili pfi syntéze nanotyCek byl
cytotoxicky, ale samotné nanotycky nikoliv. Stabiliza¢ni ¢inidlo muze také ménit naboj
nano¢astic a redukovat tak elektrostatickou bariéru mezi buiikou a ¢astici.?* Proto mnozstvi
a typ stabilizatniho ¢inidla musi byt vzato v uvahu pfi vyhodnocovani testu toxicity

nanomateriald.
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Z.aver

Dizertacni prace prezentuje ve své teoretické i1 praktické ¢asti poznatky z oblasti
biologické aktivity nanocastic stiibra vii€i eukaryotnim a prokaryotnim organismiim. Prace
na jedné stran¢ vyzdvihuje antimikrobialni vlastnosti AgNP a jejich synergické plisobeni
s antibiotiky vlc¢i citlivym a vysoce rezistentnim bakteriim a zaroven na stran¢ druhé varuje
pred moznosti vzniku bakteridlni rezistence podobné jako u antibiotik a pted jejich
toxikologickymi a ekotoxikologickymi riziky.

Pro studium biologickych vlastnosti byly pievazné aplikovany kulovité AgNP
s primérnou velikosti 28 nm, které byly syntetizovany ovéienou a spolehlivou metodou
vychézejici z Tollensovy reakce, ktera spociva v redukci amoniakalniho komplexu stiibra
redukujicimi sacharidy. Pro posouzeni vlivu velikosti AgNP na spolecny antibakterialni
ucinek s antibiotiky byly navic pfipraveny castice s mensi pramérnou velikosti 8 nm
redukci siln¢j$im ¢inidlem tetrahydridoboritanem sodnym.

Prvni ¢ast experimentalni prace je zaméfena na studium spoleéného
antibakteridlniho u¢inku AgNP v kombinaci s antibiotiky. Dosazené vysledky této studie
prokazaly, ze AgNP posiluji uCinek celé tady antibiotik proti riznym druhiim nejen
lidskych, ale i zvifecich Gram-pozitivnich a Gram-negativnich bakterii, a to nezavisle na
mechanismu ucinku a chemické struktufe pouzitych antibiotik. Pozitivni vysledky
prineslo testovani synergie nejen vuci bakteriim citlivym k antibiotikim, ale 1 vici
multirezistentnim enterobakteriim. Synergicky antibakterialni efekt AgNP v kombinaci
s antibiotiky vici citlivym 1 rezistentnim bakteriim byl dosazen pifi velmi nizkych
koncentracich, fddové az v desetindch mg/l stfibra. Takto nizké koncentrace AgNP
v kombinaci s antibiotiky nevykazovaly cytotoxicky ucinek vic¢i savéim bunkam a
nepiedstavuji tak toxikologické riziko pro vyssi organismy. Navic v ptipadé rezistentnich
bakterii doslo k obnoveni citlivosti bakterii k antibiotikiim v kombinaci s AgNP, jinymi
slovy byla uspésn¢ pirekondna bakteridlni rezistence vici antibiotikim, pokud se
aplikovala spole¢né s AgNP.

V druhé casti experimentdlni prace se podafilo vyvolat a nasledné objasnit
mechanismus rezistence bakterii E. coli a P. aeruginosa k AgNP po opakované expozici
subinhibi¢énim koncentracim AgNP. Rezistence k AgNP byla indukovana pomérné
snadno a brzy, jiz ve 13. kultiva¢nim kroku vykazovaly testované bakterie zvySenou

odolnost vii¢i AgNP. Pti¢inou indukované rezistence je produkce proteinu flagelinu, ktery
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zpusobuje agregaci AgNP za vzniku rozmérnych sedimentujicich castic sttibra, které
nevykazuji antibakteridlni i¢innost. Tento doposud v odborné literatufe nepopsany objev
maé obrovsky vyznam nejen v prevenci vzniku rezistence bakterii, ale i v oblasti eliminace
vysoce infek¢nich bakterii.

Posledni ¢ast prace popisuje vysledky studie vlivu koncentrace zivného média a
stabilizacnich CcCinidel na stabilitu a dlouhodobou toxicitu AgNP vu¢i organismus
D. magna. AgNP bez dodatecné povrchové stabilizace snadno a rychle podléhaji agregaci
diky vysoké iontové sile Zivného média a nasledné az rekrystalizaci do vétSich utvara
doprovazené ztratou toxicity. Naopak v pfipad¢ aplikace zivného média s polovicni
koncentraci a v pfipadé zelatinou stabilizovanych AgNP byla jejich toxicita k D. magna
vyrazné vyssi vzhledem k zachovani malého rozméru a tim vysoké biologické aktivity

AgNP.
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Summary

Theoretical and practical part of dissertation thesis discussed discoveries related
to biological activity of silver nanoparticles against eukaryotic and prokaryotic
organisms. On the one hand, the thesis is focused on antimicrobial properties of AgNPs
and their synergistic action with antibiotics against highly resistant bacteria and, on the
other hand, deals with possible occurrence of bacterial resistance to AgNPs similar to
antibiotics and their toxicological and eco-toxicological risks.

For study of biological properties, spherical AgNPs with mean diameter of 28 nm
were applied. AgNPs were synthesized by reliable method derived from Tollen’s reaction,
which is based on reduction of ammonia complex of silver by reducing saccharides. Also,
smaller AgNPs with mean diameter of 8 nm was prepared by reduction with stronger
reducing agent sodium borohydride for assessment of size effect on antibacterial activity.

The first part of experimental work is focused on study of combined antibacterial
action of AgNPs with antibiotics. The results proved that AgNPs enhance the activity of
many antibiotics against different species of human and animal Gram-positive and Gram-
negative bacteria. This enhancement was shown with no dependence on mechanism of
action or chemical structure of antibiotics. Positive results of synergy testing was shown
not only against bacteria sensitive to antibiotics but also against multi-resistant
Enterobacteriaceae. Synergic antibacterial effect of AgNPs in combination with
antibiotics against both, sensitive and resistant bacteria, was achieved in very low
concentrations, in the order from tenths to units of mg/l. These concentrations of AgNPs
does not exhibit toxic effects against mammalian cells and does not pose a toxicological risk
for higher organisms. Moreover, in the case of resistant bacteria, restoration of sensitivity to
antibiotics caused by combination of AgNPs was shown.

The second part of experimental work deals with resistance of bacteria to AgNPs.
Resistance to AgNPs was successfully induced in E. coli and P. aeruginosa and mechanism
of this resistance was elucidated. The resistance was caused by exposition the bacteria to
sub-inhibitory concentrations of AgNPs and was observed only after 13 exposition steps,
when bacteria exhibit increased tolerance to AgNPs. The observed induced resistance is
based on production of protein flagellin, which causes aggregation of AgNPs and formation

of large particles of silver, which sediment and does not exhibit antibacterial activity. This
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phenomenon, which has never been described in literature before, has importance in
prevention of emergence of resistance and in the elimination of highly infectious bacteria.
The last part of work describes the influence of culture medium concentration and
surface stabilizers to stability and long-term toxicity of AgNPs against crustacean D.
magna. AgNPs without additional surface stabilization subject to fast aggregation as
result of high ionic strength of culture medium. The aggregation is accompanied with
recrystallization to bigger particles and loss of toxicity. On the contrary, in case of using
2-fold diluted medium and AgNPs stabilized by gelatine, the toxicity against D. magna
was significantly higher, because small diameter and AgNP biological activity was

unaffected.
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Seznam pouzitych zkratek

AFM
AgNP
AMC
AMI
AMP
AmpC
AMS
ATM
AZT
BHI
BWA
CCA
CFU
CIP
CLI
CLSI
CMP
COL
COT
COX
CPM
CPR
CRX
CReSA
CTAB
CTZ
CXT
CZD
CZL
DDST
DLS
DLVO

DMEM
ECso (ECio)

EDS
EDTA
EPS
ERY
ETD
EUCAST
FEP

FIC

GEL
GEN

mikroskopie atoméarnich sil

nanocastice stiibra

amoxilin + klavulanat

amikacin

ampicilin

cefalosporinazy

ampicilin/sulbaktam

aztreonam

aztreonam

bujon z mozkosrdcové infuze
Burrows-Wheeler Alignerem

ceftazidim + klavulanat

jednotky tvoftici kolonie

ciprofloxacin

klindamycin

Institut pro klinické a laboratorni standardy
chloramfenikol

kolistin

kotrimoxazol

cefotaxim

cefepim

cefoperazon

cefuroxim

centrum pro vyzkum nemoci zvifat
cetyltrimethylamonium bromid

ceftazidim

cefoxitin

ceftazidim

cefazolin

diskovy difuzni test s inhibitorem betalaktamaz
dynamicky rozptyl svétla

teorie stability lyofobnich koloidt (dle jmen: Derjagin, Landau, Verwey
a Overbeek)

Dulbecco‘s Modified Eagle‘s médium
koncentrace latky, ktera zptsobi urcity efekt u 50 (10) % testovanych
organismu

energioveé disperzni spektroskopie

kyselina ethylendiamintetraoctova
extracelularni polymerni latky

erytromycin

fragmentace pienosem elektronu

Evropska komise pro testovani antimikrobidlni citlivosti
cefepim

frak¢ni inhibi¢ni koncentraéni index
Zelatina

gentamicin
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HAADF
HRTEM
HSV
KPC
LDso
LOAEL

M.-H.
MALDI-TOF

MER
MIC
MTT
NGS
OECD
OFL
OXA
0XO
PAA
PCR
PEG
PEN
PGRE
PIP
PPT
PVP
SAM
SARS
SDS
SERRS
SERS
STEM
TCRV
TEI
TEM
TET
TFA
TLR
TNBC
™W
VAN
WGS

detektor elektront difraktovanych pod velkymi thly
transmisni elektronova mikroskopie s vysokym rozliSenim
herpes simplex virus

karbapenemazy

davka latky, ktera je smrtelna pro 50 % testovanych organismut
ucinek na organismus

Miiller-Hinton

matrici asistovana laserova desorpce/ionizace s hmotnostnim
analyzatorem doby letu

meropenem

minimalni inhibi¢ni koncentrace

thiazolylovd modf

next-generation sekvenovani

Organizace pro hospodaiskou spolupraci a rozvoj
ofloxacin

oxacilin

oxolinova kyselina

kyselina polyakrylova

polymerazova fetézova reakce

polyethylenglykol

penicilin

extrakt z kliry granatového jablka

piperacilin

piperacilin/tazobaktam

polyvinylpyrrolidon

Sequence Alignment/Map

syndrom nahlého selhani dychani

dodecyl sulfat sodny

povrchem zesileny rezonan¢ni Ramantiv rozptyl
povrchem zesilend Ramanova spektroskopie
rastrovaci transmisni elektronova mikroskopie
virus Tacaribe

teikoplanin

transmisni elektronova mikroskopie

tetracyklin

kyselina trifluoroctova

toll-like receptor

triple negativni karcinom prsu

tween

vankomycin

whole-genome shotgun
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Antibiotic resistant bacteria are a serious health risk in both human and veterinary medicine. Several
studies have shown that silver nanoparticles (AgNPs) exert a high level of antibacterial activity against
antibiotic resistant strains in humans. The aim of this study was to evaluate the antibacterial effects of a
combined therapy of AgNPs and antibiotics against veterinary bacteria that show resistance to antibi-
otics. A microdilution checkerboard method was used to determine the minimal inhibitory concentrations
of both types of antimicrobials, alone and in combination. The fractional inhibitory concentration index
was calculated and used to classify observed collective antibacterial activity as synergistic, additive (only
the sum of separate effects of drugs), indifferent (no effect) or antagonistic.

From the 40 performed tests, seven were synergistic, 17 additive and 16 indifferent. None of the tested
combinations showed an antagonistic effect. The majority of synergistic effects were observed for com-
binations of AgNPs given together with gentamicin, but the highest enhancement of antibacterial activity
was found with combined therapy together with penicillin G against Actinobacillus pleuropneumoniae.
A. pleuropneumoniae and Pasteurella multocida originally resistant to amoxycillin, gentamicin and colis-
tin were sensitive to these antibiotics when combined with AgNPs. The study shows that AgNPs have

Keywords:

Silver nanoparticles
Antibacterial activity
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Synergy

potential as adjuvants for the treatment of animal bacterial diseases.

© 2016 Elsevier Ltd. All rights reserved.

Introduction

Extensive use of antimicrobial agents contributes to the devel-
opment and rapid spread of bacterial resistance, which implies a
decrease in antibiotic efficacy in both human and veterinary med-
icine (Schwarz et al., 2001). Resistance to antimicrobial agents in
commensal bacteria (e.g. Escherichia coli), zoonotic enteropathogens
(e.g. Salmonella spp.) and animal pathogens (e.g. Pasteurella multocida
or Actinobacillus spp.) has been reported (Abd-Elghany et al., 2014;
Chantziaras et al., 2014; Dayao et al., 2014). One approach to control
bacterial infections is combination therapy in which antibiotics are
given together with other antimicrobial or non-antimicrobial agents.
These adjuvants include other antibiotics, non-antibiotic sub-
stances (e.g. cardiovascular drugs), resistance inhibitors, such as
B-lactamase inhibitors, and inhibitors of biofilm formation (Kalan
and Wright, 2011).

Silver nanoparticles (AgNPs) have bactericidal effects against many
species of human bacteria (Kim et al., 2007; Taglietti et al., 2012)

* Corresponding author. Tel.: +420 585 634427.
E-mail address: ales.panacek@upol.cz (A. Panacek).

http://dx.doi.org/10.1016/j.tvjl.2015.10.032
1090-0233/© 2016 Elsevier Ltd. All rights reserved.

and their veterinary counterparts (Soltani et al., 2009), including
highly resistant strains, such as methicillin resistant Staphylococ-
cus aureus (MRSA) (Panacek et al., 2006; Lara et al., 2009). AgNPs
are efficient as antimicrobial agents at low concentrations (mg/L)
and are not cytotoxic to eukaryotic cells, including human eryth-
rocytes (Krajewski et al., 2013). Moreover, because of the non-
specific mechanism of AgNP-mediated antibacterial activity, the risk
for development of resistance is not as high as for antibiotics.

The mechanism whereby AgNPs interact with bacteria cannot
be described in terms of a single and specific mode, as with anti-
biotics. AgNPs damage the bacterial cell wall, change membrane
permeability, and cause a collapse of plasma membrane potential
(Sondi and Salopek-Sondi, 2004; Lok et al., 2006). Furthermore,
AgNPs interact with DNA, inactivate enzymes, influence metabol-
ic processes, change protein expression and damage the respiratory
chain (Lara et al., 2009; Li et al., 2011; Cui et al., 2013). Silver ions
are released from the nanoparticle surface and enter the bacterial
cell to generate reactive oxygen species (ROS), which destroy bio-
macromolecules (Choi and Hu, 2008).

AgNPs facilitate the interaction of antibiotics with cells in nu-
merous ways. For example, they may help the penetration of anti-
biotics into the bacterial cell by changing membrane permeability;
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alternatively, both AgNP and antibiotic may cooperate in the de-
struction of the cell wall. In the case of B-lactam antibiotics, AgNPs
may inhibit hydrolytic B-lactamases produced by bacteria. Damage
and weakness by simultaneous action of antibiotic and AgNP will lead
to cell death. Hwang et al. (2012) suggested that this synergism is
associated with generation of hydroxyl radicals, the alteration of pro-
tective cellular functions and an anti-biofilm potential. Therefore, the
combination of antibiotics with AgNPs seems to be a more effective
method for enhancing antibiotic efficacy in comparison with other
adjuvants currently used in clinical practice. The combination implies
reduced antibiotic dose requirements, reduced development of bac-
terial resistance and increased efficiency of co-administered
antibiotics.

Many antibiotics, with differing mechanisms of action, are more
effective against human bacteria when combined with AgNPs (Li
et al., 2005; Jain et al., 2009; Brown et al., 2012; Ghosh et al., 2012;
Hwang et al., 2012). Unfortunately, several of these studies evalu-
ated combined antimicrobial effects using the disc diffusion method
employing standard discs with predetermined concentration of an-
tibiotics. In most cases, a zone of inhibition was apparent indicating
that the antibiotic was itself effective (Shahverdi et al., 2007; Birla
etal.,, 2009; Fayaz et al., 2010). There would appear to be no reason
to combine drugs if a single drug at a specific concentration is
effective.

In the present study, we evaluated the synergistic effects of an-
tibiotics administered at doses lower than their minimum inhibitory
concentrations (MICs) with AgNPs of two different sizes to test
whether it was possible to enhance the antibacterial activity of an-
tibiotics that targeted veterinary-relevant bacteria, including resistant
species. Potential synergistic antibacterial effects were quantified
by the fractional inhibitory concentration (FIC) index, which was
determined using MICs obtained by the microdilution checker-
board method (Lorian, 2005).

Materials and methods
Preparation of silver nanoparticles

AgNPs with diameters of 28 nm (AgNP-28 nm) and 8 nm (AgNP-8 nm) were
synthesised through the reduction of complex cation [Ag(NH3)|* by D-maltose (Sivera
et al,, 2014) and sodium borohydride, respectively. Detailed description of synthet-
ic procedures and characterisation techniques is included in the Appendix:
Supplementary material.

Evaluation of synergistic effect of antibiotics combined with AgNPs

Bacterial strains Salmonella enterica LT2, Staphylococcus aureus GP0004, Escheri-
chia coli eae+ GN2514, Actinobacillus pleuropneumoniae 17/06L, Pasteurella multocida
P-813 and Streptococcus uberis GP1037 were obtained from the Centre de Recerca
en Sanitat Animal, Barcelona, Spain.

The antibiotic sensitivity of bacterial strains was assessed according to Clinical
Laboratory Standards Institute (CLSI) document VET01-A3 (CLSI, 2008). MICs of an-
tibiotics, AgNPs and their combinations were determined using the microdilution
checkerboard method. S. enterica, S. aureus, S. uberis and E. coli were tested in MH
(pH 7.3), while A. pleuropneumoniae and P. multocida were tested in BHI (pH 7.4). BHI
was supplemented with 1% IsoVitaleX (BBL) for cultivation of A. pleurop i
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The microtitre plates were incubated at 37 °C for 24 h (see Appendix: Supplemen-
tary material).

The FIC index was calculated to evaluate the combined antimicrobial effect of
antibiotics and AgNPs (Lorian, 2005):

_Mic of drug A in the combination MIC of drug B in the combination

FIC
MIC of drug A alone MIC of drug B alone

There are differences in the interpretation of the FIC index (Botelho, 2000; Orhan
etal,, 2005; Kurek et al., 2012). In the present study, the combined antibacterial effects
of antibiotics and AgNPs were considered to be synergistic, additive, indifferent or
antagonistic when the FIC indices were <0.5, >0.5 to <1, >1 to <2 and >2, respective-
ly (Kurek et al., 2012).

Results
Silver nanoparticles

The results of antibacterial activity of AgNPs are summarised in
Table 1. AgNPs exhibited antimicrobial activity against Gram neg-
ative organisms. The MICs of AgNPs were 6.3-100 pug/mL depending
on the tested strains and size of AgNPs. The growth of Gram pos-
itive bacteria was inhibited less by AgNPs than Gram negative
bacteria. However, the final MICs of AgNP-28 nm could not be de-
termined because the MIC was greater than the highest silver
concentration used in the dilution method (>50 pg/mL).

The antibacterial activity of smaller nanoparticles was stron-
ger than the antibacterial activity of larger AgNPs. Both AgNP-
28 nm and AgNP-8 nm showed the most antibacterial effects against
the Gram negative bacteria P. multocida and E. coli (AgNP-8 nm),
whereas the Gram positive bacterium S. uberis was the least sen-
sitive of the tested strains.

Amoxycillin

The MIC of amoxycillin against the tested bacteria was 0.25 to
>32 ug/mL (Table 2). E. coli and A. pleuropneumoniae had MICs >32 ug/
mL (breakpoint MIC >32 ug/mL) and were resistant to amoxycillin.
When 8 pg/mL amoxycillin was combined with 12.5 pg/mL AgNP-
28 nm or AgNP-8 nm, antibiotic resistant A. pleuropneumoniae
becomes sensitive. The antibacterial activity of amoxycillin com-
bined with AgNP-28 nm was synergistic (FIC index 0.4). An FIC index
of 0.6 was obtained when AgNP-8 nm was combined with

Table 1
Minimum inhibitory concentrations (ug/mL) of silver nanoparticles with diam-
eters of 28 nm (AgNP-28 nm) or 8 nm (AgNP-8 nm).

Bacteria AgNP-28 nm AgNP-8 nm
Salmonella enterica 25 12.5
Staphylococcus aureus >50 25
Escherichia coli 25 6.3
Actinobacillus pleuropneumoniae 50 25
Streptococcus uberis >50 100

I lla multocida 6.3 6.3

Table 2

Minimum inhibitory concentrations (MICs; pg/mL) of amoxycillin alone or with silver nanoparticles with diameters of 28 nm (AgNP-28 nm) or 8 nm (AgNP-8 nm).
Bacteria Amoxycillin Drug combination MIC FIC Effect Drug combination MIC FIC Effect

AgNP-28 nm Amoxycillin AgNP-8 nm Amoxycillin

Salmonella enterica 1 25 1 20 I 12.5 1 20 1
Staphylococcus aureus 2 25 1 0.8 A 125 05 08 A
Escherichia coli (R) >32 25 >32 2.0 1 6.3 >32 20 1
Actinobacillus pleuropneumoniae (R) >32 12.5 8 04 S 12,5 8 0.6 A
Pasteurella multocida 0.25 6.3 0.25 20 1 6.3 0.25 20 1
Streptococcus uberis 0.25 >50 0.25 20 I 50 0.125 1.0 A

FIC, fractional inhibitory concentration index; S, synergy; A, additivity; I, indifference; R, resistant strain.
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Table 3

Minimum inhibitory concentrations (MICs; ug/mL) of penicillin G alone or with silver nanoparticles with diameters of 28 nm (AgNP-28 nm) or 8 nm (AgNP-8 nm).
Bacteria Penicillin G Drug combination MIC FIC Effect Drug combination MIC FIC Effect

AgNP-28 nm Penicillin G AgNP-8 nm Penicillin G

Salmonella enterica 2 25 1 15 I 125 1 15 I
Staphylococcus aureus (R) 1 125 0.5 0.6 A 125 0.125 0.6 A
Escherichia coli (R) >32 25 >32 2.0 1 6.3 >32 20 1
Actinobacillus pleuropneumoniae (R) >32 25 8 0.6 A 6.3 2 0.3 S
Pasteurella multocida 0.03 6.3 0.03 2.0 I 6.3 0.03 20 I

FIC, fractional inhibitory concentration index; S, synergy; A, additivity; I, indifference; R, resistant strain.

Table 4

Minimum inhibitory concentrations (MICs; ug/mL) of gentamicin alone or with silver nanoparticles with diameters of 28 nm (AgNP-28 nm) or 8 nm (AgNP-8 nm).
Bacteria Gentamicin Drug combination MIC FIC Effect Drug combination MIC FIC Effect

AgNP-28 nm Gentamicin AgNP-8 nm Gentamicin

Salmonella enterica 1 125 0.25 0.8 A 125 0.25 1.3 1
Staphylococcus aureus 2 25 0.25 0.4 S 6.3 0.5 0.5 S
Escherichia coli >32 6.3 8 0.4 S 31 16 0.8 A
Actinobacillus pleuropneumoniae (R) 8 25 0.25 0.5 S 25 8 2.0 1
Pasteurella multocida (R) 8 3.1 2 0.8 A k| 2 0.8 A

FIC, fractional inhibitory concentration index; S, synergy; A, additivity; I, indifference; R, resistant strain.

Table 5

Minimum inhibitory concentrations (MICs; ug/mL) of colistin alone or with silver nanoparticles with diameters of 28 nm (AgNP-28 nm) or 8 nm (AgNP-8 nm).
Bacteria Colistin Drug combination MIC FIC Effect Drug combination MIC FIC Effect

AgNP-28 nm Colistin AgNP-8 nm Colistin

Salmonella enterica (R) 4 125 2 1.0 A 6.3 2 1.0 A
Escherichia coli (R) 8 12.5 2 0.8 A 1.6 2 0.5 s
Actinobacillus pleuropneumoniae (R) 8 25 2 0.8 A 25 8 2.0 1
Pasteurella multocida (R) 8 31 1 0.6 A 3.1 1 0.6 A

FIC, fractional inhibitory concentration index; S, synergy; A, additivity; I, indifference; R, resistant strain.

amoxycillin. The additive effects of amoxycillin in combination with enhanced sensitivity of resistant P. multocida (MIC 8 pug/mL, break-

both sizes of AgNPs were observed against Gram positive S. aureus, point MIC >8 pg/mL), sufficient to make these bacteria gentamicin-
with an FIC index of 0.8. An additive effect with an FIC index of 1.0 sensitive. Resistant A. pleuropneumoniae (MIC 8 ug/mL, breakpoint MIC
was also demonstrated for amoxycillin combined with AgNP- >8 ug/mL) became sensitive to gentamicin when this antibiotic was
8 nm against S. uberis. combined with AgNP-28 nm.

Penicillin G Colistin

Penicillin G exhibited a similar pattern of results to amoxycillin
(Table 3). The MIC values for penicillin G were 0.03 to >32 ug/mL.
S. aureus (MIC 1 pug/mL, breakpoint MIC >0.25 pg/mL), E. coli (MIC
>32 pg/mL, breakpoint MIC >4 ug/mL) and A. pleuropneumoniae (MIC
>32 ug/mL, breakpoint MIC >4 ng/mL) showed resistance to peni-
cillin G. The antibacterial effects of penicillin G in combination with
AgNP-8 nm or AgNP-28 nm were synergistic and additive, respec-
tively, against A. pleuropneumoniae. This synergistic effect was the
strongest of all combinations tested, with an FIC index of 0.3 for
the combination of 2 pg/mL penicillin G plus 6.3 pg/mL AgNP-
8 nm. Additive effects were observed for S. aureus with penicillin G

The MICs of colistin reached 4 or 8 ug/mL (Table 5), indicating
that all bacteria tested were resistant to this antibiotic (break-
point MIC >2 pg/mL). When combined with AgNP-28 nm, the effect
was additive in all cases. Additive effects were also observed for the
combination of AgNP-8 nm and colistin against S. enterica and
P. multocida. P. multocida also became sensitive to colistin when it
was combined with 6.3 pg/mL AgNP-28 nm or 3.1 ug/mL AgNP-
8 nm. The combination of colistin with 1.6 pg/mL AgNP-8 nm
produced a synergistic effect against E. coli.

plus AgNPs of either size. Discussion
Gentamicin AgNPs are known for their exceptional antibacterial activity
against human bacteria (Panacek et al., 2006) and demonstrate syn-
The most effective antibiotic in combination with AgNPs was gen- ergistic action when given in combination with various adjuvants
tamicin (Table 4). When gentamicin was combined with AgNP- (Potara et al., 2011). Further investigation into their activity is re-
8 nm, enhanced antibacterial effects were additive against S. enterica quired to combat fast-spreading antibiotic resistances in bacteria
and P. multocida, and synergistic against S. aureus, E. coli and causing important diseases in livestock, such as mastitis (S. uberis)
A. pleuropneumoniae. With AgNP-8 nm, the effects were additive or respiratory diseases (A. pleuropneumoniae) (Matter et al., 2007).
against E. coli and P. multocida, and synergistic against S. aureus. Com- In the present study, AgNPs in combination with four different an-

bining 3.1 ug/mL of either AgNP-28 nm or AgNP-8 nm with gentamicin tibiotics were investigated for efficacy in several bacteria of veterinary
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origin to determine whether the antibacterial activity of a given an-
tibiotic is enhanced.

The antibacterial activity of AgNPs strongly depends on their size
(Martinez-Castaiion et al., 2008). In the present study, AgNPs of two
different sizes were synthesised to determine whether appropri-
ate enhancement of antibacterial activity of antibiotics combined
with AgNPs depends on nanoparticle size. The average sizes of AgNPs
preliminary determined by DLS (28 and 8 nm) were larger than those
calculated from TEM micrographs (20.6 and 4.7 nm; Appendix:
Supplementary Figs. S1A and S2A); the DLS method overesti-
mates larger size fractions, since the intensity of scattered light
depends on the sixth power of the particle size. Using UV/Vis spec-
trophotometry, AgNP-28 nm and AgNP-8 nm showed plasmon bands
at 409 nm (Appendix: Supplementary Fig. S1B) and 392 nm
(Appendix: Supplementary Fig. S2B), respectively, which are char-
acteristic for nanoscale silver (Kvitek et al., 2005). Smaller
nanoparticles present absorption maxima at shorter wavelengths,
whereas red shifts in maxima occur when the particle size in-
creases (Panacek et al., 2014).

When non-stabilised AgNP-28 nm particles were mixed with
broth prior to bacterial cultivation, slight aggregation of AgNPs oc-
curred, which was evident in the emergence of secondary absorption
peaks at longer wavelengths. Secondary absorption peaks located
at the wavelengths of 550-650 nm occur when AgNPs undergo ag-
gregation (Kvitek et al., 2008). To prevent this particle aggregation,
gelatine was used as a stabilising agent for AgNP-28 nm. Because
BHI broth consists of higher concentrations of electrolytes and
proteins than MH broth, it was necessary to use a higher gelatine
concentration to sufficiently stabilise AgNP-28 nm. In contrast,
AgNP-8 nm particles are stabilised by PAA directly in the prepara-
tion process and were sufficiently stable in the cultivating
media.

The smaller nanoparticles showed greater activity, correspond-
ing to previous observations that antibacterial activity is size-
dependent (Martinez-Castafion et al., 2008). Small nanoparticles can
pass through pores in the cellular membrane, release greater
numbers of silver ions and generate more ROS (Carlson et al., 2008)
and the larger surface area to volume ratio makes smaller AgNPs
more reactive (Rao et al., 2002). It was also observed that the growth
of Gram positive bacteria was less inhibited by AgNPs than Gram
negative bacteria, in agreement with previous reports (Kim et al.,
2007). These results perhaps can be attributed to the thinner pep-
tidoglycan layer of Gram negative bacteria, in comparison with the
rigid peptidoglycan cell wall of Gram positive bacteria.

Amoxycillin can be used as an example of the potential for AgNPs.
Amoxycillin is a B-lactam antibiotic, which acts by inhibiting the syn-
thesis of bacterial cell walls (Tipper, 1985) and is used for the treatment
of a wide range of bacterial infections in many animal species (Wilson
et al., 1999). As an example, amoxycillin has been used against
A. pleuropneumoniae, which causes important respiratory diseases that
result in economic losses in pigs (Bossé et al., 2002). Unfortunately, bac-
terial strains resistant to amoxycillin have emerged. In the present study
we show that the combination of amoxycillin with the two types of
AgNPs enhanced its activity against this A. pleuropneumoniae such that
it became sensitive to amoxycillin. The effects of amoxycillin com-
bined with AgNP-28 nm and AgNP-8 nm were synergistic and additive,
respectively, against A. pleuropneumoniae. Additive effects were also ob-
served against S. aureus, similar to the effects noted by Shahverdi et al.
(2007).

Li et al. (2005) proposed possible mechanisms for the synergis-
tic action of amoxycillin and AgNPs. Antibiotics most likely bind to
AgNPs, forming a structure in which amoxycillin molecules sur-
round the AgNP core. This favours the concentration of antimicrobial
groups at particular points on the cell surface, increasing the se-
verity of damage to the bacterium. In addition, AgNPs facilitate
recruitment of amoxycillin to the bacterial cell surface (Fayaz et al.,

2010). Brown et al. (2012) showed that the biocidal activity of am-
picillin increased when the drug was combined with AgNPs.

Similar results to those observed in the combination assay for
amoxycillin were observed with penicillin G, which also belongs to
B-lactam group. The strongest synergistic effect in this study was
observed for penicillin G combined with AgNP-8 nm directed against
A. pleuropneumoniae. The additive activity of penicillin G in com-
bination with AgNP-28 nm and AgNP-8 nm against S. aureus was in
agreement with findings by Shahverdi et al. (2007).

The most enhanced antibacterial activity through combination
with AgNPs was achieved with gentamicin. As with other
aminoglycosides, gentamicin acts by irreversibly binding to the 30S
subunit of the bacterial ribosome so interfering with protein syn-
thesis. In total, four additive and four synergistic effects were
observed by combining this antibiotic with AgNPs. Birla et al. (2009)
demonstrated an increased activity of gentamicin in the presence
of AgNPs against E. coli and S. aureus. In contrast, the efficiency of
a combined AgNP-gentamicin treatment against these bacteria was
not demonstrated in other studies (Shahverdi et al., 2007; Ghosh
et al,, 2012). An important observation from this current study is
the sensitivity of A. pleuropneumoniae and P. multocida to gentami-
cin in the presence of AgNPs, whereas these strains were resistant
to gentamicin alone. P. multocida is a Gram negative bacterium that
infects wild and domesticated animals and causes important dis-
eases such as fowl cholera (Harper et al., 2006).

The same phenomenon of antibiotic sensitivity of P. multocida
was observed for combinations of AgNPs with colistin, a mixture
of cyclic polypeptides effective against most Gram negative bacte-
ria, whose antibacterial activity is directed against the bacterial cell
membrane (Falagas and Kasiakou, 2005).

Most studies dealing with the synergistic effect of antibiotics com-
bined with AgNPs were performed using the disc diffusion method,
but this method has no parameter to classify results as synergistic
(Shahverdi et al., 2007; Birla et al., 2009; Fayaz et al., 2010; Ghosh
etal, 2012). There are also questions as to the extent to which AgNPs
are able to diffuse through solid agar and, for the purposes of synergy
testing, drugs at concentrations lower than the MICs should be used.
Unfortunately, previous studies used each drug in such an amount
that evidently inhibits bacterial growth (Shahverdi et al., 2007; Birla
et al., 2009; Fayaz et al., 2010).

AgNP-containing materials have been applied for use in human
medicine for wound dressing, impregnation of catheters, as im-
plants and in surgical mesh (Nirmala et al., 2010; Antonelli et al.,
2012; Wu et al., 2014; Nistico et al., 2015). Most silver-based prod-
ucts for animals are designed for surface disinfection, but some
preparations (e.g. TraumaPet Ag, Auxivet) are used as drops, oint-
ments, sprays or gels to suppress bacterial infections. AgNPs are also
used as prebiotics in animal feeding (Fondevila et al., 2009). Effects
on organisms depend on specific AgNP characteristics, such as size,
morphology or surface modification, and different AgNPs show dif-
ferent level of toxicity. Although potential adverse health implications
associated with AgNPs have been reported (Korani et al., 2011;
Genter et al,, 2012; Patlolla et al., 2015), several cytotoxic studies
demonstrated that AgNPs have a wide therapeutic window
(Martinez-Gutierrez et al., 2012; Mohanty et al., 2012; Boonkaew
et al,, 2014; Ivask et al., 2014). Moreover, the combination of AgNPs
with antibiotics lowers the concentrations of both antibiotics and
silver required to kill bacteria.

Ivask et al. (2014) demonstrated no cytotoxicity to mammalian
cells at 26.7 mg/L, while the average ECso (half-maximum effec-
tive concentration) for E. coli was 1.56 mg/L. AgNPs at 2 uM killed
>98% of bacteria, whereas this concentration was harmless for mac-
rophages (Mohanty et al., 2012). AgNP-containing hydrogels designed
for infected burn care also showed antimicrobial activity without
cytotoxicity (Boonkaew et al., 2014). Martinez-Gutierrez et al. (2012)
tested the antibacterial activity of AgNPs against a range of Gram
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positive and Gram negative bacteria, along with toxicity to THP-1
monocytes; AgNPs had MICs of 0.4-1.7 ug/mL, while a significant
increase in cytotoxicity was observed >5 pg/mL.

In mice, the lowest observed adverse effect was at 0.5 mg/kg
bodyweight/day following 28 days of repeated oral administra-
tion of AgNPs (Park et al., 2010). Conversely, nanoparticles caused
only slight liver damage when rats were exposed to >300 mg/kg
AgNPs (Kim et al., 2008).

Conclusions

Antibiotics in combination with AgNPs showed synergistic, ad-
ditive or indifferent effects independent of nanoparticle size, with
o antagonisin obseived. Although most of the effects were addi-
tive or indifferent, the combination of AgNPs with antibiotics reduced
the MIC of a given antibiotic in most cases. In the case of P. multocida
and A. pleuropneumoniae, AgNPs induced antibiotic sensitivity of the
selected strains to amoxycillin, gentamicin and colistin. AgNPs most
frequently exhibited the effect by increasing the antibacterial ac-
tivity of gentamicin, although the strongest synergistic effect was
observed for penicillin G combined with AgNP-8 nm against
A. pleuropneumoniae. The combination of antimicrobial agents with
AgNPs could be a promising way to decrease the amount of anti-
biotics currently used in animal husbandry.
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Abstract

Due to their wide uses in both domestic and industrial applications it is important to consider
possible releases of silver nanoparticles (AgNPs) into the environment and the possible consequences.
Thus, the potential toxicity of AgNPs to aquatic organisms has been intensively studied recently.
However, culture media composition and stability of AgNPs seriously affect dose-response
relationship. In present study the chronic toxicity of AgNPs to Daphnia magna in undiluted and 2-
fold diluted media was examined. Both gelatin-stabilized and non-stabilized AgNPs were synthesized
and their stability was assessed by transmission electron microscopy and UV/Visible spectroscopy.
The half maximal effective concentrations (EC50 values) for D. magna reproduction of non-stabilized
AgNPs in undiluted medium, non-stabilized AgNPs in 2-fold diluted medium and AgNPs stabilized
with 0.0001% (w/v) gelatin in 2-fold diluted medium were found to be 0.96, 0.32 and 0.16 mg/L,
respectively. AgNPs stabilized with 0.005% gelatin did not aggregate and marked toxicity was
observed across the AgNP concentration range from 0.001 to 1 mg/L. On the contrary, AgNPs with
low stability in media were subjected to aggregation and re-crystallization towards large particles,
which reduced their toxicity. Thus, the results demonstrate the importance of rigorous

characterization of media composition for robust assessment of AgNPs’ toxicological effects.

Keywords: Silver nanoparticles; aggregation; environmental toxicity; Daphnia magna

Abbreviations: AgNPs, silver nanoparticles; TEM, transmission electron microscopy; EC50, half
maximal effective concentration; Ag", silver ions; OECD, Organisation for Economic Co-Operation
and Development; PVP, Polyvinylpyrrolidone; EDTA, ethylenediaminetetraacetic acid; CTAB,
cetyltrimethylammonium bromide; DLVO, Derjagin, Landau, Verwey and Overbeek; LOAEC,

lowest observed adverse effect concentration.



Introduction

Silver nanoparticles are well known mainly for their strong antimicrobial activity >
Together with their easy manufacturing and manipulation, AgNPs have become the most popular
nanomaterial used in various commercial, medical and sanitary products *’. Due to an increased
amount of AgNPs applications, there is a high risk of aquatic environmental pollution and toxic effect
on aquatic organisms. Toxicity studies have demonstrated that AgNPs are toxic to diverse aquatic
organisms, including algae, cyanobacteria, plants, molluscs, crustaceans and fish, as illustrated by the
following examples. They reportedly decrease photosystem II quantum yields of algae and impair
growth of algae and cyanobacteria 2**°%. They can cause oxidative stress and change antioxidant
enzyme activities in aquatic plants and animals 2327238 They can retard the growth and development

239

of marine benthic invertebrate larvae and reduce larval settlement rates “°. They can also

241,301

bioaccumulate in and damage fish gills, liver and muscle . Moreover, they can retard

development, cause heart abnormalities and reduce both hatching rates and body lengths of fish larvae
242,043
Their toxicity mechanisms have not been fully elucidated, but some studies indicate that their

toxicity could be ascribed to silver ions (Ag") released from nanoparticle surfaces 3%, while others

237 h 234,238

suggest their toxicity is more likely particle-specific ©°/, or a combination of bot

Various studies have shown that AgNPs can have acute or chronic toxic effects on Daphnia
spp. at concentrations ranging from a few micrograms to milligrams per litre upwards, depending
(inter alia) on the nanoparticles’ preparation method, size, surface coating and surface charge 323,
More than 70% of AgNPs enter these organisms through ingestion of algae °>3%. Consequently,
silver is accumulated in their bodies around gills and the gut 2*62%%, Exposure to 0.1 mg/L of AgNPs
reportedly change neonates’ feeding behaviour, induces lesions and reduces both their body size and
amounts of brown lipid storage droplets 2*7. Exposure to just 0.002 mg/L may also affect their
swimming ability **7. Furthermore, a toxicogenomic study showed that AgNPs induce DNA damage
in D. magna **>%,

However, numerous factors in aquatic environments affect AgNPs’ stability and thus their
physico-chemical properties and toxicity. Inter alia, their aggregation and dissolution depend on pH,
ionic strength and presence of oxidizing agents and other compounds >°'"233, The importance of media
composition has been highlighted in several recent studies. Yue et al. found that exposure to citrate-
coated AgNPs in three media with varying ionic strength and chloride contents had differing toxicity
against a fish gill cell >*. Similarly, organic carbon content, pH and chloride content reportedly affect

silver ions toxicity to the fish Pimephales promelas **°.



A few recent studies have examined long-term effects of diluting artificial medium on the stability of
AgNPs with different stabilizing agents 2°%*7 and found that standard OECD medium should be
diluted 10-fold to avoid aggregation (without affecting D. magna viability). In addition, Romer et al.
found that diluting the medium increased the toxicity of citrate-stabilized AgNPs against D. magna
238 However, the chronic toxicity of AgNPs to D. magna in diluted standard media has not been
previously assessed. Thus, in the study presented here we examined effects of medium dilution on
the chronic toxicity AgNPs to D. magna, by exposing the organism to undiluted and 2-fold diluted
Elendt M4 medium. Effects of culture medium conditions on stability and crystallinity of silver

nanoparticles was also investigated.

Materials and methods
Preparation and characterization of AgNPs

AgNPs were synthesized according to Kvitek et al. % via reduction of [Ag(NH3)2]" by D-
maltose using the following (p.a. grade) chemicals: 1 mM silver nitrate (Fagron), 5 mM ammonium
hydroxide (28 to 30% [w/w], Sigma-Aldrich), 9.6 mM sodium hydroxide (Lach-ner) and 10 mM
D(+)-maltose monohydrate (Sigma-Aldrich). Reduction was completed within a few minutes. For
experiments with stabilized AgNPs, gelatin (p.a. grade, Penta) was added to a final concentration of
0.005% (w/v) into undiluted medium or 0.0001% (w/v) into 2-fold diluted medium to prepared AgNP
dispersions to prevent aggregation of nanoparticles. All experiments were carried out at room
temperature (approx. 21 °C).

The AgNPs’ size distributions were determined by the dynamic light scattering (DLS) method
using a 90 Plus Particle Size Analyzer (Brookhaven Instr. Co., USA) and transmission electron

microscopy (TEM) using a JEM 2010 (Jeol, Japan), which also enabled determination of their shapes.

Stability of AgNPs in media

We evaluated the stability of the prepared AgNPs in both undiluted and 2-fold diluted Elendt
M4 medium (at a silver concentration of 1 mg/L) by monitoring changes in their diameter using DLS
technique, surface plasmon band at 412 nm by UV/Vis spectrophotometry (Specord S 600 Analytik
Jena, Germany) over 24 h for non-stabilized AgNPs or 72 h for gelatin-stabilized AgNPs. In addition,
TEM images of non-stabilized particles were taken after 24 hours to compare their sizes and shapes
to those of fresh AgNPs.

Graphite furnace atomic absorption spectroscopy (GFAAS) using ContrAA 600 (Analytik
Jena AG, Germany, detection limit 0.01 pg/L) equipped with a high-resolution Echelle double



monochromator (spectral band width of 2 pm at 200 nm) and with a continuum radiation source
(xenon lamp) was used to determine a concentration of dissolved silver in order to consider possible
toxic effect of free ionic silver released from stabilized and non-stabilized AgNPs. For this purpose
total concentrations of AgNPs in undiluted or diluted media were 0.01, 0.1, 1, 10 mg/L and 0.01, 0.1,
1 mg/L, respectively. Determinations of dissolved ionic silver were performed immediately after
mixing the AgNP dispersion (both stabilized and non-stabilized) with the media (both diluted and
undiluted) and after three day period. Before measurements, AgNP dispersions were centrifuged for
30 min at 12000 x g in order to remove silver nanoparticles and aggregates. Obtained supernatants
were dissolved in 2% HNO3 and analysed by GFAAS. No organisms were present during these

experiments.

Organisms and medium

The freshwater crustacean D. magna was used as a standard test organism. In all toxicity
experiments, juveniles not older than 24 h (obtained from RECETOX, Masaryk University, Brno,
Czech Republic) were used. The animals were maintained in standard Elendt’s M4 solution (CSN
ISO 10706, 2001) containing basic inorganic salts and vitamins prepared at pH 7.2, and this medium

was used in all tests either undiluted or diluted 2-fold.

21-d chronic toxicity tests

According to Organization for Economic Co-Operation and Development (OECD) Guideline
211 for testing chemicals, sets of 10 neonates were exposed to the AgNPs in vessels containing 50
mL medium for 21 days %%, under 16/8 h light/dark cycles at 18 to 22 °C. The organisms were fed
with Pseudokirchneriella subcapitata green algae daily and exposed to non-stabilized and stabilized
AgNPs at 0.5 to 8.0 mg/L and 0.001 to 1.000 mg/L, respectively, in undiluted media, and to both non-
stabilized and stabilized AgNPs at 0.03 to 0.50 mg/L in 2-fold diluted media. M4 medium with no
AgNPs was used as a negative control. Sets of neonates were also exposed to 0.005% gelatin in
undiluted medium and 0.0001% gelatin in 2-fold diluted medium without AgNPs to test for possible
adverse effects of gelatin. Medium and toxicants were replaced with fresh medium and toxicants
every three days. During each 21-d exposure period the number of surviving parents and numbers of
neonates were recorded daily. The time to first brood and total number of juveniles at the end of
exposure were also determined. At the end of the experiments lengths of parental organisms were
measured, 21-d EC50 values were calculated, and the nonparametric Kruskal-Wallis test (p < 0.05)

was applied to evaluate the significance of differences between treated groups and controls.



Results
Synthesis and characterisation of AgNPs

To synthesize the AgNPs used in the toxicity tests we applied the modified Tollens process,
involving reduction of the complex cation [Ag(NH3):2]". This reliably generates AgNPs of 28 nm
diameter with a very narrow size distribution, as confirmed by TEM images showing that our
preparations contained spherical particles with diameters of approximately 30 nm (Fig. S1).
Moreover, UV/Vis absorption spectra of our AgNPs showed the typical surface plasmon absorption
peak at 412 nm (Fig. S2).

Stability of AgNPs in undiluted and 2-fold diluted M4 media

Mixing AgNPs with either undiluted or diluted culture medium strongly affected the
aggregation stability of silver particles, manifested by immediate increase in particle diameter from
28 nm to hundreds of nm and by changes in both colour and UV/Vis absorption spectra (Fig. 1a and
2a). The colour of dispersions changed from yellowish to blue-grey, while the absorption peak of
fresh particles at 412 nm continuously decreased and secondary peaks emerged at 545 nm and 505 nm
after mixing with undiluted and 2-fold diluted media, respectively. The positions of the maxima also
shifted toward longer wavelengths with time, indicating increases in particle diameter from original
28 nm to final hundreds of nm after 24 hours which is in agreement with previous studies 2. TEM
images confirmed the presence of large agglomerates arising from primary small AgNPs after mixing
with either undiluted or 2-fold diluted culture media (Fig. 3). Moreover, large silver crystals with
diameters of nearly 200 nm formed in undiluted culture media (Fig. 3a and 3b), possibly via re-
crystallization of the initially small AgNPs induced by electrolytes 2.

To prevent particle aggregation in culture media containing various electrolytes the
biocompatible AgNP-stabilizing agent gelatin was used at very low concentrations that have no acute
toxic effects on D. magna: 0.005% and 0.0001% in undiluted and 2-fold diluted culture media,
respectively (Supplementary data). The presence of 0.005% gelatin eliminated the marked changes
observed in the particle diameter and surface plasmon band of non-stabilised particles (Fig. 1a and
1b) and the colour of AgNP dispersions, confirming its stabilizing effect. Only slight increase in
particle diameter up to 33 nm and slight light absorption in the region of 450 nm to 550 nm was
observed in its presence, indicating very slight aggregation (Fig. 1b), and no evidence of re-
crystallization was detected. In the presence of 0.0001% gelatin AgNP dispersions were less stable

than in 0.005% gelatin, as manifested by a gradual decline in the surface plasmon peak at 412 nm



(Fig. 2b). Also particle diameter increased up to 80 nm after 24 hours. We observed some aggregation
and subsequent sedimentation of particles stabilised by 0.0001% gelatin after 24 hours. Thus, such
low gelatin concentrations appear to be insufficient for complete stabilization of AgNPs but sufficient
to retard aggregation and prevent re-crystallization of silver particles into large silver agglomerates
(under our test conditions).

Concentrations of free silver ions released from both non-stabilized and stabilized AgNPs into
diluted and undiluted culture media were considerably low and were found to be of the same order of

magnitude (< 0.06 pg/L) within three days in media.

Toxicity of non-stabilized AgNPs in undiluted medium

Of the tested permutations, non-stabilized AgNPs in undiluted M4 medium clearly had the
weakest negative impact on D. magna survival (Fig. 4a), and the number of surviving adult
individuals exposed to AgNPs gradually decreased with increases in silver concentration. Exposure
to AgNPs at the highest concentration (8 mg/L) led to 100% mortality during the first day of D. magna
breeding, and just three and two adults exposed to 4 mg/L of AgNPs survived for 6 and 21 days,
respectively. Lower silver concentrations from 2 to 0.5 mg/L had less toxic effects on D. magna
adults. Only two individuals exposed to 2 mg/L of AgNPs died on day 10 (from the start of exposure)
and three on day 19. All individuals exposed to 1 mg/L of AgNPs survived until day 13, and nine of
10 individuals survived until the end of the exposure. AgNPs had no apparent effect on the survival
of adults at the lowest test concentration (0.5 mg/L silver), as just one individual died during day 20
both at this concentration and in the control group that was not exposed to AgNPs.

Although AgNPs did not affect the viability of adult D. magna at 0.5 mg/L, and concentrations
of 1 and 2 mg/L had moderate toxic effects, exposure to all tested concentrations (0.5 to 8 mg/L)
markedly affected their reproductive ability (Fig. 4b). The number of neonates that hatched and the
time to first brood was delayed as the concentration of AgNPs increased. The total number of
juveniles was 38% lower than the control number at the end of exposure to the lowest AgNP
concentration (0.5 mg/L). Moreover, the time to first brood increased from 7.6 days for controls to
8.6 days at 2 mg/LL and 14.5 days at 4 mg/L, and no neonates hatched at the highest silver
concentration (8 mg/L). The body length of adult D. magna gradually decreased with increasing silver
concentration from 5 mm (control group) to 4.1 mm (at 4 mg/L of AgNPs). The reproduction EC50
was determined to be 1 mg/L of AgNPs.



Toxicity of stabilized AgNPs in undiluted medium

Gelatin was used to stabilize AgNPs to determine their toxicity at their original nanoparticle
size. At 0.005% it successfully prevented aggregation of AgNPs in undiluted medium during a 3-d
experiment (Fig. 1b), and no adverse effects of pure gelatin at this concentration on D. magna adults
were detected in acute toxicity tests (Fig. S3). Stabilized AgNPs had significantly stronger toxic
effects on D. magna than non-stabilized AgNPs, as fewer individuals survived in their presence
during the tests (Fig. 5a). Toxic effects of AgNPs were noted within the first three days. On day 3 of
the tests, mortality rates at silver concentrations of 0.01, 0.1 and 1.0 mg/L were 20, 60 and 80%,
respectively. At the lowest silver concentration (0.001 mg/L) no toxic effects were detected during
the first three days, but the number of surviving adults decreased to seven individuals on the 4" day
and to one individual on the 6™ day. No individuals survived in the presence of stabilized AgNPs at
any concentration beyond the 9™ day of the tests.

It should be noted that gelatin showed toxic effects on adult individuals during chronic
toxicity tests (Fig. 5), as some individuals exposed to pure gelatin died during the 6™ and 10" days
(Fig. 5a). Moreover, both stabilized AgNPs and gelatin alone severely affected the reproduction
ability of adult D. magna (Fig. 5b); just 61 neonates were produced in the presence of pure gelatin,

compared to 1794 in the control conditions.

Toxicity of non-stabilized AgNPs in 2-fold diluted medium

In 2-fold diluted medium non-stabilized AgNPs were more toxic (Fig. 6a) than in undiluted
medium (Fig. 4a), and their toxicity was dose-dependent. At 0.06 mg/L no adults died, at 0.03 mg/L
one adult died on day 14, but only 20% of the adults survived the full 21-d exposure at the highest
concentration (0.5 mg/L). In addition, the total number of juveniles generally declined with increases
in the concentration of non-stabilized AgNPs in diluted medium (Fig. 6b). The total number of
juveniles dropped to 180 at the end of exposure to 0.5 mg/L AgNPs, from 1102 individuals in control
conditions. Moreover, although one adult individual died at 0.03 mg/L, more juveniles were produced
at 0.03 mg/L than at 0.06 mg/L of AgNPs. However, the non-stabilized particles did not significantly
affect either the time to first brood or the length of parents. Moreover, hormesis was observed at the
lowest AgNP concentration, 0.03 mg/L (Fig. 6b). The calculated EC50 for reproduction of non-
stabilized AgNPs in diluted media was 0.32 mg/L.



Toxicity of stabilized AgNPs in 2-fold diluted medium

In the diluted medium the number of D. magna adults that survived and numbers of juveniles
declined with increases in concentration of stabilised AgNPs (Fig. 7). During exposure to the highest
tested concentration (0.5 mg/L) all adults died and just 19 juveniles were produced. At 0.25 mg/L the
AgNPs had consistently more toxic effects than at 0.13 mg/L, except for lower numbers of survivors
on days 19 and 20, but there were only three surviving adults in both cases at the end of exposure. At
0.06 mg/L one adult died on day 16 and four individuals survived until the end of exposure. Exposure
to the lowest AgNP concentration (0.03 mg/L) also led to death of one individual, on day 19, and five
survived the full exposure. Gelatin also showed slight toxicity at the end of the 21-d experiment, but
not sufficient to affect results of AgNP toxicity tests (Fig. 7a).

The total number of juveniles declined with increases in concentration of stabilised AgNPs
from 0.06 to 0.5 mg/L (Fig. 7b). However, hormesis was detected at the lowest tested concentration
(0.03 mg/L), at which more juveniles were produced (1739) than in the control group (1534).
Although gelatin killed less adults than AgNPs at a concentration of 0.06 mg/L, fewer juveniles were
produced in the presence of pure gelatin (1123) than in the presence of stabilised AgNPs (1237). The
calculated ECsp of stabilized AgNPs in diluted media was 0.16 mg/L.

The presence of stabilised AgNPs did not significantly change the time to first brood from the
control duration (8.8 days), and only significantly affected the mean length of adults at 0.25 mg/L,

where it dropped from 4.8 mm (for controls) to 3.3 mm.

Discussion

Soluble silver compounds and AgNPs are considered to be highly toxic to aquatic organisms,
but it is unclear whether the toxicity of AgNPs is largely due to their nano-size or release of dissolved
ions from their surfaces. In various studies they have displayed toxic effects on D. magna at
concentrations ranging from a few micrograms to milligrams per litre. However, the toxicity of
nanoparticles is strongly dependent on the surrounding environment, which should be considered
when assessing results of such studies. In this work we aimed to characterize the chronic toxicity of
AgNPs to D. magna with respect to stability and crystallinity of silver nanoparticles influenced by
media condition.

We observed clear dose-dependent effects of non-stabilized AgNPs on D. magna mortality
and reproduction in undiluted M4 medium (Fig. 4a and 4b). However, the toxicity was far lower than
reportedly observed in studies of other preparations’ chronic toxicity. The lowest observed effective

concentration in our study for impairing the length of D. magna and time to first brood was 2 mg/L,



and the calculated EC50 for D. magna reproduction was 1 mg/L. In contrast, concentrations of
carbonate-coated AgNPs as low as 50 pg/L can reportedly inhibit reproduction and reduce the length
of parents %, and ECI10 values of 0.92, 2.25 and 3.45 pg/L for chronic toxicity of
polyvinylpyrrolidone (PVP)-coated AgNPs towards D. magna, D. pulex and D. galeata, respectively,
have been published 2%,

Aggregation and re-crystallization of the primary small (28 nm) AgNPs into larger particles
presumably account for the low toxicity we observed, as it is well known that nanoparticles’
antibacterial activity and toxicity are negatively correlated with their size 3!%3!!. When AgNPs were
mixed with medium, the absorption peak of the original particles was supressed and secondary peaks
emerged at longer wavelengths, indicating the presence of aggregates larger than 100 nm 2.
Furthermore, the secondary peaks gradually shifted to longer wavelengths, indicating that aggregates
were growing (Fig. 1a), as confirmed by TEM. TEM images taken 24 h after mixing AgNPs with
medium also clearly show that original small nanoparticles were present together with newly formed
particles with diameters up to 200 nm (Fig. 3a and 3b), formed by re-crystallization. Oxidative species
and coordination ligands play key roles in this process by causing so-called oxidative etching and
dissolution of AgNPs, which promote the growth of new crystals. Oxidative etching is an important
part of the metal nanocrystals synthesis. The re-crystallized particles are result of two cooperative
processes — oxidation and reduction. Original zerovalent species produced by reduction of salt
precursor and folowed by growth into nanocrystals can be re-oxidized to the ionic form when
oxidative species and coordination ligand for the metal ions are present. It enables to control size,
shape and crystallinity during nucleation and growth 231:285:2%,

In the presence of oxidizing agents, AgNPs dissolve and produce Ag"’, which is a highly toxic
form of silver to aquatic organisms. Thus, toxicity to cladocerans (such as D. magna) is often
attributed mainly to Ag’ released from AgNPs 2°!*% However, there are indications that the
mechanism of AgNPs’ toxicity may differ from that of silver salt solutions 2. Notably, toxicity due
to release of Ag" should theoretically be reduced by the presence of other compounds such as
complexing agent and dissolved organic matter >°>3!2, In our study, concentration of free Ag” in
medium was below 0.06 pg/L which represents very low concentration. Considerable amounts of any
Ag" released could have been complexed by ethylenediaminetetraacetic acid (EDTA), a component

of M4 medium. Further reductions in free Ag" concentration could occur in the presence of algae

1 312 1 294

used as feed. Accordingly, Blinova et a and Sakamoto et a respectively found that the chronic
toxicity of PVP-coated and non-coated AgNPs was lower than their acute toxicity, as measured by
standard protocols, and suggested that this could have been due to the addition of algae as food in the

chronic tests. Moreover, algae exudates can significantly decrease metal toxicity generally 2%



Because concentrations of Ag" in media were lower than concentrations of ionic silver sufficient to
evoke chronic toxic effects (units of pg/L) we concluded that Ag" ions are not directly responsible
for the observed toxic effects 313314,

Particles’ toxicity is generally inversely correlated to their size. Thus, the stability of AgNPs
plays important roles in their toxic effects, for two main reasons: small particles can penetrate into
organisms’ bodies more easily than large particles, and they more readily release Ag" 2°%3%2, In
addition to capping agents, the stability of AgNPs strongly depends on environmental factors, such
as pH and ionic strength 2°>?°3, When concentrations of electrolytes are decreased by diluting media
colloidal stability should increase, according to Derjagin, Landau, Verwey and Overbeek (DLVO)
theory 27. Thus, a few studies have addressed effects of diluting medium on the stability and acute
toxicity of AgNPs to D. magna. Notably, Rémer et al. 2°® found that: standard OECD medium must
be reduced at least 10-fold to reduce aggregation of citrate-stabilized AgNPs significantly, such
dilution does not affect the test organisms’ mobility or fecundity in the absence of toxins but reduces
the lowest observed adverse effect concentration of citrate-stabilized AgNPs from 11.25 to 2.5 pg/L
258 Similarly, 10-fold dilution of standard OECD medium (with chlorides) reportedly stabilises PVP-
AgNPs %7,

In present study, we used gelatin at a concentration of just 0.0001% to minimize its toxicity
and influence on AgNP toxicity. For this purpose, culture medium was diluted 2-fold to keep the
AgNPs stable. As expected, the aggregation of non-stabilized AgNPs was slower in 2-fold diluted
medium, and small AgNPs were present in the medium for a longer time, as manifested by a more
gradual decrease in the UV/Vis absorption maximum of fresh AgNPs (Fig. 2a). Consequently, non-
stabilized AgNPs were more toxic in 2-fold diluted medium (Fig. 6a and 6b) than in undiluted
medium (Fig. 4a and 4b) in terms of both mortality and reproduction endpoints (e.g. EC50 values
calculated from reproduction data were 0.32 and 1 mg/L, respectively, in these media). The viability
and reproduction of parents in AgNP-free controls group were not affected by the dilution.

Adding just 0.0001% gelatin to AgNPs in 2-fold diluted medium further increased their
stability (Fig. 2b). Considerable proportions of small AgNPs remained stable for three days.
Moreover, stabilized AgNPs were more toxic to adults and more strongly impaired reproduction than
non-stabilized AgNPs in diluted medium, as shown in Figs. 6 and 7. Interestingly, hormetic responses
were observed to both stabilized and non-stabilized AgNPs, as more offspring were produced at the
lowest concentrations used in 2-fold diluted medium than in controls. Similarly, Pokhrel and Dubey
found that reproduction was 2-fold higher than control rates in 21-d tests when D. magna were treated
with 2 pg/L AgNPs #7. However, variations in tolerance to AgNPs among generations of D. pulex

and D. galeata have been observed in multi-generation experiments 5%



Calculated EC50 values for stabilized and non-stabilized AgNPs were 0.16 and 0.32 mg/L,
respectively, indicating that stabilized AgNPs are more toxic than non-stabilized AgNPs in diluted
media. A particularly interesting finding in the context of present study is that gelatin was also slightly
toxic, according to measurements at the end of 21 days exposure (Fig. 7a and 7b), despite the low
concentration (0.0001%) used. However, gelatin toxicity was not reflected in AgNPs’ toxicity at the
lowest concentration used. When a higher gelatin concentration (0.005%) was used for stabilization,
AgNPs retained their initial characteristics more strongly in undiluted medium (Fig. 1b), and the
particles with the original small size (28 nm) were much more toxic than their non-stabilized
counterparts. At all concentrations >1 ng/L AgNPs induced rapid mortality of adults and only 16
neonates were produced in medium with gelatin (Fig. 5). Dispersions of nanoparticles have various
components: in addition to core particles there may be (inter alia) dissolved ions released from
nanoparticle surfaces, capping agents, antifouling molecules and chemicals remaining from synthesis.
Any of these components could contribute to the toxicity of dispersions, so all of them should be
evaluated to assess sources of toxicity rigorously. In present study, gelatin at a concentration of
0.005% exhibited chronic toxicity (Fig. 5) but not acute toxicity (Fig. S3) in standard tests. Thus,
changing of the gelatin every three days apparently affected D. magna adversely in the chronic tests.
The dependence of nanoparticles’ toxicity on capping agents has been previously noted 2*°. Indeed,
the toxicity of nanomaterial solutions may apparently arise solely from free capping agent 2%, The
cited authors observed that free cetyltrimethylammonium bromide (CTAB) used as a structure-
directing agent for gold nanorods was cytotoxic, but not the gold nanorod solution. Capping agents
can also change particles’ surface charges, thereby reducing the electrostatic barrier between cells
and particles 2%°. Therefore, the amount and type of stabilizing agent should be carefully considered

when assessing results of toxicity tests.

Conclusion

The results of present study clearly show that toxicological effects of AgNPs depend on the
concentrations of medium constituents and stabilizing agent(s). Presumably due to its relatively high
ionic strength, undiluted medium promoted aggregation and re-crystallization of non-stabilized
AgNPs and reduction of their toxicity. The toxicity of AgNPs was markedly higher in 2-fold diluted
medium, but the dilution did not affect the test organisms’ viability in the absence of contaminants.
Concentration of free Ag" released from AgNPs was considerably low in all performed experiments
proving that toxicity is not driven only by ionic silver but it is also particle-specific. Overall, the
results highlight the necessity of rigorously defining conditions, and assessing effects of all

potentially relevant factors, in toxicity tests.
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Fig. 1 UV/Vis absorption spectra of (a) non-stabilized silver nanoparticles (AgNPs, 10 mg/L) in
undiluted M4 medium recorded during 24 h and (b) AgNPs stabilized with 0.005% of gelatin in
undiluted M4 medium recorded during 72 h.
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Fig. 2 UV/Vis absorption spectra of (a) non-stabilized silver nanoparticles (AgNPs, 10 mg/L) in 2-
fold diluted M4 medium recorded during 24 h and (b) AgNPs stabilized with 0.0001% of gelatin in
2-fold diluted M4 medium recorded during 72 h.



Fig. 3 TEM images of large silver agglomerates formed by re-crystallization and aggregation

recorded 24 h after mixing with undiluted (a, b) and diluted (c, d) culture media.
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Fig. 4 Numbers of (a) surviving adults and (b) offspring of Daphnia magna exposed to non-stabilized

AgNPs in undiluted M4 medium during 21 days.
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Bacterial resistance to silver nanoparticles and

how to overcome it

Ales Panacek’, Libor Kvitek™, Monika Smékalova’, Renata Veéefova?, Milan Kolar?,
Magdalena Roderova? Filip Dycka3, Marek Sebela?, Robert Prucek’, Ondrej Tomanec* and Radek Zbo¥il™

Silver nanoparticles have already been successfully applied in various biomedical and antimicrobial technologies and products
used in everyday life. Although bacterial resistance to antibiotics has been extensively discussed in the literature, the pos-
sible development of resistance to silver nanoparticles has not been fully explored. We report that the Gram-negative bacteria
Escherichia coli 013, Pseudomonas aeruginosa CCM 3955 and E. coli CCM 3954 can develop resistance to silver nanoparticles
after repeated exposure. The resistance stems from the production of the adhesive flagellum protein flagellin, which triggers
the aggregation of the nanoparticles. This resistance evolves without any genetic changes; only phenotypic change is needed to
reduce the nanoparticles' colloidal stability and thus eliminate their antibacterial activity. The resistance mechanism cannot be
overcome by additional stabilization of silver nanoparticles using surfactants or polymers. It is, however, strongly suppressed

by inhibiting flagellin production with pomegranate rind extract.

promising nanomaterials in medical applications and biotech-

nology because of their high antimicrobial efficiency'. There
is great interest in medical applications of silver NPs because of the
development and spread of bacterial resistance to antibiotics, which
limits the effectiveness of antibiotic treatments for infectious dis-
eases’. Silver NPs exhibit high bactericidal activity at concentra-
tions that are not cytotoxic to human cells, and they also strongly
enhance the antibacterial activity of conventional antibiotics even
against multiresistant bacteria through synergistic effects™ . It is
currently too early to say whether silver NPs could be used in medi-
cine to enhance the effectiveness of antibiotics or fully replace them
in the treatment of local and systemic infections. It is, however, the
right time to start considering the potential development of bacte-
rial resistance to silver NPs.

Silver in various forms (metallic silver, silver salts and colloidal
silver) has been used as an effective antibacterial agent for many
centuries and has retained effective antibacterial activity through-
out that period. As yet, there have been no conclusive reports on the
development of bacterial resistance to silver NPs. There have, how-
ever, been some reports of bacterial resistance to ionic silver'**.
Such resistance may involve reducing Ag* to the less toxic neutral
oxidation state or active efflux of Ag* from the cell by P-type ade-
nosine triphosphatases or chemiosmotic Ag*/H* antiporters'~*'. In
addition, a few recent studies have provided tentative evidence of
bacterial resistance or reduced susceptibility to silver NPs. Most of
these studies invoked resistance mechanisms based on the elimina-
tion of ionic forms of silver”’~*. On the other hand, in contrast to the
intensive, long-term and repeated administration of classical antibi-
otics or ionic forms of silver (for example silver sulfadiazine), silver
NPs have not been commonly used in medical practice, excluding
a brief period at the start of the twentieth century when colloidal
silver was used to treat some conditions. Therefore, it is not clear

f ; ilver nanoparticles (NPs) and nanocomposites are considered

whether bacteria may develop resistance to silver NPs. The only
research to have studied bacterial behaviour in response to repeated
long-term exposure to silver NPs* found that among many bacterial
strains, only Bacillus subtilis has a natural ability to adapt to cellular
oxidative stress induced by Ag* leaching upon prolonged exposure
to nanosilver particles supported on crystalline TiO,. Despite these
efforts, there is ongoing debate about whether bacteria may develop
resistance to the antibacterial effect of silver NPs upon long-term
exposure to subinhibitory silver concentrations.

Here, we describe a new mechanism by which bacteria origi-
nally susceptible to silver NPs can become resistant to their toxic
effects after repeated long-term exposure to subinhibitory concen-
trations. The mechanism is based on the production of the bacte-
rial flagellum protein flagellin, which causes the aggregation of
silver NPs and thereby suppresses their antibacterial effect against
Gram-negative bacteria.

Development of bacterial resistance to silver NPs

Gradual increases in the minimal inhibitory concentrations of
silver NPs. For the purposes of this study, the well-known and reli-
able modified Tollens process’ was used to prepare silver NPs with
a diameter of 28nm and concentration of 108 mgl!. The narrow
size distribution of the prepared NPs was confirmed by transmis-
sion electron microscopy (TEM) and the presence of a narrow sur-
face plasmon absorption peak at 405nm in their ultraviolet/visible
(UV/Vis) spectrum (Supplementary Fig. 1). Silver NPs synthesized
in this way exhibit high antibacterial activity, as demonstrated by
their low minimum inhibitory concentrations (MICs) towards non-
adapted bacteria, which range from 1.69 to 13.5mgl™" (Table 1).
With the NPs in hand, we performed 20 successive bacterial cultiva-
tion steps with each tested bacterial strain in cultivation media con-
taining subinhibitory silver concentrations, and we determined the
MICs of the silver NPs after each cultivation step (Table 1). The first

'Regional Centre of Advanced Technologies and Materials, Department of Physical Chemistry, Palacky University Olomouc, Olomouc, Czech Republic.
2Department of Microbiology, Palacky University Olomouc, Olomouc, Czech Republic. *Department of Protein Biochemistry and Proteomics, Centre of
the Region Hana for Biotechnological and Agricultural Research, Palacky University Olomouc, Olomouc, Czech Republic. “Regional Centre of Advanced
Technologies and Materials, Palacky University Olomouc, Olomouc, Czech Republic. *e-mail: libor.kvitek@upol.cz; radek.zboril@upol.cz
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Table 1| Minimum inhibitory concentrations of silver NPs as determined for various Gram-negative bacteria after each of 20

consequent culture steps

Bacteria MIC (mg I))

1 2 3 4 5 6 7 8 9) 07 1N 12 B 14 15 16 17 18 19 20
EcoliCCM 3954 338 675 338 675 675 135 135 54 >54 >54 >54 >54 >54 >54 >54 >54 >54 >54 >54 >54
P.aeruginosa 1.69 338 0.89 169 338 3.38 169 169 338 338 6.75 27 54 >54 54 54 >54 54 >54 54
CCM 3955
E.coli 013 13:5M27 135 27 13550 1350 135 135 135 135 27 27 54 >54 >54 >54 >54 54 >54 >54

The increasing MIC values show the gradual development of bacterial resistance against silver NPs.

ance to the silver NPs was
E coli CCM 3954 After the sixth cultivation step, the MIC for this
strain (13.5mgl™") was significantly greater than that for the cor-
responding reference strain (3.38mgl™"). By the eighth step, the
strain's MIC had risen to 54mgl-. Similarly, P. aeruginosa CCM
3955 and E. coli 013 became resistant to the silver NPs by the
11th and 13th steps, respectively. All of the tested bacterial strains
maintained their resistance to the silver NPs between the 13th and
20th steps (Table 1). These results clearly show that all the tested
bacterial strains developed resistance to silver NPs after repeated
exposure. We determined the final MICs of silver NPs against these
‘Ag-resistant’ strains using silver dispersion with concentrations as
high as 432mgl! prepared by a very similar procedure to that used
to synthesize the primary NPs. Importantly, all the ‘Ag-resistant’ bac-
teria had substantially higher MIC values than their ‘Ag-susceptible’
parent strains. For example, the MIC for E. coli CCM 3954 rose
from 3.38 to 108 mg1™', that for P. aeruginosa CCM 3955 went from
1.69 to 54mgl™, and that for E. coli 013 (Supplementary Table 1)
went from 13.5 to 108 mgl-'.

Interestingly, no increase in MICs was observed during a paral-
lel set of experiments in which ionic silver was added to the culture
medium in place of Ag NPs. That is, no bacterial resistance to ionic
silver developed under the tested conditions. In addition, the MICs
for ionic silver towards the silver NP-resistant bacteria were identi-
cal to those for their non-resistant parent strains, confirming that
the resistance mechanism that protects against silver NPs is inef-
fective against ionic silver. The induced bacterial resistance to silver
NPs thus seems to be specific to nanoparticulate silver.

Aggregation and precipitation of silver NPs. The bacterial resis-
tance to silver NPs was accompanied by a gradual aggregation and
precipitation of silver at the bottom of microplate wells containing
the ‘Ag-resistant’ bacterial strains. As shown in Fig. 1, this is read-
ily detectable because it changes the well’s colour from light yellow
at the start of the experiment to grey-black after 24hours’ cultiva-
tion with the ‘Ag-resistant’ bacterial strain (Fig. 1). Conversely, wells
containing ‘Ag-susceptible’ bacterial strains and silver NPs retain
their yellow colour (Supplementary Fig. 2), which is indicative of a
stable and weli-dispersed NP suspension because it originates from
the NPs’ surface plasmon absorption.

The high aggregation stability of silver NPs after culturing
with ‘Ag-susceptible’ bacteria was clearly demonstrated by TEM
(Fig. 2a,b). Conversely, large aggregates of silver NPs with sizes rang-
ing from several hundred nanometres to micrometres were observed
after culturing with ‘Ag-resistant’ E. coli CCM 3954 (Fig. 2c,d).
This clearly shows that ‘Ag-resistant’” E. coli CCM 3954 induces the
aggregation of silver NPs (see also Fig. 2e,f) and thereby suppresses
their antibacterial effect. It is well established that large silver par-
ticles and aggregates have considerably lower antibacterial activity
than pristine well-dispersed silver NPs****. The bacteria were thus
able to induce aggregation of silver NPs after repeated culturing,
leading to suppression or even total elimination of their antibacte-
rial effects. The aggregation and sedimentation stability of colloid

narticles n]nvc a I(Pv role in

particles S a K

1g e properties,
1nclud1ng bmloglcal activity, so any process that dlsrupts their col-
loidal stability can profoundly change their behaviour. It seems that

the tested bacteria developed a way to exploit this vulnerability.

Mechanism of silver NPs aggregation induced by bacteria
To explore the mechanism of aggregation, we attempted to reduce
the resistance of the cultured bacteria and restore the antibacterial
activity of silver NPs through surface stabilization with commonly
used non-toxic stabilizers such as polymers (polyethylene glycol
and polyacrylic acid), the protein gelatin and the surfactant Tween
80. Bacterial growth curves and viability tests indicated that none
of these stabilizers had any appreciable effect on bacterial growth
and metabolism (for detailed information, see the Supplementary
experimental section, Supplementary Fig. 3 and Supplementary
Table 2). Most importantly, cultivation experiments using these
stabilizers (for MICs, see Supplementary Table 3) unambiguously
demonstrated that ‘Ag-resistant’ E. coli CCM 3954 retains its resis-
tance even when exposed to surface-stabilized silver NPs. Indeed,
none of the tested stabilizers restored the antibacterial activity of the
silver NPs in the presence of the ‘Ag-resistant’ strain. This is impor-
tant because polymers/surfactants have been repeatedly identified
as efficient stabilizers that can ensure the colloidal stability of water
dispersions of silver nanoparticles”. However, the Ag-resistant
bacteria can clearly overcome this barrier.

The ability of silver NPs to inhibit the growth of ‘Ag-susceptible’
E. coli CCM 3954 and ‘Ag-resistant’ E. coli CCM 3954 strains was
further investigated by culturing on agar plates containing NPs at
concentrations of 20mgl™ and 40mgl-. ‘Silver-resistant’ bacterial
strains cultured on plates containing silver NPs at either concentra-
tion were not inhibited, whereas the growth of susceptible strains
was completely inhibited (Supplementary Fig. 4). Moreover, NP
aggregation was clearly observed during and after the culture of the
resistant strain on the agar plates (Supplementary Fig. 5): the agar
gel containing the silver NPs was originally yellow but gradually
became grey around and beneath the ‘Ag-resistant’ bacteria.

It is worth noting that the aggregation stability of colloidal par-
ticles in liquids is determined by (among other things) competition
between van der Waais attraction and electrostatic repuision forces
between colloidal particles with the same surface charge. The zeta
potential of the silver NPs used in this study was -28 mV, which
is nominally sufficient to ensure long-term aggregation stability.
According to the DLVO theory (named for Derjaguin, Landau,
Verwey and Overbeek), which quantitatively describes the aggre-
gation of charged colloidal particles by combining the effects of
van der Waals attraction and electrostatic repulsion (Coulombic
forces)”, aggregation can be induced by adding appropriate coun-
terions that eliminate the particles’ surface charges. Induced
aggregation of silver NPs by this mechanism using a cationic poly-
electrolyte has been demonstrated®. The aggregation of silver NPs
is readily monitored by UV/Vis spectrophotometry. The absorp-
tion spectra of silver NPs diluted in Mueller-Hinton broth at a
ratio of 1:1 (V/V) before and after culturing with ‘Ag-susceptible’
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16 hours

24our

Fig. 1| Gradual aggregation and precipitation of silver NPs in microplates containing ‘Ag-resistant’ E. coli CCM 3954 after 0, 4, 8, 12,16 and 24 hours
of cultivation. The concentration of silver NPs decreases gradually from 54 mg| to 0.84 mg|” on going from the second to the eighth row. The upper row
contains pristine dispersions of silver NPs (108 mg ") without any bacteria or culture media.

and Ag-resistant’ E. coli CCM 3954 are presented in Fig. 3a. The
characteristic surface plasmon band of well-dispersed colloidal sil-
ver NPs gradually disappears in the presence of ‘Ag-resistant’ E. coli
CCM 3954 owing to the aggregation of silver NPs. Conversely, in
the presence of the ‘Ag-susceptible’ strain, the intensity of the sur-
face plasmon band remains unchanged even after 24 hours of cul-
tivation (Fig. 3a). This suggests that ‘Ag-resistant’ bacteria induce
aggregation of silver NPs by extracellular secretion of an agent that
remains adsorbed on the aggregates’ surfaces. This agent is likely to
be a high-molecular-mass substance such as a protein. Therefore,
protein extracts prepared using various solvents were subjected to
proteomic mass spectrometry (MS) and tandem mass spectrometry
(MS/MS) analysis to identify proteins that might be responsible
for the observed NP aggregation. Several proteins were detected
in all the extracts except those prepared using 0.1% trifluoroacetic
acid (TFA) (see Supplementary datasets 1, 2 and 3). These proteins
included 308 and 508 ribosomal proteins and enzymes involved in
cellular metabolism in E. coli, indicating that some degree of cell
lysis occurred before or during the extraction process.

The most abundant proteins in the extract prepared with 2.5%
TFA were flagellin followed by type-1 fimbrial protein. Flagellin
was also one of the most abundant proteins in the extracts prepared

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

with diluted NH,OH. Table 2 summarizes peptides, which were
sequenced by collision-induced MS/MS and unambiguously
matched to flagellin sequences. Flagellin is a bacterial protein that
forms the extracellular flagellar filaments that enable bacterial
motility*** and elicits immune responses via toll-like receptor 5
(ref. *°). It is also an adhesive protein that (together with the flagel-
lum) is crucial for biofilm formation due to its role in the initial
stages of surface adhesion’**. However, its potential effects on the
aggregation stability of silver NPs have not previously been stud-
ied. To investigate the proposed role of flagellin in triggering the
aggregation process, we conducted a simple experiment with a com-
mercially available flagellin solution, which we added to a diluted
dispersion of silver NPs in Mueller-Hinton broth under conditions
similar to those used in the culture experiments. The mixture was
then heated to 37°C for 24 hours. The initially yellow dispersion of
silver NPs immediately became grey upon adding flagellin (Fig. 4a),
and a black silver precipitate was observed at the bottom of the
Eppendorf tube after 24 hours at 37 °C (Fig. 4b), conclusively dem-
onstrating that flagellin induces aggregation of silver NPs.

The induction of aggregation upon adding flagellin to disper-
sions of silver NPs was confirmed by particle size and zeta potential
measurements, and UV/Vis spectroscopy. As shown in Fig. 3b, the

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Fig. 2 | High aggregation stability of silver NPs after culturing with ‘Ag-susceptible’ bacteria demonstrated by TEM images. a,b, Pristine non-aggregated
silver NPs; ¢,d, aggregated silver NPs after culturing for 24 hours with ‘Ag-resistant’ E. coli CCM 3954. e f, Aggregation of silver NPs induced by resistant E.

coli CCM 3954.
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Fig. 3 | UV/Vis absorption spectra. a, Spectra are shown for silver NPs diluted in Mueller-Hinton broth before (original dispersion) and after culturing
with ‘Ag-susceptible’ and ‘Ag-resistant’ E. coli CCM 3954. b, UV/ Vis spectra of silver NPs diluted in Mueller-Hinton broth before and after addition of

commercial flagellin, showing its strong effect on aggregation stability.
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Table 2 | Peptides identified to match flagellin sequences in the Swiss-Prot database

Peptide  Accession Protein: or M ed Calculated Charge Am/Z R Score S

number number m/Z value mass (Z+)  (ppm) time (min) value

1 FLIC_SHIFL Flagellin: Shigella flexneri  596.288  1190.5891 2 —23.21 1293 62.8 K.NQSALSSSIER.L

2 FLIC_SHIFL Flagellin: Shigella flexneri  572.812 143.6248 2 —13.39 13.73 55.3  L.SLITQNNINK.N

3 FLIC_SHIFL Flagellin: Shigella flexneri 720909  1439.8096 2 —-4.29 16.77 1217  K.AQIIQQAGNSVLAK.A

4 FLIC_SHIFL Flagellin: Shigella flexneri ~ 581.295 1160.5925 2 —14.65 1715 79.8 K.ALDEAISSIDK.F

5 FLIC_SHIFL Flagellin: Shigella flexneri  672.872 1343.7409 2 —-849 1757 745  N.SLSLITQNNINK.N

6 FLIC_SHIFL Flagellin: Shigella flexneri ~ 750.357 2248.0931 3 —19.53 17.74 23.2 RLDSAVTNLNNTTTNLSEAQSR.I

7 FLIC_SHIFL Flagellin: Shigella flexneri ~ 488.923 1463.762 3] —10.12 19.91 20.0 K.ALDEAISSIDKFR.S

8 FLIC_SHIFL Flagellin: Shigella flexneri  843.451 1684.8996 2 -718 2054 105.2 KIQVGANDGQTITIDIK.K

9 FLIC_SHIFL Flagellin: Shigella flexneri  640.315 1278.6456 2 —23.53 2155 211 K.KIDSDTLGLNGF.N

10 FLIC_ Flagellin: Escherichia coli ~ 596.288 1190.5891 2 —23.21 1293 62.8 K.NQSALSSSIER.L
ECOLI K12

n FLIC_ Flagellin: Escherichia coli ~ 572.812 1143.6248 2 —13.39 13.73 553  L.SLITQNNINK.N
ECOLI K12

12 FLIC_ Flagellin: Escherichia coli ~ 720.909  1439.8096 2 —-4.29 16.77 1217  K.AQIIQQAGNSVLAK.A
ECOLI K12

13 FLIC_ Flagellin: Escherichia coli ~ 672.872 1343.7409 2 —-849 1757 745  N.SLSLITQNNINK.N
ECOLI K12

14 FLIC_ECOLI Flagellin: Escherichia coli ~ 750.357 2248.0931 3 —19.53 17.74 23.2 RLDSAVTNLNNTTTNLSEAQSR.I

K12

Using no taxonomic restriction (“all organisms"), the peptides were matched to flagellin from Shigella flexneri (accession number FLIC_SHIFL), whereas the E. coli flagellin (accession number FLIC_ECOLI)
was returned from the database search when the taxonomy was restricted to E. coli only. Semitrypsin with two missed cleavages was set as protease cleavage rule. Both proteins are largely homologous to
each other with an identity value of 94% as calculated by Align Sequences Protein BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Amino acid substitutions appear only at the C-terminus.

UV/Vis spectra of NP suspensions before and after treatment with
flagellin are very similar to those obtained before and after cultivation
with ‘Ag-resistant’ E. coli CCM 3954. The decrease in the intensity of
the surface plasmon peak after adding flagellin is consistent with an
aggregation process. Moreover, dynamic light scattering measure-
ments revealed that the average size of the silver NPs increased from
28nm to 480 nm immediately after the addition of flagellin because
of silver aggregate formation. Similarly, the zeta potential of the NP
suspensions decreased (in absolute value) from -28 mV to -6.2mV,
indicating that the repulsive forces between NPs became too weak to
maintain them in a well-dispersed colloidal form.

To further demonstrate the crucial role of flagellin in the aggre-
gation of silver NPs, an elemental mapping of silver aggregates
attached to bacterial cells was performed using a high-resolution
transmission electron microscope (HRTEM) equipped with a high-
angle annular dark-field (HAADF) detector. Figure 5a,b clearly
shows aggregates of silver NPs anchored on the surface of a bacte-
rial cell. Chemical mapping analysis revealed the presence of typical

Fig. 4 | Effect of adding flagellin. The images demonstrate the immediate
aggregation of silver NPs after adding commercial flagellin (a, left) and
after 24 hours of interaction with silver NPs (b, left). The Eppendorf tube on
the right side of each picture contains a stable colloidal dispersion of silver
NPs with no added flagellin.

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

protein elements such as carbon, oxygen, nitrogen and sulfur on
the surfaces of silver aggregates (Fig. 5). The absence of visible NPs
inside the cell shown in Fig. 5¢ and d indicates that aggregates of
silver NPs do not enter the bacterial cells. The HRTEM images also
reveal the presence of a thin organic layer that probably consists of
flagellin adsorbed on the surfaces of the silver aggregates (Fig. 5i,.j
and Supplementary Fig. 6). The elemental mapping confirmed the
presence of the expected organic elements of flagellin (C, O, N and S)
in this surface layer (Fig. 5k and Supplementary Fig. 6).

We then investigated whether the induced bacterial resistance
to silver NPs is associated with genotypic or phenotypic changes.
For this purpose, total genomic DNA from resistant and suscep-
tible E. coli strains was analysed by whole-genome sequencing.
Sequence alignments of susceptible and resistant strains did not
reveal any statistically relevant nucleotide changes in the DNA
for either flagellar gene that specify proteins forming the fila-
ment (fliC), the hook (fIgE) and the capping protein (fliD), or in
genes encoding the master transcriptional regulator FIhDC and
the flagellar regulator FliA in the resistant strain. As an example
that no statistically significant changes were observed between the
genome sequences of E. coli strains susceptibie and resistant to
silver NPs, see Supplementary Fig. 7. For illustration purposes,
a part of the fliC gene including the first 428 base pairs (bp) of
the gene sequence (coordinates for reference sequence were
2,001,202-2,001,630 bp on the horizontal axis) was selected. No
nucleotide differences between E. coli strains susceptible and
resistant to silver NPs were observed. Coloured bands indicate
only the changes of tested strains when compared with the refer-
ence sequence.

It therefore seems that the mechanism of silver NP resistance by
flagellin secretion to induce aggregation developed without requiring
any genetic change. This being the case, we considered ways of sup-
pressing the developed resistance. It was concluded that an inhibitor
of bacterial flagellin might inhibit the protein’s production and thus
prevent the aggregation process. Pomegranate rind extract (PGRE)

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved
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Fig. 5 | Chemical mapping analysis of silver aggregates in presence of bacteria. a, HRTEM image; b, HAADF image of silver aggregates on the surface of
a bacterial cell. ¢, Combined chemical mapping of silver and nitrogen; d-h, single-element mapping of silver (d), carbon (e), oxygen (f), nitrogen (g) and
sulfur (h). i,j, HRTEM images of silver aggregates showing the compact organic layer on the surface of the NPs. k, Combined chemical mapping of silver,

oxygen and nitrogen.

is known to inhibit the production of bacterial flagellin*, so we per-
formed a final experiment in which the ‘Ag-resistant’ E. coli CCM
3954 and ‘Ag-resistant’ E. coli 013 strains were cultivated in the pres-
ence of silver NPs and a subinhibitory PGRE concentration of 0.6%
(w/w) (the MIC of PGRE was determined to be 2.5% (w/w)). This
eliminated the bacterial resistance to the silver NPs and restored the
antibiotic activity of the NPs. More specifically, the MIC values for sil-
ver NPs towards Ag-resistant’ E. coli CCM 3954 and ‘Ag-resistant’ E.
coli 013 decreased from 54mgl™' to 6.75mgl" and 13.5mgl™, respec-
tively. The value determined for ‘Ag-resistant’ E. coli CCM 3954 strain
is close to the MIC for the original susceptible strain (3.38 mgl™') and
for ‘Ag-resistant’ E. coli 013 is even the same.

The observed resistance to silver NPs is stable because the MIC
for ‘Ag-resistant’ bacteria towards silver NPs remained steady
at 108 mgl™ over six cultivation cycles (for more details on this
experiment, see the procedure presented in the Supplementary
Information). The bacteria thus retained their resistance to the NPs
rather than reverting to a sensitive state over time. We therefore
consider it reasonable to say they are resistant to silver NPs.

The stability of their resistance was further supported by a pome-
granate extract test (for details, see the experimental procedure pre-
sented in the Suppiementary Information). After incubating the
resistant strain with a subinhibitory concentration of the extract, the
MIC of silver NPs remained at 108 mgl-!, suggesting that a restora-
tion of susceptibility upon treatment with the extract can be ruled
out. These two observations confirmed the resistance-like mecha-
nism of ‘Ag-resistant’ strain to silver NPs.

A third line of evidence supporting a resistance-like mechanism
was obtained by measuring the MIC of silver NPs and the minimum
duration for killing of 99% (MDK99) for ‘Ag-susceptible’ E. coli
CCM 3954 bacterial cells as described in ref. ** (for information on
the experimental protocol, see the Supplementary Information).
Importantly, the ‘Ag-resistant’ strain’s MIC was substantially higher
(with a stable value of 108 mgl™) than that for the ‘Ag-susceptible’
strain (3.38 mgl™'). The MDK99 measurements (see Supplementary
Fig. 8) indicate that there was no resistant subpopulation within

the tested ‘Ag-susceptible’ strain of E. coli. Moreover, the time-kill
curves for different concentrations of silver NPs (prepared by serial
dilution) clearly show that the killing effect is dose-dependent up to
at least ten times the susceptible strain’s MIC. We can thus exclude
the possibility of persistence or tolerance for the reference E. coli
CCM 3954 upon treatment with silver NPs. In summary, our results
clearly confirmed a resistance-like mechanism which is specific to
one class of antibiotic—silver NPs and not silver ions—whereas
tolerance often confers an advantage to several classes of antibiotic.

Conclusion

In summary, we have demonstrated that bacteria repeatedly
exposed to subinhibitory concentrations of silver NPs can rapidly
develop resistance to their antibiotic activity. This resistance is due
to the production of flagellin, an adhesive protein of the bacterial
flagellum, which causes the aggregation of silver NPs and thereby
eliminates their antibacterial effect against Gram-negative bacteria.
Importantly, the developed bacterial resistance can be suppressed
by treatment with inhibitors of flagellin production such as PGRE.
These findings clarify a mechanism that can drive bacterial resis-
tance to antibacterial agents and will be useful in preventing bacte-
rial drug resistance and the fight against infectious bacteria.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
0rg/10.1038/s41565-017-0013-y.
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Published online: 04 December 2017
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Methods

Chemicals and biological material. Silver NPs were synthesized using silver
nitrate (p.a., Fagron), ammonia (28-30% w/w, p.a., Sigma-Aldrich), sodium
hydroxide (p.a., Lach-Ner) and p-maltose (p.a., Sigma-Aldrich). The following
substances were used to stabilize the silver NPs: the sodium salt of polyacrylic acid
(molecular weight 1,200 g mol™', Sigma-Aldrich), polyethylene glycol (molecular
weight 35,000 g mol™', Sigma-Aldrich), gelatin (p.a., Sigma-Aldrich) and
polyoxyethylene sorbitan monooleate (Tween 80; >98%, Sigma-Aldrich).

The bacterial strains used in this work were E. coli CCM 3954 and P.
aeruginosa CCM 3955 obtained from the Czech Collection of Microorganisms
(Masaryk University, Brno) and E. coli 013 obtained from the culture collection
of the Department of Microbiology, Faculty of Medicine and Dentistry, Palacky
University Olomouc. All microorganisms were stored in cryotubes (ITEST plus,
Czech Republic) at -80°C.

Synthesis and stabilization of silver NPs. The modified Tollens process involving
reduction of the compiex cation {Ag{NH,),]* by D-maitose was used to synthesize
dispersions of silver NPs with a diameter of 28 nm and silver concentrations

of 108 mg1' or 432 mgl™'. The concentrations of all the reaction components

were as follows: silver nitrate 1 10~ mol dm-*; ammonia 5X 10~*moldm
sodium hydroxide 9.6 X 10 mol dm™, and p-maltose (as a reducing agent)
1x102moldm™. To prepare silver NP dispersions at a concentration of 432 mgl™,
the concentrations of all the reaction components were increased fourfold except
for that of sodium hydroxide, which was not changed. The reaction system was
stirred continuously with a magnetic stirrer, and the reduction was initiated by
injecting the reducing agent. After 5minutes, the reaction was deemed complete,
as indicated by the development of the dark yellow colour characteristic of silver
NP dispersions. All syntheses were conducted at room temperature (approximately
23°C). We initially performed antibacterial experiments using as-prepared
dispersions of silver NPs synthesized by the modified Tollens process with a silver
concentration of 108 mg1™'. In a subsequent round of experiments, the dispersions
were stabilized to increase the aggregation stability of silver NPs, enhancing their
antibacterial effects against the tested bacterial strains. The dispersions were
stabilized after synthesis by adding stock solutions of a sodium salt of polyacrylic
acid, polyethylene glycol, gelatin or polyoxyethylene sorbitan monooleate (Tween
80) at final concentrations of 1% (w/w).

Characterization. The average size and zeta potential of the synthesized silver NPs
were determined by the dynamic light scattering and electrophoretic mobility
methods, respectively, using a Zetasizer Nano ZS instrument (Malvern, UK).
TEM measurements were conducted using a JEM 2010 instrument (JEOL, Japan).
HRTEM images were obtained with a TITAN 60-300 (FEI, USA) with an X-FEG
type emission gun, operating at 80 kV. This microscope was equipped with a

Cs image corrector and HAADF scanning transmission electron microscopy
(STEM). Elemental mappings were obtained by STEM energy-dispersive X-ray
spectroscopy with an acquisition time of 20 min. Absorption spectra showing

the surface plasmon peak of silver NPs were recorded using a Specord S 600
spectrophotometer (Analytik Jena, Germany).

Culture of bacteria in the presence of silver NPs. Bacteria were repeatedly exposed
to subinhibitory concentrations of silver NPs by subjecting them to 20 successive
culture steps in microplates. Repeated bacterial cultivations in the presence of silver
NPs were done in triplicate. A dispersion of silver NPs or a solution of AgNO, with
a silver concentration of 1 mmoll™ (108 mgl™ of silver) were diluted in a geometric
progression with Mueller-Hinton broth (Becton, Dickinson and Company) and
inoculated with a bacterial strain at a concentration of 10° CFU ml™' (where CFU
is colony-forming unit). The final tested silver concentrations were 54, 27, 13.5,
6.75, 3.38, 1.69 and 0.89 mg 1™ for both silver NPs and AgNO,. In each step, the
bacteria were incubated with the silver salt or NPs at 37°C for 24 hours. After each
incubation, the MICs of the silver salt and NPs were determined as the lowest
silver concentration that inhibited visible growth of the tested microorganisms.
Immediately after each 24-hour cultivation period, 10 uL of Mueller-Hinton broth
containing surviving bacteria was taken from the first three wells (if available)
containing subinhibitory concentrations of silver (that is, concentrations below
the MIC). Surviving bacteria from these wells were mixed and then subcultured
on blood agar (TRIOS) at 37°C for 24 hours. The bacteria thus grown were
used for inoculum preparation at a density of 10°CFUml " in the next culture
step. The entire procedure described above, from the initial inoculation to the
preparation of the new inoculum, was considered to constitute one culture step
for the development of bacterial resistance. The final MICs of silver NPs against
silver-resistant bacteria (after the 20th culture step) were determined by the same
microdilution method using a dispersion of silver NPs with a silver concentration
of432mgl.

Growth inhibition of both ‘Ag-susceptible’ E. coli CCM 3954 and ‘Ag-resistant’
E. coli CCM 3954 strains by silver NPs was verified by culturing bacteria on an agar
plate containing silver NPs at 35°C for 24 hours. Dispersions of silver NPs were
added to agar medium after autoclaving to achieve final silver concentrations of 20
and 40 mg1™ in 200 ml of agar medium, and the resulting agar was distributed into
Petri dishes for bacterial cultivation.

Extraction and identification of proteins from precipitated nanoparticles. Silver
aggregates were separated from 500 ml (10 x 50 ml) of bacterial suspension
containing 27 mg of silver by centrifugation at 100g for 2 minutes. The pellet was
washed once with distilled water and then suspended in 6 ml of distilled water

to get a final silver concentration of 4.5 mgml™. The suspension of precipitated
silver aggregates was divided into four aliquots in 1.5-ml test tubes and centrifuged
to allow removal of the liquid by aspiration. The pelleted aliquots were each
individually incubated with 1ml of 0.1% trifluoroacetic acid (TFA), 2.5% TFA, 2%
NH,OH or 5% NH,OH for protein extraction. Extracts obtained after overnight
incubation at 37 °C with shaking at 800 r.p.m., and the subsequent pelleting of the
solid particles by a centrifugation at 20,000g for 20 min, were vacuum-dried and
the recovered proteins were dissolved in 50 pl of 50 mM NH,HCO; (facilitated by

a 5-min sonication). Then, 1.5 pl of 200 pM modified trypsin was added for in-
solution protein digestion, and the mixture was again incubated at 37 °C overnight.
After vacuum drying, peptides from the digests were purified using ZipTip-C18
pipette tips (Merck Millipore, Tullagreen-Carrigtwohill, Ireland) according to

the manufacturer’s instructions. Vacuum-dried peptide samples were dissolved i
the manufacturer’s instructions. Vacuum-dried peptide samples were dissolved in

10 pl of 0.1% TFA and separated using a Dionex UltiMate3000 RSLCnano liquid
chromatograph (Thermo Fisher Scientific, Germering, Germany)™, coupled to an
amaZon speed ETD ion trap equipped with a CaptiveSpray ion source (Bruker,
Bremen, Germany). The scan speed was 8,100 us™' for both MS and MS/MS, which
means that the instrument provides a peak width of 0.3 u (where u stands for
unified atomic mass unit) full width at half maximum (FWHM) and enhanced
resolution. For comparison, a FWHM of 0.1 u would provide maximum resolution
for 4+ jons. Acquisition was performed by collision-induced fragmentation using
helium as the collision gas. MGF-formatted MS/MS data files were used to perform
database searches with Mascot Server 2.4 (Matrix Science, London, UK) and the
Swiss-Prot database. All parameters used in these searches are available in XLS-
formatted Supplementary files containing the search results.

Bioinformatic and genomic analysis. Total genomic DNA from NP-susceptible
and NP-resistant E. coli strains was isolated using the DNeasy Blood & Tissue Kit
(QIAGEN, Germany) according to the manufacturer’s recommendations. The
concentration of DNA was measured by Quibit 3.0 fluorometer (Thermo Fisher
Scientific). Samples of bacterial DNA (20 ngpl™') were sent to the laboratories

of the Institute of Applied Biotechnologies (Prague, Czech Republic) for whole-
genome sequencing. DNA libraries were constructed using the Nextera XT DNA
Library Preparation Kit (Illumina, San Diego, USA). Whole-genome sequencing
was performed on the MiSeq platform (Illumina).

All bioinformatic analyses were performed using the operating system Linux
(Ubuntu 14.04 LTS) and the programming language Python. A quality control check
of paired-end FASTQ files was performed as the first step. Bases with Phred quality
scores below a pre-defined threshold (28) were filtered out. The quality control process
also included a check for possible adapter contamination. The reference FASTA file
was downloaded from the Illumina iGenomes and indexed by the Burrows-Wheeler
Aligner (BWA; version 0.7.13; Li and Durbin, 2010). Paired-end FASTQ files were
aligned against all indexed reference FASTA files using the BWA-MEM algorithm with
minimum seed length 19, matching score 1, mismatch penalty 4, gap open penalty
6, and gap extension penalty 1. The generated sequence alignment/map (SAM)
format was converted into binary form (BAM format) and sorted by coordinates.

All corresponding samples were merged into one BAM file. Unmapped sequences
reads and secondary mapping reads were filtered out from BAM files. The minimum
and maximum read depths for a single base were 0 and 859, respectively. The mean
read depth was 387.985. The algorithms SAMtools (version 0.1.18) and VarScan*
were used for variant calling with the following parameters: minimum coverage 30,
minimum mapping quality 10, minimum reads 4, minimum variant frequency 0.1
and p-value 0.05. In order to visualize a part of the genetic results, the data from next-
generation sequencing (BAM files) were evaluated using the Integrative Genomics
Viewer IGV version 2.3 (Broad Institute, Cambridge, UK). The genome sequence E.
coli K12 MG 1655 (NC_00096.2) was selected as a reference sequence for alignment.

Pomegranate rind extract. Pomegranate extract was prepared as described in ref. **.
Briefly, pomegranate rind was cut into small pieces and dried at 50 °C for 24 h.
Dry rind (15g) was added to 200 ml of distilled water and placed in a shaker (at
80r.p.m.) at laboratory temperature for 24 h. The crude extract was then filter-
sterilized using Whatman No. 1 filter paper. A sample of the PGRE was freeze-
dried to determine its dry weight content (20 gl™).

Life Sciences Reporting Summary. Further information on experimental design is
available in the Life Sciences Reporting Summary.

Data availability. The data supporting the findings of this study are available
within the article and its Supplementary Information files.
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Abstract: The resistance of bacteria towards traditional antibiotics currently constitutes one of the
most important health care issues with serious negative impacts in practice. Overcoming this issue can
be achieved by using antibacterial agents with multimode antibacterial action. Silver nano-particles
(AgNPs) are one of the well-known antibacterial substances showing such multimode antibacterial
action. Therefore, AgNPs are suitable candidates for use in combinations with traditional antibiotics
in order to improve their antibacterial action. In this work, a systematic study quantifying the
synergistic effects of antibiotics with different modes of action and different chemical structures in
combination with AgNPs against Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus
was performed. Employing the microdilution method as more suitable and reliable than the disc
diffusion method, strong synergistic effects were shown for all tested antibiotics combined with
AgNPs at very low concentrations of both antibiotics and AgNPs. No trends were observed for
synergistic effects of antibiotics with different modes of action and different chemical structures in
combination with AgNPs, indicating non-specific synergistic effects. Moreover, a very low amount of
silver is needed for effective antibacterial action of the antibiotics, which represents an important
finding for potential medical applications due to the negligible cytotoxic effect of AgNPs towards
human cells at these concentration levels.

Keywords: silver nanoparticle; antibiotics; antibacterial; resistant bacteria; synergism; cytotoxicity

1. Introduction

An ever-increasing resistance of bacteria to the effects of existing antimicrobial agents is currently
one of the most important health care issues with serious negative impacts such as higher morbidity

Molecules 2016, 21, 26; doi:10.3390/ molecules21010026 www.mdpi.com/journal /molecules



Molecules 2016, 21, 26 20f17

and mortality rates in patients with infections caused by multi-resistant bacteria [1,2]. Moreover, the
development and spread of bacterial resistance through a mechanism based on transfer of genetic
material from resistant bacterial cells via recombination processes (extra-chromosomal resistance) result
in relentless spread of resistance to antibiotics independent of the consumption of antibiotics [3]. Given
the fact that even rational antibiotic therapy cannot stop the growth and spread of bacterial resistance
and can only slow and delay it, we are likely to witness the end of the antibiotic era in medicine.

An option to overcome bacterial resistance is the combination of selected penicillin antibiotics (e.g.,
ampicillin, amoxicillin or piperacillin) with bacterial $-lactamase inhibitors (clavulanic acid, sulbactam
or tazobactam) [4-6]. However, such combinations of antibiotics and other substances blocking
the defined bacterial mechanism of resistance are currently confronted with a marked increase in
the resistance of numerous bacterial species, according to the European Antimicrobial Resistance
Surveillance Network (EARS-Net) [7]. Thus, if a novel antimicrobial drug under development
is to be effective and free from bacterial resistance it must act at several cellular levels and not
specifically like “traditional antibiotics”. The effect of silver, either as a metal (nanoparticles) or in
compounds, is known to be not specific at a single level but to influence many bacterial structures and
metabolic processes at the same time. Silver nanoparticles (AgNPs) were shown to inactivate bacterial
enzymes [8,9], disrupt bacterial metabolic processes [10-12] and the bacterial cell wall, accumulate
in the cytoplasmic membrane, increase its permeability [9,13,14], collapse the plasma membrane
potential [12], interact with DNA [8], and generate reactive oxygen species [15-17], which damage
biomacromolecules [18]. Thanks to their multi-level mode of action, AgNPs destroy or inhibit the
growth of pathogenic microorganisms, including highly resistant bacterial strains (from units to
several tens of mg/L) [13,14,19-22]. Therefore, AgNPs can be considered as a suitable candidate for
combinations with antibiotics, posing no risk of bacterial resistance. No relevant data describing
bacterial resistance to AgNPs or inactivation of antibacterial action of AgNPs have been published.
Bacterial resistance to silver is observed only with ionic forms of silver and was disclosed in the
works of Silver [23,24]. Bacteria resistant to ionic silver originated from clinical environments [25]
and also naturally occurring strains [26]. Besides reduction of Ag* to a less toxic oxidation state, the
probable Ag* resistance mechanism involves an active efflux from the cell by either P-type ATPases
or chemiosmotic Ag*/H* antiporters [27-29]. However, bacterial resistance to AgNPs has not been
proven yet.

The synergy between AgNP and various antibacterial agents has been already studied in several
works. Potara et al., investigated the antimicrobial activity of chitosan-coated nanoparticles [30].
This combination of antimicrobials showed synergistic effects against two strains of S. aureus.
MICs of the composites were approximately ten times lower than those of AgNP and chitosan
alone. Another capping agent, myramistine, increased the activity of AgNP against E. coli up to
20-fold [31]. A combined treatment of lactoferrin/xylitol hydrogel and silver-based wound dressings
acts synergistically against biofilms of clinical wound isolates of MRSA and P. aeruginosa [32]. Synergy
evaluated with the help of fractional inhibitory concentration (FIC) index was observed against
different Gram-negative bacteria when AgNPs were mixed with the membrane-permeabilizing
antimicrobial peptides polymyxin B and gramicidin S [33].

Recently, several studies have indicated that AgNPs may strengthen the antibacterial effects
of antibiotics against both susceptible and resistant bacteria, either additively or synergistically.
The additive effect was shown in antibiotics of different mode of action against various bacterial
strains [34—40]. However, this is only true if the concentrations of antibiotics and AgNPs reach
their own minimum inhibitory concentrations (MICs), that is concentrations at which antimicrobial
activity is achieved by the tested antibiotics or AgNPs alone, without being combined. So far, the
actual synergistic effect of antibiotics and AgNPs at concentrations below their own effectiveness
(i.e., below MICs) has only been shown in a few studies on antibiotics combined with AgNPs [36,41-44].
Brown et al., showed a synergistic effect of not only AgNPs, but also gold nanoparticles functionalized
with ampicillin, even against multi-resistant strains such as multiple-antibiotic-resistant isolates
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of Pseudomonas aeruginosa, Enterobacter aerogenes and methicillin-resistant Staphylococcus aureus [45].
Nevertheless these finding clearly suggest that it would be feasible to find an effective combination of
an antibiotic and another antimicrobial with a multi-level mode of action, resulting in a synergistic
antimicrobial effect allowing efficient inhibition of bacterial pathogens using significantly lower doses
as compared with an antibiotic alone.

Consistent with that finding, this study is the first to provide a systematic analysis quantifying
the synergistic effects of antibiotics classified into groups according to their mechanism of action in
combination with AgNPs against numerous pathogenic microorganisms such as Gram-negative or
Gram-positive bacteria, representing some of the most important pathogens currently encountered
in medical practice. Moreover, the synergistic effect was confirmed for all antibiotics tested in this
study, irrespective of their mode of action. Relative to higher concentrations of antibiotics equal to
units of mg/L needed in the absence of AgNP in treatment of infections, the achieved MICs for such
combinations of antibiotics (as low as 10~* mg/L) and AgNPs (up to several mg/L) may decrease the
toxic burden for patients if applied in clinical practice.

2. Results and Discussion

2.1. Synthesis of Silver Nanoparticles

The modified Tollens process involving reduction of the [Ag(NHj3),]* cation by D-maltose was
used as a well-known, reliable and reproducible procedure for the preparation of AgNPs with a
diameter of 26 nm and a narrow size distribution [46]. The size of 26 nm and narrow size distribution
of the AgNPs documented by the lognormal size distribution curve obtained from DLS measurements
were confirmed employing TEM (Figure 1a). In the UV-Vis absorption spectra of the synthesized
AgNPs, a narrow surface plasmon absorption peak located at a wavelength of 410 nm also indicated
the presence of nanometer-sized AgNPs (Figure 1c). Zeta potential value of —28 mV ensures high
aggregation stability of such prepared AgNPs in aqueous dispersion. Non-aggregated and well
separated AgNPs are seen in the TEM image (Figure 1b).
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Figure 1. (a) Lognormal size distribution obtained from DLS measurements; (b) TEM image and
(c) UV-Vis absorption spectra of AgNPs with diamater of 26 nm and narrow size distribution.

2.2. Synergistic Effect of Antibiotics and Silver Nanoparticles

The synergistic effect of AgNPs combined with antibiotics against both Gram-positive and
Gram-negative bacteria, namely Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa, was
evaluated using the standard microdilution method to determine the MICs of the used antibiotics
combined with AgNPs at different silver concentrations. For determination of the synergistic effects,
AgNPs at very low concentrations of silver (under their MICs, i.e., concentrations for which AgNPs did
not exhibit antibacterial activity) were used against the tested bacteria to exclude any growth inhibitory
effect of the AgNPs against the bacteria. The concentrations of silver used for the tests were 5, 2.5,
1.25 and 0.6 mg/L depending on the bacterial strain used. A broad spectrum of antibiotics was used
in this study to observe whether the synergistic effect is specific or non-specific for antibiotics with
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different modes of action and different chemical structures. Therefore, in total more than 20 different
antimicrobial substances of different modes of action and chemical structures were used (Table 1).

Table 1. The used antibiotics and their abbreviations divided into four groups based on their mode

of action.
Inhibition of Cell Wall Inhibition of Protein Inhibition of Nucleic Alteration in
Synthesis Synthesis Acid Synthesis Cytoplasmic Membrane
Ampicillin (AMP) Gentamicin (GEN) f Oxolinic acid (OXO) ¥ Colistin (COL) ™
Ampicillin/sulbactam (AMS) * Tetracycline (TET) & Ofloxacin (OFL)
Piperacillin (PIP) ® Amikacin (AMI) f Ciprofloxacin (CIP) ¥
Piperacillin/tazobactam (PPT) # Chloramphenicol (CMP) h Co-trimoxazole (COT) !
Penicillin (PEN) @ Erythromycin (ERY) d
Oxacillin (OXA) @ Clindamycin (CLI)J
Cefazolin (CZL) ®
Cefuroxime (CRX) ®
Cefoxitin (CXT) ®
Cefepime (CPM) ©

Cefoperazone (CPR)

Ceftazidime (CTZ) ®

Meropenem (MER) ¢
Teicoplanin (TEI) d

Vancomycin (VAN) ¢
Aztreonam (AZT) ©
Antibiotic categories based on their chemical structure: (%) penicillins; (°) cephalosporins; (¢) carbapenems;
@) glycopeptides; (°) monobactams; Q) aminoglycosides; (8) tetracyclines; ™ amphenicols; (') macrolides; ()
lincosamides; (¥) quinolones; () sulfonamides; (™) polypeptides.

As seen from Tables 2—4 summarizing MICs of the used antibiotics alone and in combination
with AgNPs, synergistic effects of antibiotics and AgNPs were shown for all antibiotics used and all
bacterial strains. Strong synergistic effects of antibiotics and AgNPs against Escherichia coli were proven
for silver concentrations of 5 and 2.5 mg/L. At these silver concentrations, the MICs of antibiotics were
mostly two and three orders of magnitude lower than those of the non-combined (pure) antibiotics.
For lower silver concentrations, the synergistic effect was observable for GEN, COL and OFL, with
MICs more than twice as low as the MICs of the antibiotics alone. The fact that GEN, COL and
OFL showed synergistic activity at the lowest silver concentration was apparently because of high
susceptibility of Escherichia coli to these antibiotics. MICs of pure GEN, COL and OFL antibiotics against
Escherichia coli were very low, under 1 mg/L. On the other hand, OXO and AZT also had MICs against
Escherichia coli under 1 mg/L. However, the synergistic effects of these antibiotics were not observed at
the lowest silver concentration. A very surprising and unexpected finding was observed in the case
of the synergistic effect of AMP combined with AgNPs. AMP alone showed no antibacterial activity
against Escherichia coli, even at the highest concentration equal to 32 mg/L, due to the resistance of
Escherichia coli to this antibiotic. According to the European Committee on Antimicrobial Susceptibility
Testing database, the AMP breakpoint against Escherichia coli is 8 mg/L and MICs higher than the
breakpoint imply bacterial resistance [47]. It is evident from the obtained results that combination of
AMP with AgNPs restores its antibacterial activity. A low concentration of silver is sufficient to restore
the susceptibility of Escherichia coli to AMP.

The synergistic efficiency of antibiotics and AgNPs against Pseudomonas aeruginosa was similar to
that against Escherichia coli. The MICs of antibiotics combined with AgNPs were two to three orders of
magnitude lower for the highest silver concentrations (5 mg/L and 2.5 mg/L). In case of lower silver
concentrations, the synergistic effect was observed for MER, GEN and COL (MIC more than twice
as low when combined with AgNPs). The explanation is similar to that in the case of Escherichia coli;
MER, GEN and COL are also antibiotics with high antibacterial activity showing low MICs against
Pseudomonas aeruginosa.
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Staphylococcus aureus was more susceptible to AgNPs than the other bacteria used in this work,
with the MIC of AgNPs being 5 mg/L. The higher sensitivity of Staphylococcus aureus to AgNPs
translated into stronger synergistic effects. The highest used silver concentrations (2.5 mg/L of
silver) lead to the highest decrease of the MICs of the antibiotics, again of two to three orders of
magnitude. With a silver concentration of 1.25 mg/L, synergistic effects, albeit not strong, were
observed for nearly all tested antibiotics, with their MICs being decreased by approximately one
order of magnitude. Indeed, unlike in Escherichia coli and Pseudomonas aeruginosa bacterial strains, the
synergistic effect was more frequently observable at the lowest used silver concentration (0.6 mg/L).
While the synergistic effects at the lowest used silver concentration were observable for only three
antibiotics (GEN, COL and OFL and MER, GEN and COL) in case of Escherichia coli and Pseudomonas
aeruginosa, there were synergistic effects for nine antibiotics in the case of Staphylococcus aureus
(PEN, AMS, TET, COT, ERY, CLI, CIP, TEI and VAN), with their MICs being more than twice as low as
MICs of the antibiotics alone. The reason for most tested antibiotics showing synergistic effects at the
lowest silver concentrations is the low MICs of these antibiotics in the tested Staphylococcus aureus strain.

2.3. Cytotoxicity of Silver Antibiotics, Nanoparticles and Their Combinations

Cytotoxicity was evaluated for antibiotics selected from groups representing antibiotics with
different modes of action. Overall ten antibiotics were tested separately and in combination with
AgNPs to determine their LDj toxicity index. Cytotoxicity of antibiotics and AgNPs was also
determined at concentrations equal to their original MIC value obtained in the antibacterial assay
(Table 5).

Table 5. Concentrations of silver NPs and antibiotics used in cytotoxicity determination.

AgNPs/ATB Corresponding to MIC (mg/L) Below MIC (mg/L)
Ag NPs 7.5 25

AMS 8 0.003
CZL 2 0.0019
MER 1 0.0019
CMP 4 0.00048
GEN 0.5 -
VAN 1 =
TET 4 -
cIp 0.25 ~
CoT 4 -
COL 0.5 =

The LDs5j values of the antibiotics themselves varied from 120 to 250 mg/L depending on the
tested antibiotic (Table 6). When combined with AgNPs at concentrations of 7.5 mg/L and 15 mg/L
respectively, the LDs toxicity index of the antibiotics decreased and ranged from 90 mg/L to 180 mg/L
and 80 mg/L to 150 mg/L, respectively. In the case of cytotoxicity evaluation at concentrations equal
to MIC values, the antibiotics themselves only slightly inhibited the viability of cells; in most cases,
the viability of cells treated with antibiotics decreased slightly to 90%-80% compared to that shown
by untreated control cells (Figure 2). In the case of AMS and MER, the viability of cells was 78%
and 77%, which still represents only a slight decrease in viability. Moreover, AgNPs themselves at
the concentration corresponding to MIC only slightly inhibited the viability of cells down to 82% in
comparison with control cells. The LD5 toxicity index of AgNPs was determined at the concentration
of 30 mg/L. When antibiotics were combined with AgNPs, the viability of cells decreased from 85% to
71% compared to the control cells. The cytotoxic effect was higher as a result of the additive cytotoxic
effects of the antibiotics and AgNPs. The highest cytotoxic effect was detected for the antibiotics
AMS, CZL, MER and CMP combined with AgNPs; for those, the viability of cells decreased down to
71%, 73%, 72% and 73%, respectively. Combinations of antibiotics and AgNPs showing the highest
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inhibition of cell’s viability at concentrations equal to their MIC were used in further cytotoxicity tests
at lower concentrations below their MIC, but still showing high antibacterial activity. Using these low
concentrations of AMS, MER, CZL and CMP antibiotics and AgNPs themselves (not in combination),
no inhibition of cell viability was observed in comparison with the control cells. When antibiotics were
combined with silver NPs, the viability of cells only decreased to 90%-95% in comparison with the
control cells depending on the antibiotics used (Figure 3).

Table 6. LDsj toxicity index (mg/L) of antibiotics alone and in combination with AgNPs at
concentration of 7.5 mg/L and 15 mg/L respectively.

AMS CZL MER CMP GEN VAN TET CIP COT COL

ATB+Omg/L 460 500 250 200 250 200 200 120 120 120

AgNPs

ATB+75mg/L 100 130 180 150 180 150 180 100 100 100
AgNPs

ATB +15mg/L 4, 90 130 100 150 100 150 90 90 80
AgNPs

Viability (%)
I
S

Control
Silver NPs
AMS
AMS +Ag
czL
CzL+Ag
MER
MER + Ag
cMmp
CMP +Ag
GEN
GEN +Ag
VAN
VAN +Ag
TET
TET +Ag
cIp
ClP+Ag
coTt
COT +Ag
coL
COL+Ag

Antibiotics, silver NPs and their combinations

Figure 2. Viability of cells treated with antibiotics, silver NPs and their combinations using concentrations
corresponding to the MIC value.
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@
Antibiotics, silver NPs and their combinations

Figure 3. Viability of cells treated with antibiotics, silver NPs and their combinations using concentrations
below the MIC value.

2.4. Discussion

AgNPs prepared using the modified Tollen’s process show a high aggregation and sedimentation
stability themselves in aqueous dispersion (for up to several years) because of their high zeta potential
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value of —28 mV, ensuring sulfficient repulsion between AgNPs. On the other hand, the prepared
AgNPs had to be stabilized prior to the determination of synergistic effects with antibiotics because
when non-stabilized AgNPs were added to the used culture media at a ratio of 1:1 (final silver
concentration of 54 mg/L), partial aggregation was observed and monitored by DLS measurements and
UV-Vis spectra. Aggregation of AgNPs and presence of aggregates lead to an increase in the average
particle size from 28 to 85 nm. Also changes in absorption spectra typical for partial aggregation
process of AgNPs such as a decrease in the absorption peak located at a wavelength of 410 nm (primary
maximum) and emergence of a secondary absorption peak at 550 nm [19] were observed (Figure 4a).
As well, the original negative zeta potential value of —28 mV decreased to —13 mV when AgNPs
were mixed with the culture media. The decreases in the zeta potential value and subsequent partial
aggregation process of AgNPs were induced by cations present in the culture media. Generally, AgNPs
aggregate easily in environments with a high ionic strength, particularly when multivalent cations
are presented. Oppositely charged cations are attracted to the AgNPs surface having negative surface
charge and consequently decrease or eliminate completely their negative zeta potential. AgNPs with
decreased or eliminated surface charge are not able to sufficiently repulse each other which lead to
their approach, attachment, and consequently aggregation and sedimentation in media with a high
ionic strength. The absorbance decrease of the primary maximum is viewed as a consequence of
particle approach followed by their close joining and partial aggregation (Figure 4b). At the same
time, a new secondary maximum peak emerged at a wavelength of 550 nm as a consequence of partial
particle aggregation.
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Figure 4. (a) UV-Vis absorption spectra of gelatin-stabilized (full line) and non-stabilized (dashed line)
AgNPs dispersed in a culture medium at a ratio of 1:1; (b) TEM images of non-stabilized and (c) gelatin
stabilized AgNPs.

Therefore, AgNPs were stabilized with gelatin added at a very low concentration of 0.05% as
an effective and non-toxic (natural) stabilizing substance. The gelatin was added after the synthesis
of AgNPs (after the reduction process) so that gelatin did not affect this process and the particle
characteristics of AgNPs such as size and size distribution. Such la ow gelatin concentration added after
the synthesis of AgNPs has no effect on particle size as well as particle size distribution as confirmed
by DLS and TEM measurements. The diameter of gelatin-stabilized AgNPs and their particle size
distribution was unchanged compared to as-prepared non-stabilized AgNPs. No aggregation process
occurred based on the results from DLS measurements, TEM characterization, and UV-Vis absorption
spectrometry measurements when gelatin-stabilized AgNPs were mixed with culture media. The
particle diameter of 26 nm and the location of the surface plasmon peak at a wavelength of 410 nm were
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unchanged when gelatin-stabilized AgNPs were added to the used culture media with no evidence
of particle aggregation in the TEM images. TEM images of aggregated (non-stabilized) as well as
non-aggregated AgNPs stabilized by 0.05% gelatin are shown in Figure 4. Non-stabilized AgNPs
formed larger aggregates of several hundreds of nanometers in diameter as documented by the TEM
images (Figure 4b). On the other hand, gelatin-stabilized AgNPs did not form any larger aggregates
and they were still separated (Figure 4c). A control sample containing only 0.05% gelatin did not reveal
antibacterial activity and the addition of the same amount of gelatin had no effect on the antibacterial
efficiency of the antibiotics used.

No data have been previously published concerning such a strong synergistic effect of a broad
spectrum of antibiotics and well characterized AgNPs at such low concentrations below their own
MICs explored by the microdilution method. Most studies on the synergistic effects of antibiotics and
AgNPs have been done using silver and/or antibiotic concentrations equal to or higher than their
individual MICs. Moreover, this combined antibacterial effect was more additive than synergistic
(multiple) and was not proved for all antibiotics involved in the studies [35,37-40]. The inhibition
zone areas of the tested bacteria around discs containing particular antibiotics and AgNPs were in
most cases only few millimeters larger. Moreover, the used disk diffusion method based on diffusion
of antibiotic-AgNPs combinations in Muller-Hinton agar is not suitable and optimal given the lower
diffusion ability of AgNPs which can result in a limitation of the synergistic effect. Only Gosh et al.,
used AgNPs in concentrations lower than their own MICs in some cases combined with antibiotics
at concentrations higher than their MIC and observed enhanced antibacterial activity for several
combinations using the disc diffusion method [36].

In this work, the microdilution method was used for evaluation of synergistic effects of antibiotics
and AgNPs as it is more suitable and reliable, especially with respect to specific properties of
colloids and nanoscale materials such as diffusion and aggregation stability in dispersion media.
The microdilution method is not limited by the diffusion ability of the tested compounds to the
extent that the disk diffusion method is. Moreover, gelatin-stabilized AgNPs were stable and did not
aggregate. Therefore, using this microdilution method, strong synergistic effects were shown for all
tested antibiotics combined with AgNPs at very low concentrations of both antibiotics and AgNPs.
On contrary, in the disk diffusion test, the aggregation stability of AgNPs can be affected after disk
impregnation and also certain amounts of AgNPs may stay adsorbed on the paper disk. This can
result in a lower antibacterial effect of the AgNPs and, given the limited diffusion of AgNPs, the final
synergistic effect of antibiotics and AgNPs could be lower or non-existent.

Works using the microdilution method to prove the synergistic effects of antibiotics combined with
AgNPs at concentrations under their own MICs were published by Li, Markowska and Singh [42—44].
Li reported preliminary results concerning the synergistic effect of amoxicillin and AgNPs against
Escherichia coli. Although amoxicillin was not included in this study, the synergistic effect can be
compared to that of ampicillin which is closely related to amoxicillin based on their similar chemical
structure, mode of action and use for treatment of infections. Li et al., reported high synergistic
effects of amoxicillin combined with AgNPs at concentrations of 0.15 g/L of amoxicillin and 5 mg/L
of AgNPs. In this study we report stronger synergistic effects of the related antibiotic ampicillin
combined with AgNPs at lower concentrations of 0.03 mg/L of ampicillin and 2.5 mg/L of silver [42].
In the work by Singh, the enhancement of antibiotics” efficiency combined with AgNPs was also
proved only for 3-lactam antibiotics [44]. In the work by Markowska, the synergetic effect was
proved for ampicillin, streptomycin, rifampicin, and tetracycline [43]. Combinations of AgNPs
with oxacillin, ciprofloxacin, meropenem, and ceftazidime showed no synergetic effect. In our
study we proved a synergistic effect of a broader spectrum of antibiotics with different modes
of action and chemical structures against bacterial strains used for microdilution tests. Moreover,
our results clearly demonstrate that antibiotic-resistant bacteria become susceptible again when an
antibiotic is combined with AgNPs as proved in case of the synergistic effect of ampicillin with
AgNPs against Escherichia coli. This phenomenon was also recently published in articles by Singh and
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Brown [44,45]. Brown et al., reported that AgNPs functionalized with ampicillin were effective against
ampicillin-resistant Escherichia coli [45].

The mechanisms leading to enhancement in bacteria sensitivity towards antibiotics combined
with AgNPs or even to restoration of sensitivity of bacteria originally resistant to antibiotics can be of
various nature taking into account the multiple mode of action of AgNPs (AgNPs destroy bacteria by
several mechanisms). AgNPs and antibiotics inhibiting synthesis of a cell wall can cooperate together
promoting disturbance of the cell wall or direct damage of the cell wall. AgNPs could facilitate
transport of hydrophilic antibitotics to the cell surface; increase in permeability of the membrane
by AgNPs would help antibiotics to enter into the cells more easily. Inhibition of the activity of
bacterial enzymes responsible for bacterial resistance could be another possible mechanism responsible
for restoring of antibacterial activity of antibiotics. Enzymes produced by resistant bacteria such as
f-lactamase, karbapenemase and others can be coated or bind on nanoparticle surfaces resulting in
a change/modification of their structure. After that, enzymes become inactivated and enzymatic
mediated hydrolysis of antibiotics cannot proceed. Enzymatic activity can be also inhibited by ionic
silver released from AgNPs.

Another interesting and important fact observed in this work was that the synergistic effects of all
used antibiotics in combination with AgNPs against both Gram-negative and Gram-positive bacteria
were similar. Significantly higher or lower antibacterial effects against bacteria were observed for
none of the used antibiotics and for none of the tested bacterial strains. Therefore, the difference in
cell wall composition between Gram-negative and Gram-positive bacteria has no influence on the
synergistic efficiency. No trends were observed for the synergistic effects of antibiotics with different
modes of action and different chemical structures in combination with AgNPs against the tested
bacteria, indicating non-specific synergistic effects of antibiotics in combination with AgNPs. It may
be concluded that AgNPs do not affect bacteria by one specific mode of action such as damaging
the bacterial cell wall or inhibiting proteosynthesis and nucleic acid synthesis which should result
in stronger synergistic effects for antibiotics with certain modes of action. It is known that AgNPs
change membrane permeability [48], collapse the plasma membrane potential [12], accumulate in
the membrane and leads to formation of “pits” in the cell wall [14]. Furthermore, AgNPs influence
the metabolic processes of purine and inhibit enzymes such as tryptophanase or respiratory chain
dehydrogenase thereby destroying important metabolic pathways of the bacteria [8-10,48]. Under
aerobic conditions, silver ions are released from nanoparticles, they enter into the cells and subsequently
generate reactive oxygen species (ROS), which damage DNA, RNA, proteins and lipids [18]. Zhang
et al., exploited this property and they developed nanostructured Ag/Cu composite with superior
antibacterial activity. Metal oxides created in the thermal oxidation process on surface release silver
ions more readily than zerovalent silver because of higher solubility of the oxides in water [49]. Due to
their multiple modes of action, AgNPs attack bacteria by several mechanisms which lead to overall
attenuation of the bacteria which cannot be so resistant to antibiotics. The non-specific antibacterial
activity of AgNPs is important and significant for preventing the development of bacterial resistance
to both AgNPs and preparations combining antibiotics and AgNPs.

It is known that the antibacterial activity of AgNPs strongly depends on their size, shape and
surface modification by various capping agents [13,19,21,49-53]. The antibacterial activity of AgNPs
increases with decreasing nanoparticle diameter [13,21,49]; anisotropic AgNPs such as triangular
or hexagonal AgNPs show better antibacterial effect than spherical and rod-shaped AgNPs [51-53].
Surface modification of AgNPs by various capping agents such as polymer substances or surface active
agents is generally used to enhance their aggregation stability or biological interactions with bacteria
which consequently leads to enhancement of antibacterial activity of capped AgNPs. [19]. If these
three key parameters (size, shape, and surface modification) directly influence the antibacterial activity
of AgNPs themselves, they also similarly influence the synergistic effects of AgNPs combined with
antibiotics. The role of size in synergistic effect of AgNPs combined with antibiotics was described
in the works by Habash et al., and Kareem et al. [54,55]. Habash et al., evaluated synergistic effect
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using fractional inhibitory concentration index for 10 nm and 20 nm sized AgNPs combined with
aztreonam against Pseudomonas aeruginosa where 40 nm, 60 nm, and 100 nm sized AgNPs showed
no interaction when combined with antibiotic against the tested bacteria [54]. Kareem ef al., also
proved a better synergic antibacterial effect for 10 nm sized AgNPs compared to 20 nm sized ones
combined with various antibiotics against Staphylococcus aureus. [55]. The effect of capping agents such
as citrate, sodium dodecyl sulfate (SDS), and polyvinylpyrrolidone (PVP) on the synergistic effect
of AgNPs combined with antibiotics was investigated in the work by Kora et al. [56]. Their results
proved a synergistic effect for all the stabilized AgNPs combined with streptomycin, ampicillin, and
tetracycline against Gram-negative and Gram-positive bacteria. The combined effect of capped AgNPs
and antibiotics was more prominent with PVP-capped AgNPs as compared to citrate- and SDS-capped
ones. Experimental data related to synergistic effects of AgNPs with various shapes combined with
antibiotics have not been reported yet in the scientific literature, however, it can be presumed, based
on the different antibacterial efficiency of AgNPs with various shapes that synergistic effect will also
vary with AgNPs of different shapes.

The absence of adverse cytotoxic effects is important for potential medical applications of
preparations or medical devices comprising combinations of antibiotics and AgNPs which could
be used in treatment of local infections or production of antibacterial catheters, prostheses, vascular
grafts efc. It may be assumed that prevention or treatment of infections would be more effective
as strong synergistic antibacterial effects of antibiotics combined with AgNPs occurred at very low
concentrations of both antimicrobial substances, minimizing the risk of side toxic effects. In this work,
a very low concentration, equal to units or tenths of mg/L of both AgNPs and antibiotics themselves
and in combinations, is needed for sufficient antibacterial effect; such low concentrations do not show
cytotoxic effect to the NIH/3T3 cells. None of the tested antibiotics at concentrations corresponding to
their MIC showed toxic effects. A toxicity index, LDsy, was not proven for any of the tested antibiotics
at a concentration equal to their MIC, and only a slight decrease of the viability in the range from 90%
to 77% depending on the antibiotic used was observed. The LDs toxicity index of antibiotics was
determined at high concentrations ranging from 120 to 250 mg/L depending on the tested antibiotic.
In addition, AgNPs themselves did not show cytotoxic effects to the tested cells at concentrations
equal to their MIC (7.5 mg/L). The LDsj toxicity index of AgNPs was determined at the concentration
of 30 mg/L. When antibiotics were combined with AgNPs and applied at concentrations equal to
their MIC, the viability of the cells decreased from 85% to 75% compared to the control cells, except
for the antibiotics AMS, MER, CZL, and CMP combined with AgNPs, for which the viability of the
cells decreased down to 71%, 73%, 72% and 73%, respectively. In the case of AMS combined with
AgNPs, the highest decrease in the viability to 71% do not reach the LDs index and, thus, such a
combination revealing the highest decrease in the viability does not show a cytotoxic effect. The LDsq
toxicity indexes of antibiotics combined with 7.5 mg/L and 15 mg/L of AgNPs was determined at
high concentrations ranging from 90 mg/L to 180 mg/L and 80 mg/L to 150 mg/L, respectively. When
antibiotics were combined with AgNPs at concentrations below their MIC, which is still sufficient for
strong antibacterial effect, the viability of the cells decreased very slightly to 90%-95% in comparison
with the control cells, depending on the antibiotics used. Such a negligible inhibition of the cell’s
viability is not regarded to have any cytotoxic effect.

AgNPs themselves at concentrations below 30 mg/L do not also display a cytotoxic effect to
human cells or blood as well as to environmentally important organisms as was proved in earlier
studies [20,57-59]. Moreover, Richter et al., came up with a solution to the persistence of AgNPs
in the environment and created nanoparticles with biodegradable lignin cores loaded with silver
ions and coated with a cationic polyelectrolyte layer. Such nanoparticles lose their post-utilization
antibacterial activity because of depletion of the silver ions, thereby minimizing their environmental
impact [60]. In other study by Munger et al., no in vivo toxicity effects of commercial AgNP to humans
were observed. No clinically important changes in metabolic, urine, hematologic, physical findings or
imaging morphology were noted after 14 days of exposure to 10 and 32 ppm of AgNPs, indicating that
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exposure to low doses of AgNPs has no adverse or toxic effects to humans [61]. Recently, several papers
focusing on in vivo experiments evaluating toxicity and adverse effects of AgNPs using experimental
animals have been published [62-68]. The obtained data related to the adverse and toxic effects of
AgNPs vary strongly in each scientific paper and the final conclusions are still controversial. Generally,
oral exposures to AgNP cause weight loss, inflammatory and immune responses, hepatic changes,
increase neurotransmitter levels and changed blood values [62,63,66-68] in animal model experiments
at concentrations of units or tens of mg/kg. Out of all the reports, the lowest observed adverse effect
level expressed by increased cytokines concentration is 0.5 mg/kg of bw/day in mice following 28-day
oral Ag NP exposure [68]. On the other hand, Kim ef al., observed only slight liver damage when rats
were exposed to over more than 300 mg/kg of Ag [62]. Dermal toxicity studies indicate that exposure
to >0.1 mg/kg of AgNPs results in slight spleen, liver, and skin damage in guinea pigs [69]. Tang et al.,
examined the distribution and toxicity of AgNP in rats administered subcutaneous injections of silver
at 62.8 mg/kg [70]. AgNPs were translocated to the blood circulation and distributed to kidney,
liver, spleen, brain, and lung. Moreover, AgNP caused blood-brain barrier destruction and neuronal
degeneration [71]. On the other hand, such an amount (62.8. mg/kg) of Ag in the case of subcutaneous
injection or 300 mg/kg in the case of oral administration or even higher amounts represent extremely
high doses which do not need to be administrated to treat bacterial infections, especially when AgNPs
are combined with antibiotics. Unfortunately, the issue of the relevant dose of AgNPs required for
system or local elimination of infection has not been addressed, verified or published yet. Similarly,
pharmacological and pharmacokinetic data on AgNPs have not been described yet. Thus, it is not
possible to predict in advance the doses of AgNPs and their eventual adverse effects. This is still an
open field which requires further exploration in order to determine if AgNPs combined with antibiotics
can be effective for the local and systematic therapy of infectious diseases without showing any side or
adverse effects.

3. Experimental Section

3.1. Chemicals and Biological Materials

For the synthesis of AgNPs, silver nitrate (99.9%, Fagron, Olomouc, Czech Republic), ammonia
(p-a., 25% w/w) aqueous solution, Sigma-Aldrich, St. Louis, MO, USA), sodium hydroxide (p.a.,
Lach-Ner, Neratovice, Czech Republic) and D-maltose monohydrate (p.a., Sigma-Aldrich) were used.
The prepared AgNPs were stabilized by gelatin (p.a., Lach-Ner).

For the determination of MICs of tested antibiotics, AgNPs and their combinations,
Mueller-Hinton broth (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) was used. The
following standard reference strains (labeling according to Czech Collection of Microorganisms,
Masaryk University, Brno, Czech Republic) were used: Escherichia coli CCM 4225, Pseudomonas
aeruginosa CCM 3955 and Staphylococcus aureus CCM 4223. Antibiotics involved in the study are
summarized in Table 1.

3.2. Synthesis and Characterization of Silver Nanoparticles

For the purpose of this study, AgNPs with an average size of 28 nm and a very narrow size
distribution were prepared by the well-established modified Tollens process involving reduction
of the complex cation [Ag(NHj3),]" by D-maltose in alkaline media (pH = 11.5) [46]. The initial
concentrations of the reagents in the reaction system were as follows: silver nitrate 1 x 10~ mol/L;
ammonia 5 x- 1072 mol/L; sodium hydroxide 1- 102 mol/L and D-maltose as a reducing agent
1 x 1072 mol/L. The reaction system was stirred continuously with a magnetic stirrer and the entire
experiment was carried out at the laboratory temperature (approx. 21 °C). The prepared AgNPs were
additionally stabilized by gelatin added to the prepared dispersion of AgNPs at a final concentration
of 0.05% in order to prevent partial aggregation caused by the culture medium.
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The diameter of the prepared AgNPs was measured by the dynamic light scattering (DLS) method
with the 90 Plus Particle Size Analyzer (Brookhaven Instruments Co., Holtsville, NY, USA). The same
instrument was used for zeta potential measurements. The nanodimensions of the synthesized AgNPs
were confirmed using transmission electron microscopy (TEM) with the JEM 2010 (Jeol, Tokyo, Japan)
instrument. UV-Vis spectra of ten-fold diluted dispersions of AgNPs were recorded with a Specord S
600 spectrophotometer (Analytik Jena, Jena, Germany).

3.3. Determination of the Synergistic Effect of Antibiotics and Silver Nanoparticles

MICs of antibiotics and AgNPs were separately determined by the standard microdilution method.
The same approach was used to determine the synergistic effect of the tested antibiotics combined
with AgNPs. The used antibiotics were diluted in geometric progression and combined with AgNPs
at silver concentrations under the MICs of AgNPs against the tested bacterial strain. The used
silver concentrations ranged from 0.6 to 5 mg/L according to the bacterial strain used. Disposable
microtitration plates were used for the tests. A total of 100 puL of Mueller-Hinton broth with defined
concentrations of an antibiotic and AgNPs was inoculated with the tested bacteria at a concentration
of 10° to 10° CFU/mL. The MIC was read after 24 h of incubation at 37 °C as the MIC of the tested
substance that inhibited the growth of the bacterial strain. Simultaneously, MICs of antibiotics and
AgNPs were separately determined using the same microdilution method.

3.4. Cytotoxicity Evaluation of Antibiotics, Silver Nanoparticles and Their Combinations

Cytotoxicity was determined for AgNPs and selected antibiotics themselves and also for their
combinations at concentrations showing antibacterial effect (equal to and under the MIC values). Also
the toxicity index (LDsp) of selected antibiotics and AgNPs themselves and for their combinations was
evaluated. Procedure of cytotoxicity evaluation was slightly modified in order to exclude potential
additive effect of antibiotics applied in standard procedure. Therefore the cells NIH/3T3 were
cultivated in medium (DMEM, Life Technologies™, Carlsbad, CA, USA) without supplemented
antibiotics for three passages in order to obtain antibiotic-free cells. Subsequently, cells were seeded
into 96-well plate (TPP, Biotech, Trasadingen, Switzerland) at a density of 2 x 10* cells per well. After
spreading (4 h), the cells were treated with the samples (antibiotics, AgNPs and their combination)
and incubated in a fully-humidified incubator with 37 °C and 5% CO, atmosphere. Following the
treatment (24 h), the MTT solution (at concentration 5 mg/mL) was added (20 uL) into the each
well. MTT solution was gently removed after 4 h and dimethyl sulfoxide (100 puL) was added to
dissolve formazan crystals. Absorbance was read at 570 nm by multiplate reader Infinite PRO M200
(Tecan, Mannedorf, Switzerland). Survival rate of cells was calculated from relation of absorbance:
(Asample/ Acontrol) * 100 and plotted as percentage of viability. Each tested concentration was repeated
three times and all experiments were carried out in duplicate.

4. Conclusions

In conclusion, we report a strong synergistic efficiency of a broad spectrum of antibiotics with
different chemical structures and modes of action in combination with AgNPs against Escherichia coli
CCM 4225, Pseudomonas aeruginosa CCM 3955 and Staphylococcus aureus CCM 4223. AgNPs of an
average size of 28 nm with a narrow size distribution were synthesized by the modified Tollens process
and stabilized by gelatin to achieve high antibacterial efficiency by preventing particle aggregation
in culture media. The microdilution method of determining the MICs of antibiotics was used as a
method that is more suitable and reliable than the disc diffusion method. The antibacterial activity
of the tested antibiotics increased markedly when combined with AgNPs as was proved by the
significantly decreased MICs of the antibiotics against the tested bacteria. The synergistic effect of
antibiotics combined with AgNPs was proved at very low concentrations showing no cytotoxic effect
on mammalian cells. Moreover, restoration of the susceptibility of a resistant Escherichia coli strain
to ampicillin was observed when ampicillin was combined with AgNPs. Because of a lack of data
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concerning this phenomenon in the literature it is necessary to perform larger studies to investigate the
possible restoration of susceptibility of resistant bacteria to antibiotics when combined with AgNPs.
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and has serious negative impacts on medical practice. This study presents a potential solution to this
problem, using the strong synergistic effects of antibiotics combined with silver nanoparticles (NPs). Sil-
ver NPs inhibit bacterial growth via a multilevel mode of antibacterial action at concentrations ranging
from a few ppm to tens of ppm. Silver NPs strongly enhanced antibacterial activity against multiresis-
tant, B-lactamase and carbapenemase-producing Enterobacteriaceae when combined with the following
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l;?::_ Orrsiopa ticla antibiotics: cefotaxime, ceftazidime, meropenem, ciprofloxacin and gentamicin. All the antibiotics, when
Antibiotic combined with silver NPs, showed enhanced antibacterial activity at concentrations far below the mini-
Resistant bacteria mum inhibitory concentrations (tenths to hundredths of one ppm) of individual antibiotics and silver NPs.
Synergism The enhanced activity of antibiotics combined with silver NPs, especially meropenem, was weaker against
Cytotoxicity non-resistant bacteria than against resistant bacteria. The double disk synergy test showed that bacteria

produced no B-lactamase when treated with antibiotics combined with silver NPs. Low silver concen-
trations were required for effective enhancement of antibacterial activity against multiresistant bacteria.
These low silver concentrations showed no cytotoxic effect towards mammalian cells, an important
feature for potential medical applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Bacterial resistance to the effects of antimicrobial agents is cur-
rently a serious concern for medical care, and this is exacerbated
by an increasing frequency of bacterial diseases. Application of
antimicrobials is an integral part of the therapeutic approach to
patient with bacterial infections. However, the mounting resistance
of pathogenic bacteria increasingly limits antibiotic effectiveness,
thus significantly increasing the likelihood of failure of antibiotic
therapy and the related morbidity and mortality of patients [1].
For example, initial antibiotic therapy may be effective in patients
with hematological malignancies, reducing mortality from febrile

* Corresponding author.
E-mail address: ales.panacek@upol.cz (A. Panacek).

http://dx.doi.org/10.1016/j.colsurfb.2016.03.007
0927-7765/© 2016 Elsevier B.V. All rights reserved.

neutropenia to 2-10%. However, cases of bacteremia caused by
extended-spectrum (-lactamase and carbapenemase production
led to mortality rates of up to 25% and 69%, respectively [2-4].

The range of treatment options for infections caused by Gram-
negative bacteria is diminishing, and the potential threat of an
infectious pandemic caused by multi-and panresistant strains is
increasingly more likely to ensue. Moreover, development and
spread of bacterial resistance are based on a mechanism that
involves hijacking genetic material from resistant bacterial cells
using recombinant processes. Given this mechanism, antibiotic
resistance spreads inexorably, independent of their consumption
[5].

Since bacterial resistance is a multifactorial problem, it requires
an interdisciplinary approach. An integral, albeit increasingly
difficult, aspect of the solution is the development of novel antimi-
crobial agents. One option for overcoming bacterial resistance is
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Fig. 1. TEM image (a) and UV-vis absorption spectra (b) of AgNPs, indicating a narrow particle size distribution.

Table 1

MICs (mg/L)*, average FIC® and resulting effect (Eff) of antibiotics in combination with AgNPs at different silver concentrations below MICs of AgNPs¢ against ESBL-positive

Escherichia coli strains.

antibiotic/AgNPs COX CZD MER cIp GEN

MIC  FIC Eff MIC FIC Eff MIC FIC Eff MIC FIC Eff MIC FIC Eff
antibiotic alone 4 04(0.1) S 16 0.36(0.13) S 006 123(019) 1 >32 022(0.16) S 05 05(0.17) S
antibiotic+ AgNPs 0.4mg/L  0.03 0.125 0.06 0.125 0.125
antibiotic+ AgNPs 0.2mg/L  0.125 0.125 0.06 0.125 0.125
antibiotic+ AgNPs 0.1 mg/L 1 2 0.06 0.5 0.125
antibiotic+AgNPs 0.05mg/L 1 16 0.06 2 0.125

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

b average value (SD); (n=3).
¢ MIC of AgNPs alone against ESBL-positive Escherichia coli=0.8 mg/L.

the combination of selected penicillin antibiotics (e.g., ampicillin,
amoxicillin or piperacillin) with bacterial B-lactamase inhibitors
(clavulanic acid, sulbactam or tazobactam) [6-8]. However, numer-
ous bacterial species exhibit markedly increased resistance against
such combinations of antibiotics with other substances that block
the defined bacterial resistance mechanism [9]. 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, like traditional antibiotics.

An apparent, promising approach to dealing with bacterial
resistance is the combination of a traditional antibiotic with sil-
ver nanoparticles (AgNPs). These combinations inhibit growth of
pathogenic microorganisms, including highly resistant bacterial
strains, at very low concentrations of 1-10mg/L [10-12]. The
effects of silver, either as a metal (nanoparticles) or in compounds,
are not specific to a single cellular level, but influence many bacte-
rial structures and metabolic processes concurrently [13-24]. As
such, the AgNPs poses low risk of bacterial resistance develop-
ment. Therefore, it is a suitable candidate for combinations with
antibiotics that are insusceptible to bacterial resistance.

Bacterial resistance to silver is conducted mainly with ionic form
of silver and, beside others, it was described in 1960s [25] and fur-
ther in works of Silver [26,27]. Bacteria that were resistant to ionic
silver originated from clinical environments [28] and naturally-
occurring strains [29]. Besides Ag* reduction to its less toxic
oxidation state, the Ag* resistance mechanism involves an active
efflux from the cell by either P-type adenosine triphosphatases
(ATPases) or chemiosmotic Ag*/H* antiporters [26,27,30-32].

However, a few studies demonstrating eventual resistance or
lowered susceptibility to AgNPs emerged recently [33,34]. One
study found that the plasmidic silver resistance determinant
described above (based on an energy-dependent Ag* efflux from
the cell by membrane proteins), was expressed by Salmonella
Senftenberg in the presence of both ionic silver and AgNPs [34].

Therefore, AgNPs should be used sparingly for treating bacterial
infections.

Since AgNPs antibacterial activity is nonspecific and depen-
dent on shape, size, charge, etc., the AgNPs resistance mechanism
should not be generalized. The mechanism should be evaluated for
whether the bacteria can develop resistance to AgNPs when it is
combined with antibiotic. In summary, if the bacterial resistance
to AgNPs has appeared, it was related to ionic form of silver. How-
ever, bacterial resistance to purely metallic AgNPs has not yet been
proven.

Several recent studies indicated that AgNPs may strengthen the
antibacterial effects of antibiotics, either additively or synergisti-
cally. Unfortunately, the synergistic effects of AgNPs-antibiotics
combinations were proven mostly for susceptible bacteria [35-46].
Only a few studies confirmed a successful synergistic effect of
AgNPs-antibiotics combinations in resistant bacteria. Furthermore,
the concentrations of AgNPs were high enough to inhibit bacterial
growth [45,46]. Such high AgNP concentrations (tens of mg/L) may
be cytotoxic to mammalian cells.

One study, by Brown et al., showed a successful synergistic effect
of noble metal nanoparticles functionalized with ampicillin, even
against multiresistant strains such as multiple-antibiotic-resistant
isolates of Pseudomonas aeruginosa, Enterobacter aerogenes and
methicillin-resistant Staphylococcus aureus [47]. However, so far,
no study characterizes the effects of antibiotics combined with
AgNPs on multiresistant bacteria that produce broad-spectrum
B-lactamases of the ESBL, AmpC and Klebsiella pneumoniae car-
bapenemase (KPC) types [48]. Current antibiotics are no longer
effective for these multiresistant bacteria.

The present study aimed to determine the bactericidal effect of
selected antibiotics combined with AgNPs against multiresistant
Enterobacteriaceae that produce broad-spectrum B-lactamases or
carbapenemase.
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Table 2

MICs (mg/L)*, average FIC® and resulting effect of antibiotics in combination with AgNPs at different silver concentrations below MICs of AgNPs‘ against AmpC-positive

Escherichia coli strains.

antibiotic/AgNPs CoxX czD MER cip GEN
MIC FIC Eff MIC  FIC Eff MIC FIC Eff MIC  FIC Eff MIC FIC Eff

antibiotic alone 8 028(01) S 32 0.28(01) S 006 123(02) I 32 034(0.11) S 05 0.48(02) S

antibiotic + AgNPs 1.7mg/L  0.03 0.125 0.06 0.125 0.125

antibiotic + AgNPs 0.8 mg/L ~ 0.03 0.125 0.06 0.125 0.125

antibiotic+AgNPs 0.4mg/L 1 2 0.06 8 0.125

antibiotic+ AgNPs 0.2mg/L 1 8 0.06 16 0.125

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

b average value (SD); (n=3).
¢ MIC of AgNPs alone against AmpC-positive Escherichia coli=3.4mg/L.

Fig. 2. Positive (a) and negative (b) detection of ESBL production by ESBL-positive Escherichia coli exposed to antibiotics alone (a) and antibiotics combined with AgNPs (b).

2. Materials and methods
2.1. Chemicals and biological materials

AgNPs were synthesized using silver nitrate (p.a., Fagron),
ammonia (28-30% [w/w], p.a., Sigma-Aldrich), sodium hydroxide
(p.a.,Lach-Ner)and p-maltose (p.a., Sigma-Aldrich). The synergistic
effects of AgNPs combined with each of the antibiotics cefotaxime
(COX), ceftazidime (CZD), meropenem (MER), ciprofloxacin (CIP)
and gentamicin (GEN) were evaluated against selected multiresis-
tant bacterial strains (see below). Mueller-Hinton Broth (Becton,
Dickinson and Company) was used as a culture medium. Antibi-
otic disks of cefotaxime (COX), aztreonam (ATM), cefepime (FEP),
ceftazidime (CZD), ceftazidime+ clavulanate (CCA) and amox-
illine + clavulanate (AMC) for the double disk synergy test were
supplied by Bio Rad (France).

2.2. Synthesis and characterization of AgNPs

For this study, AgNPs were synthesized according to the
previously published Tollens process that involves reduction of
the complex cation [Ag(NH3),|* by p-maltose in alkaline media
[49]. The concentrations of all the reaction components were
as follows: silver nitrate, 1 x 10~3 moldm—3 (mass concentration
corresponded to 108 mg/L of Ag); ammonia, 5 x 10~3 moldm~3;
sodium hydroxide, 9.6 x 10~3 mol dm~3, and p-maltose as a reduc-
ing agent, 1 x 10~2 mol dm~3,

The reaction mixture was continuously stirred with a magnetic
stirrer. Synthesis of AgNPs was carried out at the laboratory tem-
perature (approx. 21 °C). In addition, AgNPs were stabilized during
preparation by adding gelatin to the dispersion at a final concen-
tration of 0.05%, in order to prevent partial aggregation caused by
introduction to the culture medium.

The particle diameter of prepared AgNPs was measured by
dynamic light scattering using the 90 Plus Particle Size Analyzer
(Brookhaven Instr. Co.). The nanodimensions of the AgNPs were
confirmed by transmission electron microscopy (TEM) using the
JEM 2010 instrument (Jeol, Japan). Ultraviolet-visible (UV-vis) light
spectra and surface plasmon resonance of AgNP dispersions diluted
10-fold were recorded with the Specord S 600 spectrophotometer
(Analytik Jena, Germany).

2.3. Multiresistant bacterial strains

The following multiresistant strains were used for testing:
ESBL-positive Escherichia coli, ESBL-positive K. pneumoniae, AmpC-
positive E. coli and KPC-positive K. pneumoniae (Table S1).
Mueller-Hinton Broth (Becton, Dickinson and Company) was
used as a culture medium. Each strain was identified with stan-
dard microbiology methods using the Phoenix automated system
(Becton Dickinson) and the MALDI-TOF (matrix-assisted laser
desorption/ionization-time of flight) Biotyper (Bruker Daltonics).
All strains had been tested for the presence of B-lactamase genes
that encode production of ESBL and AmpC enzymes, using a specific
set of primers [50]. Polymerase chain reaction (PCR) amplification
of carbapenemase genes was performed according to the method
by Monteiro et al. [51]. Selected samples were sequenced.

2.4. Determination of the synergistic effect of antibiotics and
AgNPs

A standard checkboard microdilution method was used to
determine the minimum inhibitory concentration (MIC) of each
AgNPs-antibiotic combination, each individual antibiotic, and
AgNPs. The antibiotics and AgNPs were separately diluted in
Mueller-Hinton broth in geometric progression to determine their
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MICs. Using AgNP dispersions with a silver mass concentration of
108 mg/L, the final silver concentrations, after dilution in geomet-
ric progression, were: 54,27, 13.5,6.8,3.4,1.7,0.8,0.4, 0.2, 0.1 and
0.05 mg/L.

In order to determine the synergistic effect of AgNPs-antibiotics
combinations, we observed the MICs of each antibiotic when com-
bined with four different AgNP concentrations that fell below the
MICxg values, i.e., MICag/2, MICpg/4, MICpg/8 and MICag/16.

Fresh bacterial suspension was prepared for each antibacterial
assay. Bacteria were grown for 24 h at 35°C on blood agar and then
used to prepare bacterial inoculum which density was determined
by measuring optical density with a densitometer (Densi-La-Meter;
LACHEMA, Czech Republic). The direct colony suspension method
was used to make a suspension of the bacteria in saline to the
density of aMcFarland 0.5 turbidity standard, approximately corre-
sponding to 1-2 x 108 CFU/mL for E. coli. Dilution in Mueller Hinton
broth was the next step to obtain recommended starting concen-
tration of 106 CFU/mL.

Assessing of antimicrobial activity was performed according to
standard testing protocols (CLSI, EUCAST) and minimum inhibitory
concentration (MIC) was determined as the lowest concentration
of the tested substance that visibly inhibits the growth of the bac-
terial strain (absence of clouding) after 24 h of incubation at 35°C
and confirmed by subsequent plating on agar medium (MH agar,
Becton, Dickinson and Company, Franklin Lakes, NJ, USA).

The fractional inhibitory concentration (FIC) index was calcu-
lated according to a document by the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) [52] using the fol-
lowing formula:

MICprgincombination
MICprgalone

MICpgincombination

FIC =
MICpgalone

Since the checkboard dilution method resulted in a certain num-
ber of FICs (Fig. S1), an average FIC was calculated in order to classify
the combined antibacterial effect of antibiotics and AgNPs as syner-
gistic (FIC <0.5), additive (0.5 <FIC < 1), indifferent (1< FIC< 2), and

antagonistic (
2.5. Detection of ESBL production by double disk synergy test

We used the double disk synergy test (DDST) to detect -
lactamase production by bacteria exposed to antibiotics alone
and AgNP-antibiotics combinations. The DDST was performed
according to the disk diffusion methodology developed by the
EUCAST [53]. DDST involves inhibition of B-lactamase activity by
the B-lactamase inhibitor clavulanic acid, subsequently causing an
enlarged growth inhibition zone around the disk, or an extension
of this zone towards the disk containing the inhibitor, forming a
characteristic pattern between the substrate disks that do or do
not contain the inhibitor (Fig. S2) [54].

DDSTs in this study were performed by placing disks of cefo-
taxime (COX), aztreonam (ATM), cefepime (FEP), and ceftazidime
(CZD) on agar plates at a required distance from a disk contain-
ing amoxiciiiine + ciavuianaie (AMC) and concurreniiy by piacing a
disk of ceftazidime (CZD) at a required distance from a disk contain-
ing ceftazidime + clavulanate (CCA; Fig. S2). The test was considered
ESBL positive when the cephalosporin or aztreonam inhibition zone
extended towards the disk containing amoxicilline + clavulanate,
and when the inhibition zone of ceftazidime + clavulanate was
larger than that of ceftazidime alone. All tests were interpreted after
incubation of the DDST agar plates at 37°C for 24 h.

The synergistic effect of AgNPs-antibiotics combinations was
evaluated by DDST as follows. The AgNP dispersion was added to
liquid agar to achieve a final silver concentration equal to MICpg/2,
which is sufficient for a strong, apparent synergistic effect—namely

3mg/L for ESBL-positive K. pneumoniae and 0.4mg/L for ESBL-
positive E. coli.

2.6. Characterization of bacteria using atomic force microscopy
(AMF)

ESBL-positive K. pneumoniae was cultivated in the presence of
1 mg/L of cefotaxime alone, and 0.01 mg/L of cefotaxime combined
with 1.7 mg/L of AgNPs. Mueller Hinton broth was inoculated with
each bacterial strain and cultured for 24 h at 37 °C to obtain a con-
centration of 10° CFU/mL. Subsequently, bacteria were separated
from culture media by centrifugation and washed in phosphate
buffered saline (PBS; p.a., Sigma-Aldrich). The bacteria were fixed
with 2% cold glutaraldehyde (p.a., Sigma-Aldrich) for 1h, then
washed thrice in PBS and dehydrated stepwise, for 15min per
step, in ethanol (p.a., Sigma-Aldrich) solutions (30%, 50%, 70%,
90%). Dehydrated bacteria were deposited on muscovite mica and
imaged by an Ntegra Spectra atomic force microscope (NT-MDT,
Moscow) using the semicontact mode under ambient conditions
(humidity 44-45% and temperature 22-23 °C), and the lowest pos-
sible loading force for measurement with an HA-NC B cantilever.

2.7. Cytotoxicity evaluation of antibiotics, AgNPs, and their
combinations

Cytotoxicity of AgNPs and antibiotics alone was evaluated at
concentrations of 4 mg/L and 2 mg/L, respectively. The same con-
centrations were used for their combinations. The cytotoxicity
evaluation procedure was slightly modified to exclude the poten-
tial additive effect due to standard application of the antibiotics.
NIH/3T3 mammalian cells were cultured in Dulbecco’s modified
eagle medium (DMEM, Life Technologies) without supplemental
antibiotics for 3 passages to obtain antibiotic-free cells. Subse-
quently, the mammalian cells were seeded onto a 96-well plate
(TPP, Biotech) at a density of 2 x 10 cells per well. After spread-
ing (4h), the mammalian cells were treated with the samples
(antibiotics, AgNPs, and their combinations) and incubated in a
fully-humidified incubator containing 5% CO; at 37 °C for 24 h.

Following treatment, 20 L of MTT solution (5mg/mL) was
added to each well. The MTT solution was gently removed after
4h and 100 pL of dimethyl sulfoxide was added to dissolve for-
mazan crystals. Absorbance was measured at 570 nm on the Infinite
PRO M200 multiplate reader (Tecan, Austria). The cell survival rates
were calculated using relative absorbance: (Asampie/Acontror) x 100
and plotted as percentage viability. Each tested concentration was
triplicated and all experiments were duplicated.

3. Results and discussion

Tollens process, a well-known and reliable method, was used to
synthesize AgNPs. This process produces AgNPs of a specific size,
28 nm in diameter, with a very narrow size distribution, as con-
firmed by TEM (Fig. 1). The surface plasmon resonance (a typical
measure of adsorption of material onto metal nanoparticle sur-
faces) of these AgNPs was recorded ai a waveiengih of 405 nm
(Fig. 1), proving their small size. The AgNPs were stabilized with
0.05% gelatin to prevent possible aggregation after addition to cul-
ture media, which contains highly concentrated electrolytes. Only
stabilized, non-aggregated AgNPs produce high antibacterial activ-
ity.
We found that AgNPs, synthesized and stabilized as described
above, showed antibacterial activity against the selected mul-
tiresistant strains, as reflected by low MICsag values (Table S2).
AgNPs almost inhibited bacterial growth at concentrations of sev-
eral milligrams per liter. The AgNPs demonstrated the strongest
antibacterial activity against ESBL-positive E. coli, as only 0.8 mg/L
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MICs (mg/L), average FIC” and resulting effect of antibiotics in combination with AgNPs at different silver concentrations below MICs of AgNPs‘ against KPC-positive Klebsiella

pneumoniae strains.

antibiotic/AgNPs cox czD MER cp GEN

MIC  FIC Eff MIC  FIC Eff MIC FIC Eff MIC  FIC Eff MIC  FIC Eff
antibiotic alone >16  059(026) A >64  038(026) S >32 037(025) S >32  033(011) S 1 055(03) A
antibiotic + AgNPs 1.7mg/L  0.03 0.125 0.06 0.125 0.125
antibiotic + AgNPs 0.8 mg/L 2 0.125 0.06 0.5 0.125
antibiotic+AgNPs 0.4mg/L  >16 2 4 8 0.125
antibiotic+ AgNPs 0.2mg/L  >16 >64 >32 16 1

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

b average value (SD); (n=3).
© MIC of AgNPs alone against KPC-positive Klebsiella pneumoniae =3.4 mg/L.

Fig. 3. Positive (a) and negative (b) detection of ESBL production by ESBL-positive Klebsiella pneumoniae exposed to antibiotics alone (a) and antibiotics combined with AgNPs

(b).

of AgNPs was sufficient to kill the bacteria. The highest MICpg,
6.75mg/L, was required to kill ESBL-positive K. pneumoniae;
however, this value is still considered a very low bactericidal con-
centration.

Such low MICsag of AgNPs represent very high antibacterial
activity, but the AgNP concentration needed to enhance the activ-
ity of the selected antibiotics against all the selected multiresistant
strains was considerably lower, even less than 1 mg/L. This is partic-
ularly significant, from a therapeutic point of view, since the lowest
concentrations of therapeutic agents minimize possible adverse
effects.

We determined the MICs of the selected antibiotics in order to
distinguish between antibiotic-resistant and antibiotic-susceptible
bacteria in this study. Table S2 shows the MICs of antibiotics
against the tested multiresistant bacteria. The bacteria is antibiotic-
resistant when the MIC of the antibioticis higher than its breakpoint
(the concentration that defines whether a bacterial species is resis-
tant or susceptible to the antibiotic; based on the EUCAST database
[55)). _

Tables 1-4 summarize the MICs and calculated FIC indexes of
the AgNPs-antibiotics combinations. These tables show that AgNPs,
when combined with antibiotics, strongly enhanced the activity
of the antibiotics against the selected multiresistant strains. This
enhancement was apparent for all the antibiotics we tested, espe-
cially those to which a particular bacterium was resistant.

The combined antibacterial effect of the AgNPs and the antibi-
otics was synergistic against all resistant bacterial strains except
KPC-positive K. pneumonia, for which the combined antibacterial
effect of COX with AgNPs was additive. However, the combined
antibacterial effect was not as strong for susceptible bacteria as
for resistant bacteria. The effects of only two of the seven bacte-
rial treatments with AgNPs-antibiotic combinations exhibited a

synergistic effect of the combination against susceptible bacteria
(AgNPs-GEN against both ESBL-positive E. coli and AmpC-positive
E. coli). Two of the remaining five bacterial treatments (AgNPs—CIP
against ESBL-positive K. pneumoniae and AgNPs—-GEN against KPC-
positive K. pneumonia) exhibited additive effects. The effects of the
remaining three combinations (AgNPs-MER against ESBL-positive
E. coli, AmpC-positive E. coli and ESBL-positive K. pneumonia) were
indifferent.

The strength of the antibacterial effect of a given antibiotic
caused its combined (with AgNPs) antibacterial effect against sus-
ceptible bacteria to be weaker than its combined effect against
resistant bacteria. This was especially the case for the antibiotic
MER. The synergistic effect of the AgNPs-MER combination was
observed only once, and only against meropenem-resistant bacte-
ria. The combined antibacterial effect of MER with AgNPs against
meropenem-susceptible bacteria was either additive or indiffer-
ent. Moreover, the MIC values of AgNPs—-MER combinations did not
fall below the MIC values of unattached MER against meropenem-
susceptible bacteria, which remained at a value of 0.06 mg/L. Thus,
the antibacterial effect of unattached MER against susceptible bac-
teria was considerably strong and could not be exceeded by the
antibacterial effect of the AgNPs—MER combination.

AgNPs very strongly enhanced the effects of antibiotics at
all concentrations tested, even at the lowest concentration of
MICag/16. The greatest enhancement of antibacterial activity was
observed at AgNP concentrations of MICag/2 and MICpg/4, with
the MICs of the antibiotics being as much as 100-fold lower. The
enhanced antibacterial effects of antibiotics combined with AgNP
concentrations of MICx¢/8 and MICag/16 were still apparent, albeit
less prominent.

Nevertheless, the MICs of the antibiotics decreased several
times. At concentrations of MICag/2 and MICag/4, the MICs of
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Table 4
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MICs (mg/L)?, average FIC” and resulting effect of antibiotics in combination with AgNPs at different silver concentrations below MICs of AgNPs® against ESBL-positive

Klebsiella pneumoniae strains.

antibiotic/AgNPs CcoxX CZD MER cp GEN
MIC  FIC Eff MIC  FIC Eff MIC FIC Eff MIC  FIC Eff MIC  FIC Eff
antibiotic alone >32  0.18(0.14) S 32 02(0.14) S 006 1.23(0.2) A 0.2 098(0.16) A >32 033(0.16) S
antibiotic+AgNPs 3.4mg/L  0.03 0.125 0.06 0.125 0.125
antibiotic+ AgNPs 1.7mg/L  0.03 0.125 0.06 0.125 1
antibiotic+AgNPs 0.8 mg/L  0.03 0.125 0.06 0.2 2
antibiotic+ AgNPs 0.4mg/L 1 2 0.06 0.2 16
4 The MIC determination is a qualitative assay and the estimated error is of the order of magnitude of the value; (n=3).
b average value (SD); (n=3).
¢ MIC of AgNPs alone against ESBL-positive Klebsiella pneumoniae = 6.8 mg/L.
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Fig. 4. Atomic Force Microscopy (AFM) images and profiles (piot beiow image) of
combined with AgNPs (b).

the antibiotics for multiresistant strains were always below their
breakpoints. Thus, all the multiresistant bacteria tested may have
been considered susceptible to the antibiotics combined with sub-
inhibitory AgNP concentrations. At the subsequently lower silver
concentration of MICxg/8, the MICs of the antibiotics were below or
equal to the breakpoint levels in the following cases: ESBL-positive
E. coli treated with COX or CIP, AmpC-positive E. coli treated with
COX, and ESBL-positive K. pneumoniae treated with COX, CZD or
GEN.

No MIC value of any antibiotic combined with AgNPs at MICag/8
was less than or equal to the breakpoint for KPC-positive K. pneu-
moniae. At the lowest silver concentration of MICag/16, MICs of the
antibiotics that were less than or equal to the breakpoints were
noted only for COX against all the multiresistant bacteria except
KPC-positive K. pneumonia. When the other antibiotics were com-
bined with MICpg/16, the MICs of the antibiotics decreased in some
cases, but never fell below the breakpoints. In the other cases, the
MICs of these other antibiotics did not decrease when they were
combined with MICag/16. Thus, MICa4/8 and especially MICag/16
were threshold concentrations at which the enhanced antibacterial
activity of the antibiotics gradually started to vanish.

Several studies have demonstrated the synergistic effect
of AgNPs with antibiotics against both antibiotic-susceptible
[35-47] and antibiotic-resistant bacteria [40,45-47]. Brown et al.
found synergy with both silver NPs and gold NPs functionalized
with ampicillin, even against multiresistant strains such as

X Position (um)

ESBL-positive Kiebsiella pneumoniae exposed to cefotaxime aione (a) and cefotaxime

multiresistant isolates of P. aeruginosa, E. aerogenes, and
methicillin-resistant S. aureus [47]. These results are consis-
tent with our data, and corroborate the enhanced activity of
cefotaxime, ceftazidime, meropenem, ciprofloxacin and gentam-
icin after combination with AgNPs at concentrations lower than
the MICs of AgNPs. Unlike the study by Brown et al., our study
showed the synergistic effect with a wider concentration ranges
of the antibiotic agents, and lower silver concentrations.

Markowska et al., evaluated the synergistic effect of AgNPs
combined with antibiotics against both susceptible and resistant
P. aeruginosa. The synergistic effect was shown only against sus-
ceptible P. aeruginosa. P. aeruginosa resistant to streptomycin and
rifampicin retained its resistance when these antibiotics were com-
bined with AgNPs [40]. Similarly, Singh et al. tested the synergistic
effects of AgNPs-antibiotics combinations against both susceptible
and resistant bacterial strains using the disk diffusion and dilution
methods. For the disk method, they used a concentration of 30 ug
of silver per disk which, on its own, showed antibacterial effects
against the tested bacteria. The synergistic effect was weak in most
cases, mainly against susceptible strains. However, for the dilution
method, the authors did confirm the synergistic effect of AgNPs and
antibiotics against both susceptible and resistant bacteria using a
AgNP concentration of 75 mg/L [45]. On one hand, this concentra-
tion was already sub-inhibitory (the MICagnps was above 100 mg/L);
on the other hand, it was relatively high and toxic for human cells
[11,56], making it useless for practical application.
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Our findings demonstrated the synergistic effect of AgNPs and
antibiotics against resistant bacterial strains at much lower AgNP
concentrations (by as much as two orders of magnitude). Sen
et al. studied the synergistic effect of AgNPs and antibiotics at a
concentration of 15mg/L of silver. This concentration on its own
inhibited the growth of the tested resistant bacteria by 50%. Com-
bination of AgNPs, at concentrations equal to the lethal dose that
kills 50% of bacteria (LD50), with 50 mg/L of ampicillin, 10 mg/L
of azithromycin, 10 mg/L of cefepime, and 20 mg/L of tetracycline
produced a synergistic effect against the resistant bacteria strains
tested [46]. However, we used considerably lower concentrations
of silver that did not inhibit the growth of resistant bacteria on their
own.

The above data from AgNPs-antibiotics combinations suggest a
potential solution to the problem of bacterial resistance. The results
confirm synergistic antimicrobial effects, and decreases in the MICs
of the antibiotics tested to values that fall below their respective
breakpoints. When combined with very low AgNP concentrations,
the originally ineffective antibiotics regained their strong bacteri-
cidal activity against multiresistant strains.

The synergistic effect and enhanced activity of antibiotics com-
bined with AgNPs may be explained by the concurrent impact of
silver on numerous bacterial structures and metabolic processes.
AgNPs inactivate bacterial enzymes [18,19], disrupt bacterial
metabolic processes [14,17] and the bacterial cell wall [24], accu-
mulate in the cytoplasmic membrane and increase its permeability
[19-21], interact with DNA [18], denature proteins [40] and gen-
erate reactive oxygen species [15,16,22]. This multilevel mode
of action makes AgNPs able to destroy or inhibit the growth of
pathogenic microorganisms, including highly resistant bacterial
strains (from a few mg/mL to several tens of mg/L) [10-12,20,21].

At lower silver concentrations, specifically from a few tenths
of 1mg/L to several mg/L, AgNPs exhibit no bactericidal activity.
To a certain extent, however, they may damage the cell wall and
influence its permeability, and affect bacterial metabolic processes.
Silver may also inhibit production of enzymes responsible for bac-
terial multidrug resistance, or even directly inhibit the enzymatic
process of antibiotic hydrolysis. Inhibition of antibiotic degradation
by ESBL, AmpC and KPC enzymes may occur by either direct enzyme
inactivation, or changes in the structure of the antibiotic substrate
resulting from chemical or physical interactions between antibi-
otic molecules and AgNP surfaces to which antibiotic molecules
may adsorb.

DDSTs for detection of ESBL produced by ESBL-positive E. coli
and ESBL-positive K. pneumoniae were performed to confirm the
impact of AgNPs on [-lactamase. The DDSTs positively detected
ESBL production in both strains of ESBL-positive E. coli and
ESBL-positive K. pneumoniae. Positive detection was reflected by
the typical enlargement of aztreonam and cephalosporins inhi-
bition zones towards amoxiciline-clavulanate (Figs. 2 a and 3
a ) after cultivation on agar plates without AgNPs. The cef-
tazidime + clavulanate inhibition zone was also enlarged, compared
to the ceftazidime inhibition zone.

ESBL production was not detected when ESBL-positive E. coli
and ESBL-positive K. pneumoniae were cultivated on agar contain-
ing 0.4mg/L and 3 mg/L of AgNPs respectively. Inhibition zone
expansion towards amoxicilinne-clavulanate and an enlarged cef-
tazidime + clavulanate inhibition zone were not observed, proving
negative detection of ESBL production (Figs. 2 b and 3 b).

This negative DDST result may be explained by the notion that
the presence of AgNPs in the agar plate affected bacterial pro-
duction or activity of B-lactamases. This result demonstrates that
antibacterial activity of the antibiotics is restored when they are
combined with sub-inhibitory concentrations of AgNPs. Given the
effect of silver on B-lactamase function, hydrolysis of the antibiotics
does not occur; therefore the antibiotics remain effective against

bacteria. Figs. 2 b and 3 b clearly show, by comparison, the concur-
rent synergistic effect of AgNPs and antibiotics. Inhibition zones
around all the antibiotic disks placed on agar plates containing
AgNPs were enlarged compared to inhibition zones around antibi-
otic disks placed on agar plates without AgNPs.

The mechanisms of the synergistic effect, based on restoration
of the antibacterial activity of the antibiotic due to obstructed
B-lactamase activity, also support the AFM characterizations of
ESBL-positive K. pneumoniae cells exposed to cefotaxime alone and
the AgNPs-cefotaxime combination. When exposed to cefotaxime,
the rigid cell wall of the resistant bacterial strain remained undam-
aged because [B-lactamase inactivated the antibiotic (Fig. 4a).
Therefore, the topography and profiles of bacterial cells treated
with unattached cefotaxime were well-characterized by AFM.

On the contrary, AFM characterization of bacterial cells exposed
to cefotaxime combined with AgNPs was difficult and infeasible
under the same conditions and produced much noise for bothimage
and profile (Fig. 4b). Such infeasible measurement was given by
reduced bacterial cell wall rigidity and, thus, restored activity of the
sub-inhibitory cefotaxime concentration, combined with AgNPs,
which was not hydrolyzed by B-lactamase. Another indication of
the reduced cell wall rigidity is that the bacteria appear flatter and
wider during the AFM measurement.

Given their very low concentrations, the AgNPs are harmless in
that they have no cytotoxic effects on mammalian cells, as con-
firmed by the cytotoxic study using NIH/3T3 cell lines. AgNPs,
antibiotics alone and AgNPs-antibiotics combinations at concen-
trations of 4mg/L and 2mg/L, respectively, showed no cytotoxic
effect on the mammalian cell lines compared to control cells. The
viability of mammalian cells treated with AgNPs and antibiotics
alone decreased slightly to 97% and 98%, respectively, compared
to control cells, suggesting no significant cytotoxic effect. When
antibiotics were combined with AgNPs at identical concentrations
(4mg/L and 2 mg/L, respectively), the viability of the mammalian
cells decreased slightly from 98% to 95% compared to control cells,
depending on the antibiotic used (Fig. S3).

We demonstrated the synergistic antibacterial effect of AgNPs
combined with antibiotics for significantly lower concentrations
than those used in the cytotoxicity evaluation. Therefore, any cyto-
toxic effects of the AgNPs-antibiotics combinations may be ruled
out for concentrations that were effective against the resistant
strains we tested. Previous studies reported the cytotoxic effect
of AgNPs prepared by the Tollens process at concentrations higher
than 30 mg/L [11,56]. The absence of adverse cytotoxic effects is
particularly important for: potential medical preparations, med-
ical devices comprising combinations of conventional antibiotics
and AgNPs which could be useful for treating local infections, pro-
duction of antibacterial catheters, prostheses, vascular grafts, etc.
It may be assumed that prevention or treatment of infections using
the strong synergistic effects of antibiotics combined with AgNPs
would be more effective with very low concentrations of both
antimicrobial substances, thus minimizing the risk of toxic side
effects.

4. Conclusion

This study of the antibacterial activity of AgNPs combined with
antibiotics clearly confirmed the existence of a synergistic effect
resulting from the combination of these two antimicrobial agents.
In in vitro tests, the synergistic effect led to a reduction in the MICs
of the antibiotics by at least one order of magnitude when com-
bined with AgNPs at concentrations below 1 mg/L. Moreover, even
antibiotics that originally were totally ineffective showed bacterici-
dal effects against multiresistant bacterial strains when combined
with such low AgNP concentrations.
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Additionaly, DDSTs showed a lack of 3-lactamase production in
bacteria when antibiotics were combined with AgNPs, thus con-
firming the restoration of the antibacterial effect of antibiotics in
the presence of silver. The potential cytotoxic effect of such low
AgNP concentrations on mammalian cells, as observed in in vitro
tests with concentrations more than one order of magnitude higher,
was eliminated. Additionally, the observed decrease in minimum
inhibitory antibiotic concentration by one order of magnitude sub-
stantially reduces any adverse effects of antibiotics currently used
in medical practice. Altogether, combining antibiotics with AgNPs
provides one potential approach to an effective fight against the
unresolved problem of an increasing resistance of pathogenic bac-
teria against traditional antibiotics.
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Abstract

Biomedical application of silver nanoparticles (AgNPs) has been rapidly increasing. Owing to their strong anti-
microbial activity, AgNPs are used in dermatology in the treatment of wounds and burns. However, recent
evidence for their cytotoxicity gives rise to safety concerns. This study was undertaken as a part of an ongoing
programme in our laboratory to develop a topical agent for wound healing. Here, we investigated the potential
toxicity of AgNPs using normal human dermal fibroblasts (NHDF) and normal human epidermal keratinocytes
(NHEK) with the aim of comparing the effects of AgNPs and ionic silver (Ag-l). Besides the effect of AgNPs and
Ag-l on cell viability, the inflammatory response and DNA damage in AgNPs and Ag-I-treated cells were exam-
ined. The results showed that Ag-l were significantly more toxic than AgNPs both on NHDF and NHEK. Non-
cytotoxic concentrations of AgNPs and Ag-1 did not induce DNA strand breaks and did not affect inflammatory
markers, except for a transient increase in interleukin 6 levels in Ag-I-treated NHDF. The results showed that
AgNPs are more suitable for the intended application as a topical agent for wound healing up to the concen-
tration 25 pg/mL.

Keywords
Human dermal fibroblasts, human epidermal keratinocytes, silver nanoparticles, toxicity, inflammation, DNA
damage

exploitation in diverse products, and therefore, the
field of nanotechnology is expanding at a rapid
rate.>

Introduction

Nanotechnology is a highly promising field for
the development of new applications in a variety
of areas including electronics, environmental reme-
diation, and medical healthcare.! Nanomaterial is
defined as a substance (natural, incidental or manu-
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factured) containing particles in an unbound state,
as an aggregate or as an agglomerate and where, for
50% or more of the particles in the number size dis-
tribution, one or more external dimensions is in a
size ranging from 1 to 100 nm.? Nanoparticles (NPs)
can take many different forms such as tubes, rods,
wires or spheres, with more elaborate structures
devised such as nano-onions and nano-pea pods.>*
Due to the large surface area and high reactivity of
NPs compared with macro-/micro-particles, NPs
exhibit excellent physical, chemical and biological
properties. This makes nanomaterial attractive for
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In terms of interest and utilization, silver NPs
(AgNPs) seem to be the most popular. Ag compounds
and ions have been used for both hygienic and healing
purposes, due to their strong bactericidal effects as
well as a broad spectrum of antimicrobial activity.”"®
Nevertheless, topical application of Ag compounds
(silver nitrate (AgNOs3) and silver sulfadiazine) may
cause cosmetic abnormality, for example, argyria
(blue grey colouration) upon prolonged use or could
arrest the healing process owing to fibroblast and
epithelial cell toxicity.” The use of the Ag compounds
and ions was suppressed with the advent of antibiotics
and other disinfectants.'®'! However, interest of Ag
in medicine has re-emerged with the increased bacter-
ial resistance to antibiotics and the production Ag in
the form of NPs. Owing to their strong antimicrobial
activity, AgNPs are used in surgical instruments and
bone prostheses coated or embedded with AgNPs.'?
Further application of AgNPs is in dermatology in the
treatment of wounds and burns.'>'* With the increas-
ing interest in the use of AgNPs in medicine, concerns
about the potential toxicity of AgNPs also increase.
Hence toxic effects on human health have been stud-
ied in vitro'>'® and in vivo.'>%?° Many studies have
identified some degree of NPs toxicity.

Due to the small size, NPs have higher mobility in
the body compared to macro-/micro-particles. In vivo
studies have shown the presence of AgNPs in various
organs (e.g. brain, skin, lung, kidney, liver and tes-
tis).'*2! Several in vitro studies further reported the abil-
ity of AgNPs to enter cells.”*> 2> However, the mode by
which NPs enter cells has not been explained yet. Simi-
larly, the mechanism of NPs, particularly AgNPs, and
their toxic effects remain unclear. Several in vitro studies
suggest that AgNPs cytotoxicity is connected with their
effect on cellular energy metabolism. AgNPs induce
mitochondrial dysfunction via interruption of mito-
chondrial membrane permeability and adenosine tri-
phosphate synthesis.”>?®?7 AgNPs further stimulate
generation of reactive oxygen species (ROS).?2*%2
Excessive ROS generation results in oxidative stress and
subsequent oxidative damage to biomolecules including
lipids®® and DNA as well as an inflammatory response.
Recent studies have reported production of DNA
single-strand breaks in AgNPs-exposed cells.?*-?2303!
Carlson et al.®® and Park et al.'® have further shown
increased levels of pro-inflammatory cytokines (inter-
leukin-13 (IL-13), IL-6 and tumour necrosis factor a
(TNF-)), Thl- and Th2-type cytokines (IL-4, IL-5,
IL-10, IL-12 and interferon-y) and transforming growth
factor 3 after AgNPs treatment in vitro or in vivo.'¢

The goal of the present work was to evaluate the
potential toxicity of AgNPs and ionic silver (Ag-I)
using normal human dermal fibroblasts (NHDF) and
normal human epidermal keratinocytes (NHEK) and
define a range of AgNPs and Ag-I concentration for
the intended application as a topical agent for wound
healing. Besides, influence of AgNPs and Ag-1 on cell
viability, the inflammatory response and DNA dam-
age in AgNPs and Ag-I-treated cells were examined.

Materials and Methods

Chemicals

AgNPs and AgNO; (Ag-1) were provided by Nano-
Trade s.r.o. (Czech Republic). Western blotting
Luminol Reagent, cyclooxygenase 2 (COX-2) rabbit
polyclonal antibody, IL-6 rabbit polyclonal antibody,
actin (1-19) goat polyclonal antibody, horseradish
peroxidase-conjugated goat anti-rabbit and rabbit
anti-goat antibodies were received from Santa Cruz
Biotechnology (Santa Cruz, California, USA). Protease
inhibitor cocktail tablets (Complete™) were purchased
from Roche (Mannheim, Germany). Keratinocyte
basal medium-2 and KGM™-2 SingleQuots™ were
purchased from East port Prague s.r.o. (Czech Repub-
lic). EpiLife™ medium and human keratinocyte growth
supplement kit were received from Life Technologies
s.r.0. (Czech Republic). Dulbecco’s modified Eagle’s
medium, Ham-F12 nutrient mixture, stabilized penicil-
lin—streptomycin solution, amphotericin B, hydrocorti-
sone, adenine, insulin, epidermal growth factor, 3,3',5
triiod-L-thyronin, trypsin, ampicillin, lipopolysac-
charide (LPS; from Escherichia coli 055:BS5), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), ethidium bromide, Immun-Blot™ polyvinyli-
dene difluoride (PVDF) membrane, and Kodak BioMax
light film, and all other chemicals were purchased from
Sigma-Aldrich (St Louis, Missouri, USA).

Synthesis and characterization of AgNPs

AgNPs were provided by NanoTrade s.r.o. The parti-
cle was synthesized by chemically reducing AgNO;
with sodium borohydride (NaBH,) as referred in
Czech patent (CZ 304160 B6).>? The prepared AgNPs
were sonicated in a bath sonicator for 30 min prior to
use. The size of prepared AgNPs was lower than
20 nm (Figure 1(a) and (b)). The ultraviolet—visible
spectrum was collected on a ultraviolet—visible
spectrophotometer (Helios Alpha, Thermo Electron
Corporation, UK); Figure 1(c) and (d).
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Figure |. Characterization of AgNPs. Panel (a) represents typical TEM image of AgNPs captured with the TEM JEOL 2010.
Scale bar represent 100 nm. Panel (b) shows the size distribution of AgNPs measured with Image ) software. Panel (c) shows
UV-Vis absorption spectra of AgNPs diluted in water and panel (d) shows UV-Vis absorption spectra of AgNPs diluted in

serum-free medium.

AgNPs: silver nanoparticle; TEM: transmission electron microscope; UV-Vis: ultraviolet-visible.

The primary particle size and morphology of AgNPs
were examined using a transmission electron micro-
scope (TEM; JEOL 2010, JEOL Ltd, Japan) at an
accelerating voltage of 160 kV. An aqueous solution
of AgNPs was sonicated (30 min) to reduce agglomera-
tion, 5 pl of NPs suspension was then applied onto For-
mvar carbon-coated copper grid which was then dried.
Image J software was used to measure the nanoparticle
size. Particles were approximately spherical, and there-
after, the diameter measurements were performed at
random. The mean and standard deviation (SD) of par-
ticle sizes were calculated from measuring over 700
individual NPs in random fields of view in addition
to the images showing the general morphology of the
NPs.*? Zeta potential was also measured to determine
the amount of aggregation of particles.

Cell culture and characterization

NHDF and NHEK were cultivated from skin of healthy
donors (see supplementary document). The tissue spe-
cimens were obtained from patients undergoing plastic

surgery at the Department of Plastic and Aesthetic
Surgery (University Hospital Olomouc). The tissue
acquisition protocol adhered to the requirements of
the local ethics committee. All patients had signed
written informed consent.

The isolated primary cell cultures (NHDF and
NHEK) were characterized by the morphology and
immunocytochemically according to their phenotype
at the Department of Histology and Embryology,
Faculty of Medicine and Dentistry, Palacky Univer-
sity Olomouc (see supplementary document).

Treatment of cells

For evaluation of AgNPs and Ag-I effects on cell
viability, inflammatory response, and DNA dam-
age, NHDF and NHEK were treated with AgNPs
and Ag-l in serum-free medium that was applied
for 8 or 24 h. Then the media were collected and
immediately frozen (—80°C) for a measurement
of inflammatory markers particularly IL-6, IL-8,
TNF-o, basic fibroblast growth factor (FGF basic)

Downloaded from het.sagepub.com by guest on August 2, 2016



Galanddkovd et al.

949

and granulocyte—macrophage colony-stimulating fac-
tor (GM-CSF). Cells were washed with phosphate-
buffered saline (PBS), if necessary, further processed
and then toxicity, DNA damage or expression of
COX-2 and IL-6 were evaluated.

Cell viability

Reduction of tetrazolium salt, MTT, was used as
a parameter for cytotoxicity assessment. MTT is
reduced by intracellular dehydrogenases of viable liv-
ing cells that lead to the formation of purple formazan
crystals, insoluble in aqueous solutions. After dissolu-
tion in organic solvent, the absorbance is monitored.>*

The cells on 96-well microplates were treated with
AgNPs (0-33 pg/mL) and Ag-I (0-33 pg/mL) in
serum-free medium for 24 h. Control cells were
treated with a serum-free medium without AgNPs or
Ag-I. After the incubation period, the medium was
removed, and serum-free medium supplemented with
MTT (5 mg/mL) was applied to the cells for 2 h
(37°C, dark). The solution was then removed and the
crystals were dissolved in dimethyl sulfoxide with
ammonia (1%, v/v). Afterwards, the solubilization
solution (100 pl) from each well was transferred onto
a new 96-well plate, and the absorbance was read
from the bottom of the well to ensure that residual
AgNPs or Ag-I on the bottom of the wells did not inter-
fere with the absorbance. The absorbance was mea-
sured at a test wavelength 540 nm and a reference
wavelength of 690 nm (Sunrise, Tecan, Switzerland).>®

The cytotoxicity of AgNPs/Ag-1 can be evaluated
using the following equation:

o dorS (4s — AB))
Cytotoxicity(%) = 100 x (—(AC — )
where Ag is the absorbance of sample (the cells treated
with AgNPs or Ag-I), 4p is the absorbance of back-
ground (well without cell and with AgNPs or Ag-I),
and Ac is the absorbance of control (the cells treated

with a serum-free medium without AgNPs or Ag-I).

Genotoxicity

DNA strand breaks were used for genotoxicity eva-
luation. The alkaline version of single-cell gel electro-
phoresis (comet assay) was used. The NHDF on
24-well plates were treated with AgNPs (1, 10, and
25 pg/mL) and Ag-1 (0.1, 0.5, and 1 pg/mL) in
serum-free medium for 24 h. After the incubation
period, cells were washed with PBS, harvested, and
processed as described previously.>®

The extent of DNA damage was analysed after
staining by ethidium bromide on an Olympus BX 70
fluorescence microscope (Tokyo, Japan). The lesions
were assessed at least in 100 nuclei/slide area by
visual scoring from 0 (undamaged, no discernible
comet tail) to 4 (almost all DNA in tail, insignificant
head) using the standard breakage scale (Figure 2).
Total DNA damage was calculated: number of cells
in class 0 x 0 + number of cells in class 1 X 1 4+ num-
ber of cells in class 2 x 2 + number of cells in class 3
X 3 4 number of cells in class 4 x 4. The maximal
damage was given a value of 400.

Cytokine determination

Production of inflammatory markers particularly 1L-6,
1L-8, TNF-o, FGF basic and GM-CSF was measured in
medium collected from NHDF treated with AgNPs
(0.25 and 25 pg/mL) and Ag-1 (0.025 and 0.25 pg/mL)
after 8 and 24 h. For determination, the Bio-Plex
Human Cytokines enzyme-linked immunosorbent
assay (ELISA) kit and Bio-Plex 200 System (Bio-Rad,
Hercules, California, USA) were used according to the
manufacturer’s manual. The system allowed simulta-
neous measurement of all five cytokines in one sample.

Negative control cells were treated with a serum-
free medium without AgNPs and Ag-I. Positive con-
trol cells were treated with a LPS (10 pg/mL) in
serum-free medium, as LPS is a well-known inflam-
matory agent.>’

Protein expression

The amount of COX-2 and IL-6 protein was evaluated
using Western blot analysis. NHDF were treated with
AgNPs (0.25 and 25 pg/mL) and Ag-I (0.025 and
0.25 pg/mL) in serum-free medium for 24 h. Fibro-
blasts were then washed properly with cold PBS and
scraped into the ice-cold lysis buffer (20 mM Tris,
5 mM ethylene glycol tetra acetic acid, 150 mM
sodium chloride, 20 mM glycerol phosphate, 1 mM
sodium fluoride, 1% Triton X-100, I mM sodium
orthovanadate, 0.1% Tween 20, and protease inhibitor
cocktail tablet). After incubation (15 min, 4°C), the
lysate was cleared by centrifugation (14,000 r/min,
10 min, 4°C). The supernatant protein concentration
was determined by Bradford assay. Proteins were
separated by 12.5% sodium dodecyl sulphate—polya-
crylamide gel electrophoresis and transferred onto a
PVDF membrane. Residual binding sites on the mem-
brane were blocked using blocking buffer (5% non-fat
dry milk (w/v) in 100 mM Tris-buffered saline
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Figure 2. Comet examples for visual scoring of DNA damage.

(pH 7.5) with Tween 20 (0.05%, v/v) for 1 h at room
temperature). The membrane was then incubated with
a polyclonal primary antibody (rabbit anti-IL-6, goat
anti-COX-2 or goat anti-actin (1-19), overnight at
4°C) and with a secondary horseradish peroxidase-
conjugated antibody (goat anti-rabbit or rabbit anti-
goat for 2 h at room temperature). COX-2, IL-6 and
actin expression was detected by chemiluminiscence
using Western Blotting Luminol Reagent and autora-
diography using a Kodak BioMax light film. The
quantification of proteins was performed by densito-
metric analysis using ElfoMan 2.6 software.

Statistical analysis

Data are expressed as means + SD of four indepen-
dent experiments performed in triplicate for each
sample. The Student’s s-test was used for statistical
analysis. Statistical significance was determined at
p = 0.05. Western blot data are representatives of
three independent experiments.

Results

Synthesis and characterization of AgNPs

AgNPs were synthesized chemically by reducing
AgNO; with NaBH4. The use of strong reducing
agent like NaBH, enables to produce AgNPs of size
lower than 40 nm. The AgNPs were characterized

before using them further. TEM analysis was used for
the determination of accurate size, shape and state of
dispersion. The TEM analysis revealed that AgNPs
(Figure 1(a)) monodispersed with spherical morphol-
ogy. The size distribution analysis showed that the
50% of the AgNPs occurring between 5 and 40 nm
in size, and the overall average size matches the
10.43 + 4.74 nm (Figure 1(b)). Zeta potential value
was —22 mV (in water) and —14.6 mV (in serum-
free medium). Spectrophotometrical analysis showed
that the AgNPs diluted in water and serum-free
medium have absorption maximum at 388 nm and
557 nm, respectively (Figure 1(c) and (d)).

Effect of AgNPs on cell viability

Toxicity is the most crucial problem for metal-based
NPs in medical applications. Therefore, we evaluated
the toxic effect of AgNPs and Ag-I on two cell cul-
tures (NHDF and NHEK) after 24 h exposure. The
MTT results revealed that the concentrations of
Ag-I above 10 pg/mL were extremely toxic to both
NHDF (Figure 3(a)) and NHEK (Figure 4(a)). The
ICs values (concentration yielding 50% growth inhi-
bition) were 3.1 + 0.3 pg/mL and 5.8 + 0.8 pg/mL
for the Ag-1 on NHDF and NHEK, respectively. In
contrast, AgNPs did not decrease cell viability in the
chosen concentration range in NHDF (Figure 3(a))
and NHEK (Figure 4(a)). Similar results were obtained
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Figure 3. Effects of AgNPs and Ag-l on NHDF viability (a) determined by the MTT assay after 24 h treatment. The viability
percentage was normalized to the untreated cells (without AgNPs or Ag-l). The values represent the mean + SD of four
sets of independent experiments. *p < 0.05: significant difference from control. Morphological changes were observed
after vehicle (b), AgNPs (10 pg/mL; (c)) and Ag-I (10 pg/mL; (d)).

AgNPs: silver nanoparticles; Ag-I: ionic silver; NHDF: normal human dermal fibroblasts; MTT: 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide.

in morphologic observations (Figure 3(b) to (d) and
Figure 4(b) to (d)).

Based on these results, we selected non-toxic
concentration of AgNPs (0.25-25 pg/mL) and Ag-1
(0.025-1 pg/mL) for further biochemical studies.
Although these concentrations did not affect cell via-
bility, we would like to verify whether they cause (or
not) modification of DNA and cytokines level.

Effect of AgNPs on DNA strand breaks formation

Earlier studies have shown that AgNPs induce DNA
damage either directly through physical attack, indir-
ectly by triggering the production of ROS or by a
combination of both factors.'®*%3 To test whether
non-toxic concentrations of AgNPs and Ag-I might
affect DNA, NHDF were treated with AgNPs (1, 10
and 25 pg/mL) and Ag-I (0.1, 0.5 and 1 pg/mL) and
the strand breaks of DNA were evaluated. Our results

showed that neither AgNPs nor Ag-I induced DNA
strand breaks formation in all tested concentrations
after 24 h (Table 1).

Effect of AgNPs on inflammatory markers

Media collected from NHDF exposed to AgNPs (0.25
and 25 pg/mL) and Ag-I (0.025 and 0.25 pg/mL) for 8
and 24 h were used for cytokine level determination by
ELISA assay. The results showed that of the five chosen
cytokines, only IL-6 level was changed after AgNPs and
Ag-I treatment. Non-toxic concentrations of AgNPs
(25 pg/mL) and Ag-1(0.025 and 0.25 pg/mL) increased
the production of IL-6 (Figure 5(a)) after 8 h treatment.
The level was normalized within 24 h. IL-8, TNF-o,, FGF
basic and GM-CSF levels were not affected by either
AgNPs or Ag-I (Figure 5(b) to (e)) after 8 and 24 h.
Western blot analysis also revealed that AgNPs (0.25
and 25 pg/mL) and Ag-I (0.025 and 0.25 pg/mL)
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Figure 4. Effects of AgNPs and Ag-l on NHEK viability (a) determined by the MTT assay after 24 h treatment. The viability
percentage was normalized to the untreated cells (without AgNPs or Ag-l). The values represent the mean + SD of four
sets of independent experiments. *p < 0.05: significant difference from control. Morphological changes were observed
after vehicle (b), AgNPs (10 pg/mL; (c)) and Ag-l (11 pg/mL; (d)).

AgNPs: silver nanoparticles; Ag-I: ionic silver; NHEK: normal human epidermal keratinocytes; MTT: 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide; SD: standard deviation.

Table I. Effect of AgNPs and Ag-l on DNA strand breaks formation in NHDF.*

Number of damaged nuclei

¢ (ug/mL) 0 | 2 3 4 Total damage (a.u.)

AgNPs 0 Il 3 I | | 49 + 1.5
| 106 7 0 | 0 60 + 1.7

10 104 9 I 0 | 89 + 1.5

25 106 7 I | | 75+ 23

Ag-l 0 Il 2 I | | 62 + 14
0.1 108 4 | 0 0 48 + 0.6

0.5 108 4 | 0 | 43+ 14

| 106 5 0 0 I 50 + 23

AgNPs: silver nanoparticles; Ag-I: ionic silver; NHDF: normal human dermal fibroblasts; SD: standard deviation.

*Toxicity scale (number of damaged nuclei in individual comet class) represents the mean of four sets of independent experiments. The
values of total damage represent the mean + SD of four sets of independent experiments. No significant difference was found in total
DNA damage between the controls (0 pg/mL) and AgNPs (1-25 pg/mL) and Ag-l (0.1-I pg/mL), respectively.
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Figure 5. Effects of AgNPs and Ag-l on production of inflammatory markers in NHDF. Cells were treated with AgNPs
(0.25 and 25 pg/mL) and Ag-l (0.025 and 0.25 pg/mL) for 8 and 24 h. As the positive control, cells were treated with LPS
(10 pg/mL) for 8 and 24 h. As negative control, cells were treated with medium without AgNPs or Ag-l for 8 and 24 h. The
level of IL-6 (a), IL-8 (b), TNF-u (c), FGF basic (d) and GM-CSF (e) in supernatants were determined by ELISA analysis.
*p < 0.05: significant difference from control.

AgNPs: silver nanoparticles; Ag-l:ionic silver; NHDF: normal human dermal fibroblasts; LPS: lipopolysaccharide; IL: interleukin;

TNF: tumour necrosis factor; FGF: fibroblast growth factor; ELISA: enzyme-linked immunosorbent assay.

induced increase in IL-6 protein expression after 8 and
24 h (Figure 6(a) and (c)). No effect was found on
COX-2 expression in AgNPs and Ag-I-treated cells
after 8 and 24 h as shown in Figure 6(b) and (d).

Discussion

AgNPs are toxic to a wide range of microorganisms and
for this reason they are a promising antimicrobial agent.

At the present time, many new products, utilized for the
treatment of burns and chronic wound, containing AgNPs
are developed. However, some studies also demonstrated
that AgNPs may induce significant cytotoxicity in vitro
and in vivo. The present study aimed to investigate the
potential toxicity of AgNPs and Ag-I using primary skin
cells (NHDF and NHEK) and define a range of AgNPs
and Ag-I concentration for the intended application as a
topical agent for wound healing.
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Figure 6. Effects of AgNPs and Ag-l on COX-2 and IL-6 protein expression in NHDF. Cells were treated with AgNPs
(0.25 and 25 pg/mL) and Ag-1 (0.025 and 0.25 pg/mL) for 8 and 24 h. As the positive control, cells were treated with LPS
(10 pg/mL) for 8 and 24 h. As negative control, cells were treated with medium without AgNPs or Ag-| for 8 and 24 h.
Panel (a) and (b) show effects on the proteins expression. Panel (c) and (d) represent the quantification of proteins
performed by densitometric analysis using ElfoMan 2.6 software. Data are representatives of three independent
experiments. *p < 0.05: significant difference from negative control .

AgNPs: silver nanoparticles; Ag-I: ionic silver; COX-2: cyclooxygenase-2; IL: interleukin; NHDF: normal human dermal

fibroblasts; LPS: lipopolysaccharide.

In our study, the cytotoxicity of AgNPs was com-
pared to that of various corresponding concentrations
of Ag-I on two types of skin cells (Figure 3 and 4). We
found a dramatic difference in cytotoxicity of AgNPs
and Ag-1. While AgNPs were non-toxic in the tested
range, Ag-l induced significant decrease in NHDF
and NHEK viability with the ICs, values 3.1 pg/mL
and 5.8 pg/mL, respectively. Comparably, Sur et al.
did not found toxic effect of AgNPs on NHDF up
to a concentration of 50 pg/mL.3! In other study,
Hidalgo and Dominguez showed cytotoxicity of
Ag-I on NHDF lower than 8.2 pmol/L.** Samberg
et al. compared the toxicity of unwashed, washed and
carbon-coated AgNPs (20, 50 and 80 nm) on NHEK.
They found that 20 nm and 50 nm unwashed AgNPs
decreased viability at 1.7 pg/mL and 80 nm AgNPs
at 0.34 pg/mL. Washed (20, 50 and 80 nm) and
carbon-coated (20 and 35 nm) AgNPs did not affect
NHEK viability.*® Burd et al. tested the cytotoxicity
of five commercially available Ag-based dressings
that contained different amounts of AgNPs (Acticoat™
(934 pg/em?), Aquacel™ Ag (21 pg/em?), Contreet™

Foam (12 pg/em?), PolyMem™ Ag (139 pg/cm?) and
Urgotul ®SSD (85 pg/cm?)) in NHDF and NHEK.
They observed that Acticoat™, Aquacel®™ Ag, and
Contreet™ Foam which release 12, 13 and 14 pg/mL
of Ag in the culture medium were much more toxic
than PolyMem™® Ag and Urgotul ®'SSD, which release
4 and 3 pug/mL of Ag in the culture medium.*' Studies
using non-skin cells such as HepG2 ** and RAW
264.7'¢ described approximately the same sensitivity
of cells to AgNPs and Ag-I. Furthermore, some studies
suggest that the cytotoxic effects of AgNPs compared
to Ag-I may relate to the size of the NPs. Liu et al.
reported that 5 nm AgNPs were more toxic than
Ag-1, but 20 nm and 50 nm were less toxic than Ag-
1.* Similarly, Piao et al. noted that 5-10 nm AgNPs
showed two times higher toxicity than Ag-1.>° Here,
we showed that 10 nm AgNPs were less toxic than
Ag-I. The discrepancy may be related to the fact that
we used a mixture of AgNPs in a range 0-40 nm
(Figure 1). These findings suggest that the toxicity of
AgNPs and Ag-I depends on the cell type and also
on NPs size.
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Besides cytotoxicity, AgNPs were reported to
cause DNA single-strand breaks. Asharani et al. stud-
ied the genotoxicity of AgNPs (6—20 nm) on normal
human lung fibroblasts and human glioblastoma
(U251) cells after 48 h treatment. They observed an
increase in DNA damage with increasing AgNPs con-
centration up to 400 pg/mL in cancer U251 cells. In
the lung fibroblasts, DNA damage increased up to
100 pg/mL and at higher concentrations of AgNPs the
damage remained same.”> Ghosh et al. assessed the
DNA damage caused by AgNPs (70—-125 nm) on human
lymphocytes. The greatest damage was found at a con-
centration of 25 pg/mL after 3 h, whilst at higher con-
centrations of AgNPs (50-150 pg/mL) DNA damage
decreased.?° Piao et al. also found the formation of
DNA strand breaks in human liver cells by AgNPs
(5-10 nm; 4 pg/mL; 3 h).>® Although our experimental
conditions were nearly comparable to those of the above-
mentioned studies, we found no DNA strand break pro-
duction either in AgNPs or in Ag-I-treated cells.

Several studies have also demonstrated that AgNPs
induce the release of a number of pro-inflammatory mar-
kers in various cell types.'® 18 Asharani et al. reported
a threefold increase in IL-6 level, eightfold increase in
IL-8 level and moderate increase in GM-CSF in normal
human lung fibroblasts.'® Increased levels of IL-6 and
IL-10 were also observed using THP-1 and RAW
264.7 macrophages.'®!” Moreover, AgNPs of various
sizes (15, 30 and 50 nm) stimulated the secretion of
cytokines in alveolar macrophages, particularly TNF-o,
IL-13 and IL 10."**® In our study, we found moderate
increase in IL-6 level in NHDF exposed to AgNPs and
Ag-1 (Figure 5(a)). However, we observed no changes
in the levels of other markers, IL-8, TNF-«, FGF basic
or GM-CSF (Figure 5(b) to (e)). Even though the size
of the AgNPs was nearly the same, Asharani et al. used
a 16-fold higher concentration of AgNPs (400 pg/mL)
compared to our study.'® On the other hand, some stud-
ies have described the anti-inflammatory effects of
AgNPs. ™ The discrepancy between our results and
the results of the above studies could be explained by the
AgNPs concentrations used. Moreover, it should be
noted that the size, type and source of the AgNPs, man-
ufacturers’ synthesis method, type of stabilizer used
during the manufacturing process, residues within the
AgNPs and also the cell type may influence the response.

Conclusion

Our study showed that Ag-Is were significantly more
toxic than AgNPs on NHDF and NHEK. In addition,

non-cytotoxic concentrations of AgNPs and Ag-I did
not induce DNA strand breaks and did not affect
inflammatory markers, except for transient increase
in IL-6 levels in AgNPs and Ag-I-treated NHDF.
AgNPs seem to be more suitable for the intended
application as a topical agent for wound healing up
to the concentration 25 pg/mL though further investi-
gation is necessary to exclude any possible adverse
effect such as evaluation of safety after topical appli-
cation and skin absorption of AgNPs using human
skin explants.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest
with respect to the research, authorship and/or publication
of this article.

Funding

The author(s) disclosed receipt of the following financial
support for the research, authorship, and/or publication of
this article: This work was supported by the grant from
Palacky University (IGA_LF_2014_014; NA, AG), by the
National Programme for Sustainability I (LO1304; AG,
JU), by the National Programme for Sustainability
LO1305; MS) and by Operational Program Education for
Competitiveness — European Social Fund (CZ.1.07/
2.3.00/30.0004; VP). We thank the Mgr. Katefina Ciz-
kova (Faculty of Medicine and Dentistry, Palacky Univer-
sity) for the characterization of primary cell cultures
(NHDF and NHEK).

Supplemental material

The online [data supplements] are available at http://het.
sagepub.com/supplemental

References

1. Singh N, Manshian B, Jenkins GJ, et al. NanoGenotox-
icology: the DNA damaging potential of engineered
nanomaterials. Biomaterials 2009; 30: 3891-3914.

2. The European commission. Commission recommenda-
tion of October 18th 2011 on the definition of nanoma-
terial (2011/696/EU). Off J Eur Union 275: 38-40.

3. Imasaka K, Kanatake Y, Ohshiro Y, et al. Production
of carbon nanoonions and nanotubes using an intermit-
tent discharge in water. Thin Solid Films 2006; 506:
250-254.

4. Warner JH, Ito Y, Zaka M, et al. Rotating fullerene
chains in carbon nanopeapods. Nano Lett 2008; 8:
2328-2335.

5. Chen X and Schluesener HJ. Nanosilver: a nanopro-
duct in medical application. Toxicol Lett 2008; 176:
1-12.

Downloaded from het.sagepub.com by guest on August 2, 2016



956

Human and Experimental Toxicology 35(9)

6.

12.

15.

18.

19.

Chaloupka K, Malam Y and Seifalian AM. Nanosilver
as a new generation of nanoproduct in biomedical
applications. Trends Biotechnol 2010; 28: 580-588.

. Panacek A, Kolar M, Vecerova R, et al. Antifungal

activity of silver nanoparticles against Candida spp.
Biomaterials 2009; 30: 6333-6340.

. Panacek A, Balzerova A, Prucek R, et al. Prepara-

tion, characterization and antimicrobial efficiency
of Ag/PDDA-diatomite nanocomposite. Colloids Surf
B Biointerfaces 2013; 110: 191-198.

. Jain J, Arora S, Rajwade JM, et al. Silver nanoparticles

in therapeutics: development of an antimicrobial gel
formulation for topical use. Mol Pharm 2009; 6:
1388-1401.

. Klasen HJ. Historical review of the use of silver in the

treatment of burns. 1. Early uses. Burns 2000; 26:
117-130.

. Klasen HJ. A historical review of the use of silver in

the treatment of burns. II. Renewed interest for silver.
Burns 2000; 26: 131-138.

Cohen MS, Stern JM, Vanni AJ, et al. In vitro analysis
of a nanocrystalline silver-coated surgical mesh. Surg
Infect (Larchmt) 2007; 8: 397-403.

. Atiyeh BS, Costagliola M, Hayek SN, et al. Effect of

silver on burn wound infection control and healing:
review of the literature. Burns 2007; 33: 139-148.

. Rigo C, Ferroni L, Tocco I, et al. Active silver nano-

particles for wound healing. Int J Mol Sci 2013; 14:
4817-4840.

Johnston HJ, Hutchison G, Christensen FM, et al. A
review of the in vivo and in vitro toxicity of silver and
gold particulates: particle attributes and biological
mechanisms responsible for the observed toxicity. Crit
Rev Toxicol 2010; 40: 328-346.

. Park MV, Neigh AM, Vermeulen JP, et al. The effect

of particle size on the cytotoxicity, inflammation,
developmental toxicity and genotoxicity of silver
nanoparticles. Biomaterials 2011; 32: 9810-9817.

. Martinez-Gutierrez F, Thi EP, Silverman JM, et al.

Antibacterial activity, inflammatory response, coagu-
lation and cytotoxicity effects of silver nanoparticles.
Nanomedicine 2012; 8: 328-336.

Asharani P, Sethu S, Lim HK, et al. Differential regu-
lation of intracellular factors mediating cell cycle,
DNA repair and inflammation following exposure to
silver nanoparticles in human cells. Genome Integr
2012; 3; 2.

Park EJ, Bae E, Yi J, et al. Repeated-dose toxicity and
inflammatory responses in mice by oral administration
of silver nanoparticles. Environ Toxicol Pharmacol
2010; 30: 162-168.

20.

21

22.

23.

24.

25;

26.

2%

28.

29.

30.

31.

32.

33.

Ghosh M, Manivannan J, Sinha S, et al. In vitro and in
vivo genotoxicity of silver nanoparticles. Mutat. Res
2012; 749: 60-69.

Kim YS, Song MY, Park JD, et al. Subchronic oral
toxicity of silver nanoparticles. Part Fibre Toxicol
2010; 7: 20.

Asharani PV, Low Kah Mun G, Hande MP, et al. Cyto-
toxicity and genotoxicity of silver nanoparticles in
human cells. ACS Nano 2009; 3: 279-290.

Kim S, Choi JE, Choi J, et al. Oxidative stress-
dependent toxicity of silver nanoparticles in human
hepatoma cells. Toxicol In Vitro 2009; 23: 1076-1084.
Lin JJ, Lin WC, Dong RX, et al. The cellular responses
and antibacterial activities of silver nanoparticles sta-
bilized by different polymers. Nanotechnology 2012;
23: 065102.

Hsin YH, Chen CF, Huang S, et al. The apoptotic
effect of nanosilver is mediated by a ROS- and
INK-dependent mechanism involving the mitochon-
drial pathway in NIH3T3 cells. Toxicol Lett 2008;
179: 130-139.

Lim HK, Asharani PV and Hande MP. Enhanced gen-
otoxicity of silver nanoparticles in DNA repair defi-
cient Mammalian cells. Front Genet 2012; 3: 104.
Teodoro JS, Simdes AM, Duarte FV, et al. Assessment
of the toxicity of silver nanoparticles in vitro: a mito-
chondrial perspective. Toxicol In Vitro 2011; 25:
664-670.

Carlson C, Hussain SM, Schrand AM, et al. Unique
cellular interaction of silver nanoparticles: size-
dependent generation of reactive oxygen species.
J Phys Chem B 2008; 112: 13608-13619.

Avalos A, Haza Al, Mateo D, et al. Cytotoxicity and
ROS production of manufactured silver nanoparticles
of different sizes in hepatoma and leukemia cells.
J Appl Toxicol 2014; 34: 413-423.

Piao MJ, Kang KA, Lee IK, et al. Silver nanoparticles
induce oxidative cell damage in human liver cells
through inhibition of reduced glutathione and induc-
tion of mitochondria-involved apoptosis. Toxicol Lett
2011; 201: 92-100.

Sur I, Altunbek M, Kahraman M, et al. The influence
of the surface chemistry of silver nanoparticles on cell
death. Nanotechnology 2012; 23: 375102.

Kvitek L, Panacek A and Prucek R. Process for prepar-
ing aqueous dispersions of metal nanoparticles. Patent
CZ 304160 B6, Czech Republic, 2013.

Murdock RC, Braydich-Stolle L, Schrand AM, et al.
Characterization of nanomaterial dispersion in solution
prior to in vitro exposure using dynamic light scatter-
ing technique. Toxicol Sci 2008; 101: 239-253.

Downloaded from het.sagepub.com by guest on August 2, 2016



Galanddkovd et al.

957

34.

35.

36.

37.

38.

39.

40.

Maines MD, Costa LG, Reed DJ, et al. Current protocols
in toxicology. New York: John Wiley & Sons, 1998.
Monteiro-Riviere NA, Inman AO and Zhang LW.
Limitations and relative utility of screening assays to
assess engineered nanoparticle toxicity in a human cell
line. Toxicol Appl Pharmacol 2009; 234: 222-235.
Malikova J, Zdarilova A, Hlobilkova A, et al. The effect
of chelerythrine on cell growth, apoptosis, and cell cycle
in human normal and cancer cells in comparison with
sanguinarine. Cell Biol Toxicol 2006; 22: 439-453.
Ara T, Kurata K, Hirai K, et al. Human gingival fibro-
blasts are critical in sustaining inflammation in period-
ontal disease. J Periodontal Res 2009; 44: 21-27.
Asharani PV, Hande MP and Valiyaveettil S.
Anti-proliferative activity of silver nanoparticles. BMC
Cell Biol 2009; 10: 65.

Hidalgo E and Dominguez C. Study of cytotoxicity
mechanisms of silver nitrate in human dermal fibro-
blasts. Toxicol Lett 1998; 98: 169-179.

Samberg ME, Oldenburg SJ and Monteiro-Riviere NA.
Evaluation of silver nanoparticle toxicity in skin in

41.

42.

43.

45.

. Nadworny PL, Wang I,

vivo and keratinocytes in vitro. Environ Health Per-
spect 2010; 118: 407-413.

Burd A, Kwok CH, Hung SC, et al. A comparative
study of the cytotoxicity of silver-based dressings in
monolayer cell, tissue explant, and animal models.
Wound Repair Regen 2007; 15: 94—104.

Liu W, Wu'Y, Wang C, et al. Impact of silver nanopar-
ticles on human cells: effect of particle size. Nanotox-
icology 2010; 4: 319-330.

Tian J, Wong KK, Ho CM, et al. Topical delivery of
silver nanoparticles promotes wound healing. Chem-
MedChem 2007; 2: 129-136.

Tredget EE, et al
Anti-inflammatory activity of nanocrystalline silver-
derived solutions in porcine contact dermatitis.
J Inflamm (Lond) 2010; 7: 13.

Yilma AN, Singh SR, Dixit S, et al. Anti-inflammatory
effects of silver-polyvinyl pyrrolidone (Ag-PVP)
nanoparticles in mouse macrophages infected with live
Chlamydia trachomatis. Int J Nanomedicine 2013; 8:
2421-2432.

Downloaded from het.sagepub.com by guest on August 2, 2016



UNIVERZITA PALACKEHO V OLOMOUCI
PRIRODOVEDECKA FAKULTA

KATEDRA FYZIKALNI CHEMIE

Biologicka aktivita nanocastic stiibra vii¢i eukaryotnim
a prokaryotnim organismum

Autoreferat dizertacni prace

Mgr. Monika Smékalova

Olomouc 2018






UNIVERZITA PALACKEHO V OLOMOUCI
PRIRODOVEDECKA FAKULTA

KATEDRA FYZIKALNI CHEMIE

Biologicka aktivita nanocastic stfibra vici eukaryotnim a
prokaryotnim organismim

Autoreferat dizertac¢ni prace

Mgr. Monika Smékalova

Skolitel: doc. RNDr. Libor Kvitek, CSc.
Konzultant: doc. RNDr. Ales Panacek, Ph.D.

Olomouc 2018



Uchaze¢: Mgr. Monika Smékalova

Katedra fyzikalni chemie, Pfirodovédecka fakulta, Univerzita Palackého v Olomouci

Skolitel: doc. RNDr. Libor Kvitek, CSc.
Katedra fyzikalni chemie, Pfirodovédecka fakulta, Univerzita Palackého v Olomouci

Oponenti:

Misto a termin obhajoby:

Misto, kde bude mozné se s dizertacni praci a posudky alesponi 14 dnti pfed vykonanim obhajoby
seznamit:



Obsah

UIVOO oottt 4
TEOTETICKA CAST ..ttt ettt ettt e h et e bt et e bt ea e et e s bt et e eb e eh e et e e bt et e s bt eatenbesseenteebeentenbeeneenees 5
L. NANOCASHICE SHFIDTA ...ueeueieiieie sttt ettt et ettt et e st en e e teee e e se e st ensesseeneensesseensanseensenseeneeneas 5
2. Antimikrobialni aktivita AgNP a synergie s antibiotiKy .......ccccccvevviiiviiiiiieiiieiieseesee e 6
3. ReZISIENCE K AGINP ..ottt ettt ettt e st e ss b e e ns e et e e saessaessseasseessaenseenseennns 8
I o)« (011 1 <SSO SRRUPS 9
EXPEITMENTAINT CASE ...ecuviiiiiiiictieciecte ettt ettt e et e et e et e e teestbestbeetbeesbeesseesbeestseesbeesssesbeassaesssesssesssessseesseenseeseas 11
7.  Synergicky u¢inek AgNP a antibiotik vi¢i zvitecim bakteriim ...........cccveevververciirciieciieieese e 11
8.  Synergie AgNP a antibiotik vii¢i bakteriim citlivym k antibiotiklim ...........ccccccvevveriieniieniiene e 16
9. Synergie AgNP a antibiotik vi¢i multirezistentnim enterobakteriim...........cccceevveevveeviienienieneenie e, 20
10. Tvorba rezistence bakterii k AgNP a jeji prekOnani.........ccceevvveriieriieriienierieeeeieeeeee et 26
11.  Vliv média a stabiliza¢niho ¢inidla na toxicitu AgNP vici Daphnia magna...............cccceveeeveueeervannnns 33
< USSR 40
SUIMIMIATY ... teectee ettt ettt e et e ettt e et eeetteeeabeeestaeeasseeeseaeessseaassaeesssaeassaeessseaassaeessseessseeassseenssaeansseesssaessseeensseensses 42
Seznam POUZILYCH ZKIALEK .......ecvuiiriieiieii ettt ettt ettt e st e et e et e e teesteessaesssesnseesseessaesseensnesnsennns 44
RETETEIICE ...ttt ettt h ettt s et e bt et e bt eat et e eb e et e st e eatebesbeentebesaeenee 46



Uvod

Nanocastice stiibra (AgNP) ziskaly v poslednich desitkach let velkou pozornost mimo jiné diky
jejich vyrazné antimikrobialni aktivité. V soucasnosti je pfedmétem vyzkumu i synergicky tcinek
nanocastic stfibra a antibiotik vzhledem k vyvoji a rychlému rozsifovani bakterialni rezistence k
antibiotikim. Slibnym feSenim problematiky vzrlstajici bakteridlni odolnosti je obnoveni ucinku
antibiotik pomoci kombinace s jinou antibakteridlni latkou. Kombinace antibiotik s AgNP pfinasi
nekolik vyhod, mezi néz patii minimalizace pozadované davky antibiotika, potla¢eni vyvoje bakterialni
rezistence a zvyseni efektivity podavaného antibiotika. Cast dizerta¢ni prace se proto zabyva studiem
zvySen¢ aktivity antibiotik v kombinaci s AgNP.

Predpokladané vyuziti AgNP samostatné nebo v kombinaci s antibiotiky pii 1écbé infekci vedlo
k myslence ovétit, zda si bakterie mohou k AgNP také vytvoftit rezistenci stejné jako k antibiotikiim.
Dalsi podstatné téma dizertacni prace je tedy zaméteno na vznik a popis mechanismu rezistence bakterii
k AgNP po dlouhodobé a opakované expozici AgNP. Je také popsan zpiisob, jak tuto rezistenci
ptrekonat.

Vzhledem k rozsdhlému vyuziti AgNP lze piedpokladat, ze se castice budou uvolilovat do
zivotniho prosttedi. Toxicita AgNP je proto intenzivné studovana a mnoho téchto studii jednoznacné
prokézalo vysokou toxicitu k vodnim organismiim. Soucasti dizertacni prace je studium chronické
toxicity AgNP vici Daphnia magna v zavislosti na koncentraci ziviného média a uZziti povrchového

stabilizatoru, coz vyrazné¢ ovliviuje stabilitu AgNP a tim ve vysledku jejich dlouhodobou toxicitu.



Teoreticka ¢ast

12. Nanocéastice stribra

Nanoobjekty (objekty o rozmérech 1 az 100 nm) se vyznacuji odlisnym fyzikalné-chemickym
chovanim od makroobjekti. Divodem téchto odlisnosti je vzriistajici podil atomil na povrchu ¢astice ku
celkovému poctu atomil s klesajicim rozmérem castice. Dllezité postaveni maji nanocastice kovd,
zejména nanocastice stiibra, které se daji se vyuzit napt. v heterogenni katalyze, povrchem zesilené
Ramanové spektroskopii nebo v biologickych aplikacich.!~

Intenzivni zbarveni zejména vodnych disperzi nanocastic kovi je zplsobeno povrchovou
plazmonovou rezonanci (SPR). Povrchovy plazmon je jev, ktery se vysvétluje jako koherentni oscilace
vodivostnich elektronl po interakci s dopadajicim elektromagnetickym zafenim. Elektrony se pohybuji
ve fazi shodné s budici vlnou, a pokud je frekvence tohoto elektromagnetického pole v rezonanci
s koherentnim pohybem elektront, dojde k silné absorpci zareni. Pro nanocastice stfibra nastava
rezonance ve viditelné ¢asti spektra a ¢astice ve vodné disperzi se tak jevi barevné.* S rostouci velikosti
¢astic dochazi k posunu maxima plazmonové absorpce k vy$§im vinovym délkam.’

Rozptylu svétla na koloidnich cCasticich lze vyuzit ke stanoveni jejich primérné velikosti.
Pouzijeme-li laser jako zdroj koherentniho zateni, dochazi k interferenci rozptyleného zateni, ktera toto
zateni zesiluje nebo zeslabuje. Neustaly Browntiv pohyb koloidnich ¢astic zplisobuje fluktuace intenzity
rozptylené¢ho zafeni v Case kolem priimérné hodnoty, jedna se o dynamicky rozptyl svétla. Z ¢asového
prabéhu kolisani intenzity 1ze zjistit rychlost pohybu ¢astic a ndsledné jejich rozmér. Na tomto principu
je zalozena metoda méfeni distribuce velikosti ¢astic zvana Dynamic Light Scattering — DLS.°

Nanocastice stiibra jsou nejcastéji piipravovany ve form& vodnych disperzi. Velikost
pfipravenych ¢astic, morfologii, nebo polydisperzitu 1ze ménit pomérem a koncentraci reak¢nich slozek,
pH, teplotou nebo iontovou silou roztoku a volbou reduk¢niho ¢inidla. Polymerni a povrchové aktivni
latky pak ovliviuji stabilitu koloidni disperze. Castice lze poté charakterizovat pomoci transmisni
elektronové mikroskopie (TEM), DLS a UV/Vis spektroskopii. Populdrnimi metodami ptipravy jsou
chemické redukce za pouziti riznych organickych a anorganickych redukénich €inidel, elektrochemické
postupy pfipravy a radiolyza. Jednoduchy zptisob ptipravy predstavuje Tollenstuv postup, ktery spociva
v redukci amoniakalniho komplexniho kationtu [Ag(NH3)2]" redukujicimi sacharidy.’

Lyofobni koloidy obecné nejsou agregatné stalé a koloidné dispergovana latka se snadno
vylucuje napf. pti zmeéné pH nebo pridavkem elektrolytu ve formé aglomerat nebo agregatii primarnich

castic. Otazku stability disperzi elektricky nabitych nanoc¢éstic kovli popisuje teorie DLVO (Derjagin,

5



Landau, Verwey, Overbeek).® Zakladni myslenkou této teorie je vzajemné soupefeni piitazlivych
a odpudivych sil mezi dvéma koloidnimi ¢asticemi. Pokud pievazi sily odpudivé, vyvolané predevsim
elektrostatickou repulzi, nedojde ke styku Castic, avSak ptevazi-li ptitazlivé sily, vyvolané disperznimi
pritazlivymi interakcemi (van der Waalsovymi interakcemi), dojde k jejich spojeni.

Povrch koloidnich ¢astic nese elektricky néboj, ktery ma vyznam pro jejich stabilitu a chovani v
elektrickém poli. Nabité ¢astice ptitahuje protiionty a na jejim povrchu tak vznika elektricka dvojvrstva.
Existuje nékolik modelt, které elektrickou dvojvrstvu popisuji. NejrozsitenéjSim modelem je Gouy-
Chapman-Sterntiv model, kterym se daji vysvétlit mnohé rysy chovani nano¢astic v roztoku elektrolytu.’
BliZze u povrchu je adsorpénimi silami vdzana kompaktni Sternova vrstva, na kterou navazuje difuzni
Cast tvorend ionty pfitahovanymi elektrostatickymi silami, kterd se nepohybuje s ¢astici. Na rozhrani
pohyblivé a nepohyblivé ¢asti, tzv. pohybovém rozhrani, se ustavuje elektrokineticky potencial (zeta
potencial, {-potencial). Cim vy3$si je jeho hodnota, tim stabilngj§i jsou Gastice diky siln&j§imu
elektrostatickému odpuzovani ¢astic. ZvySeni povrchového naboje ¢astic tedy znamené vétsi agregacni
stabilitu. Pfidavkem indiferentniho elektrolytu se zvySi koncentrace protiontd, stlaci se elektricka
dvojvrstva, klesne elektrokineticky potencial a spolu s nim i stabilita Castic. Z hlediska agregacni
stability je také dtilezitd hodnota pH, protoze povrchovy naboj mize byt ovlivnén disociaci funkénich
skupin na povrchu a adsorpci H3O" a OH".? Zvy3eni stability naopak mlize byt dosazeno adsorpci
ionickych povrchové aktivnich latek (PAL), které zvySuji povrchovy ndboj a tim i elektrostatickou

repulzi.’

13. Antimikrobialni aktivita AgNP a synergie s antibiotiky

Antimikrobidlni vlastnosti nesou rizné druhy kovovych nanoc¢éstic, nanoc¢astice stiibra se vSak
jevi nejefektivngjsi, at’ uz vii¢i bakteriim, virim, plisnim nebo jinym mikroorganismam.'%!3

Stiibrné ionty jsou velmi silnym baktericidem. Dezinfekce pomoci kovového stiibra a jeho
sloucenin je zndma uz staleti. V soucasné dobé vSak nachdzi stiibro uplatnéni ve form¢ zdravotnickych
prostredki jako je sterilni kryti, endotrachealni trubice, katetry ¢i cévni ndhrady pro eliminaci lokalnich
bakteridlnich infekci a tvorby bakterialniho biofilmu'¢'°. V druhé poloviné 20. stoleti se za¢ala zkoumat
1 antimikrobidlni aktivita koloidniho stiibra. Od té doby bylo publikovano tisice praci na téma
antibakterialni aktivity AgNP, velké mnozstvi studii se pak vénuje antivirdlnim a antimykotickym
Gcinkiim AgNP. AgNP jsou toxické i pro multirezistentni bakterie jako S. fyphus,® MRSA,!! P.
aeruginosa,’’ a mnoho dalgich.

V soucasnosti se rozmaha vyvoj textilnich materiald s antibakterialni slozkou.?? Tyto textilie pak

mohou byt vyuzity pro vyrobu funkéniho oblecent, jako sterilni kryti pfi 16€bé popélenin nebo riznych
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infekei, na elektromagnetické stinéni nebo jako membrany do filtrii na ¢isténi vody.?>?* Vykumy také
podporuji myslenku vyuziti AgNP v mediciné napi. k povrchové Upravé nastrojii nebo kontaktnich
gocek. >

Ma se za to, ze za antibakterialni aktivitu jsou zodpovédné ionty stfibra uvolnéné z povrchu
nanocastic, avSak nékteré studie prokéazaly, Ze antimikrobidlni aktivita je spojena i s malym rozmérem
Castic.?%?7 Zda se, ze AgNP piisobi na bakterie na nékolika Girovnich. V piitomnosti AgNP dochazi
k rychlé tvorbé reaktivnich forem kysliku (ROS), které maji za nasledek oxidativni stres.?® Zpisobuji
morfologické zmény, rozpad bunééné stény a membrany,? interaguji s thiolovymi skupinami proteinti
Gicastnicich se metabolickych procest,*® zptisobuji kondenzaci DNA a ztratu replika¢ni schopnosti,’!
deaktivuji enzymy respira¢niho fetézce’” atd.

Antibakterialni aktivita AgNP zavisi na jejich velikosti.!!3-3¢ Mensi AgNP maji vétsi plochu
povrchu vzhledem k objemu a do kontaktu s bakterii ptijde velka ¢ast oblasti povrchu, proto s bakteriemi
vice interaguji. Neju¢ingjsi se zdaji byt AgNP o primérnych velikostech niz§ich nez 10 nm.%
Morfologie ¢astic je také urcujicim parametrem antibakteridlni aktivity. Napf. podle prace autort Pal a
kol. trojhranné zkosené nanocastice inhibuji bakteridlni rtst pii 50—100krat mensich koncentracich nez
sférické nanogastice.’’

Jednou z moznosti, jak bojovat proti infekcim zplsobenym bakteriemi rezistentnimi k
antibiotikim je kombinovana terapie, kdy je antibiotikum posileno jinou antimikrobialni nebo
neantimikrobialni latkou (jind antibiotika, kardiovaskularni 1é¢iva, inhibitory beta-laktamaz atd).*®
V kombinaci s AgNP jsou antibiotika jednoznacné efektivnéjSi bez ohledu na mechanismus ucinku a
chemickou strukturu antibiotika.*** Diky kombinaci se zvy$uje G¢innost poddvaného antibiotika,
snizuje se potfebna davka antibiotika i AgNP a tim se snizuje jejich toxicita vii¢i buitkdm hostitelského
organismu. Obnovuje se také schopnost antibiotika zabit bakterie, které k nému byly rezistentni.

Mechanismem synergie by mohlo byt napt. usnadnéni prostupu antibiotika zménou permeability
membrany nebo kooperace pii jeji destrukci. V ptipadé¢ beta-laktamovych antibiotik by mohly AgNP
inhibovat beta-laktamazy produkované rezistentnimi bakteriemi, které hydrolyticky S$tépi beta-
laktamovy kruh antibiotik. Synergie mlze byt spojena s tvorbou hydroxylovych radikalti, zménou
ochrannych funkci buiiky a antibiofilmovou aktivitou.*> AgNP mohou zvySovat lokalni koncentraci
navazanych molekul antibiotika v jednom bod¢ na povrchu bunky a mohou usnadiiovat transport
antibiotika k povrchu bakterie.>

Na synergicky ucinek ma vliv velikost AgNP. Habash a kol. testovali synergii pro 10nm, 20nm,
40nm, 60nm a 100nm AgNP s aztreonamem u P. aeruginosa. Céstice vétsi nez 40 nm zadnou interakci
po kombinaci s antibiotikem neprojevily.** Synergicky tcinek také zavisi na stabilizaénim ¢inidle.

Vpraci Kora a kol. byl kombinovany u€inek vyznaméj§i u AgNP stabilizovanych
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polyvinylpyrrolidonem (PVP) nez u AgNP stabilizovanych dodecyl sulfatem sodnym (SDS) nebo

citratem.*

14. Rezistence k AgNP

Mikroorganismy rezistentni k tézZkym koviim se b&né ve vodich v piirodé vyskytuji.*¢
Vyznamnymi zdroji stfibra, kterym jsou bakterie vystaveny, jsou napt. vody z Cisticek odpadnich vod
nemocnic nebo tovaren. Rozsahlé vyuzivani AgNP ve spotiebitelské sféfe také vede ke zvySovani
mnozstvi st¥ibra v Zivotnim prostiedi.*’. Determinanty rezistence ke stiibru jsou velmi rozsitené a diky
jejich lokalizaci na mobilnich genetickych elementech se usnadiiuje horizontdlni pfenos uvnitt
ekosystému, coz miize dale vést k rozsifeni novych fenotypi mezi bakterilni populace.*®

Obecné bakterie vyuzivaji mnoho zpiisobt, jak se zbavit tézkych kovil, at’ uz pasivnich nebo
aktivnich. Napf. vyuZivaji extracelularni polymerni latky (EPS), které kovy komplexuji.*® Vn&jsi
membrana produkuje enzymy, které oxiduji kovy, a vnéjSi membranové vezikuly, které kovy
vyluéuji.>>*! Modifikaci transportnich systémi v cytoplazmatické membrané mohou bakterie predchazet
priniku &astic kovii do buiiky.? Existuji také nepfimé mechanismy, které napravuji $kody zptsobené
kovy — napt. eliminace ROS, reparace DNA nebo hydrolyza abnormalné slozenych proteint.>*->

Bakterie rezistentni ke stiibru byla poprvé izolovana v roce 1960 z popaleniny, kterd byla
oSetfovana dusi¢nanem stiibrnym.’® Mechanismus rezistence ke stiibru byl poprvé popsan u Gram-
negativni bakterie Salmonella enterica sérovar Typhymurim u pacienta s popaleninami v roce 1975.
Dom¢élym modelem této rezistence kodované na plazmidu pMG101 je transport pfes ATPazu SilP,
efluxni systém SilCFBA a periplazmaticky chaperon pro pienos stiibra SilE.>” Asiani a kol. popisuji, Ze
SilE méni svoji konformaci v pfitomnosti stiibra, funguje jako molekularni houba a jako prvni obrana
proti stiibru, které za¢ina pronikat do periplazmy.’® Od té doby byly bakterie rezistentni na stiibro
izolovany z klinického prostedi opakovang.> ¢!

Bakteridlni rezistence byla dosud zkoumdana piedevSim u iontového stfibra. Mechanismem
takovéto rezistence mtize byt elminiace iontd stiibra na méné toxické nizsi oxidacni stavy, nicmén¢ vice
se uplatiiuje aktivni eflux iontd stiibra z buiiky.®%%2-%4 Spole¢né s aktivnim efluxem hraje vyraznou roli
v rezistenci k iontiim stiibra snizend permeabilita membrany.® Co se tyk4 stibra v nano&asticové formg,
Gunawan a kol. studovali odezvu Bacillus sp. na dlouhodobou a opakovanou expozici nanocastic oxidu
sttibra v matrici TiO>. Pozorovali vznik rezistence u bakterie Bacillus subtilis, ktera po dlouhodobé

expozici stiibru zacala dominovat v populaci mikrobiot. Ukdzali, Ze B. subtilis ma ptirozenou schopnost

adaptovat se na oxidativni stres zptisobeny iontovym stiibrem uvolnénym z kompozitu.®® Khan a kol.



objevili, ze Bacillus pumilus izolovany z odpadnich vod m¢l stejnou riistovou kiivku v pfitomnosti i
nepiitomnosti AgNP. Ukézalo se, Ze mechanismus tolerance této bakterie k AgNP je nadmérna produkce
exopolysacharidil, které obali nano¢astici a znemozni tak jeji interakci s bunéénou sténou bakterie.’’
V dalsi studii, u bakterie Escherichia coli byla rezistence vyvolana opakovanou expozici AgNP. Po 225
opakovanich projevila exponovana populace vétsi viabilitu nez kontrolni skupina v pfitomnosti riznych

koncentraci AgNOs a 10nm AgNP modifikovanych citratem®®

15. Toxicita Ag

Hlavnimi faktory, které¢ zptisobuji cytotoxicitu AgNP, jsou vznik ROS a uvoliiovani iontt stfibra,
které praveé vznik ROS katalyzuji v pfitomnosti riznych forem kysliku. AgNP a uvolnéné stiibrné ionty
interaguji predevsim s thiolovymi skupinami molekul v cytoplazmé, bunééné membran¢ a membrané
mitochondrii a dostavaji se do jadra, kde poSkozuji DNA. Na reakci exponovanych bunék ma vliv
mnoho faktort jako, tvar, povrchova tprava AgNP nebo typ bungk.® 7> Vyznamnym faktorem je
velikost AgNP. Malé¢ AgNP maji vétsi plochu povrchu, jsou aktivnéjsi, snaze se rozpousti a katalyzuji
vznik ROS. Navic Iépe pronikaji do bunky a skrze biologické bariéry.

AgNP samy o sobé v koncentraci nizsi nez 30 mg/l nejsou cytotoxické pro lidské bunky'>” a
mohou tedy byt potencialn€ pouzivany pro terapeutické ucely, napt. pti lokalnim oSetieni ran, kde jsou
jednoznacné vhodnéjsi nez iontové stiibro, a to do koncentrace 25 mg/l, jak jsme publikovali.® Ukéazalo
se totiz, ze iontove stiibro vyraznéji ovliviluje zivotaschopnost bunék nez AgNP a zvySuje hladinu
zanétlivych markera.

Pro vodni organismy jsou AgNP toxické na riznych trofickych urovnich — fasy, sinice, vodni
rostliny, musle, korysi, ryby apod. VétSina studii vede k zadveru, Ze toxicita je zpusobena uvolnénymi
ionty stiibra s povrchu AgNP, zatimco jini autofi se ptiklani k teorii, zZe toxicita je spojena s charakterem
¢astic nebo kombinaci obojiho.”*7® Je znamo, ze AgNP zpiisobuji oxidativni stres a méni aktivitu
antioxida¢nich enzymi ve vodnich rostlinch i zvitatech.”®”

Mnoho akutnich ale i chronickych toxicitnich studii provedenych s korysi Daphnia spp.
prokdzalo toxicky vliv v riznych koncentracich AgNP (pug/l-mg/l) v zavislosti na metod¢ piipravy
&astic, jejich velikosti, povrchové modifikaci, naboji apod.’® Vice nez 70 % AgNP vstupuje do
organismu koryse pifjmem fas jako potravy.’*! Nasledné se stiibro akumuluje v téle kolem Zaber a

stiev.®? U exponovanych novorozencii byla zaznamenana mensi velikost téla, zmény stravovéni, mensi

gv Vysledky publikovany v: Galandakova, A., Frankova, J., Ambrozova, N., Habartova, K., Pivodova, V., Zalesak, B.,
Safarova, K., Smékalova, M. a Ulrichova, J. Effects of silver nanoparticles on human dermal fibroblasts and epidermal
keratinocytes. Human and Experimental Toxicology 35(9), 946-957 (2016).
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z4soby hnédé tukové tkané a 1éze.®® Také je ovlivnéna schopnost pohybu ve vodé a dochéazi k poskozeni
DNA 8486

Ve vodnim prostiedi je stabilita AgNP ovlivnéna plisobenim raznych faktori, méni se tim jejich
fyzikalné-chemické vlastnosti, a tedy i toxicita. Agregace a rozpousténi zavisi na pH, iontové sile a
pfitomnosti oxidacnich ¢inidel a jinych sloucenin. Dulezitost slozeni média byla zdiraznéna v mnoha
soucasnych studiich.}-° V soucasnosti bylo publikovano nékolik malo studii, které se zabyvaly vlivem
dlouhodobého piisobeni ziedénych médii na stabilitu AgNP sriiznymi stabilizaénimi &inidly.”!?
Ukézalo se, ze pouzit¢ médium musi byt zfedéno desetkrat, aby se predeSlo agregaci Castic, zatimco
zivotaschopnost organismu pfi téchto podminkéach nebyla ovlivnéna. Romer et al. objevili, ze akutni
toxicita AgNP stabilizovanych citratem vii¢i D. magna vzrista s fedénim média.”® Chronicka toxicita
AgNP vici dafniim ve ziedéném médiu vSak nebyla toho ¢asu publikovana.

Dosud provedené studie na lidech neodhalily vyznamné nebezpeci plynouci z dlouhodobé
expozice stiibru. Munger a kol. provedli studii na lidech, ktefi byli exponovéni ordlné AgNP o
koncentraci 10 ppm po dobu 3, 7 a 14 dni a AgNP o koncentraci 32 ppm po dobu 14 dni. Nebyly zjistény
z4dné vyznamné metabolické, hematologické, urindlni nalezy, zddné morfologické zmény srdce, plic
nebo abdominalnich organt.”* Sledovani pracovniki v tovarng, ktefi pracuji s AgNP a jsou vystaveni
nizkym davkam stiibrného prachu a rozpusténého stfibra v meznich hrani¢nich hodnotéach, neukazalo
7adny negativni dopad na jejich zdravi.”> Pfi testovani dermalni toxicity vyrobku Acticoat obsahem
AgNP urceného ke sterilnimu kryti ran s nebyly u 30 pacientli prokazany zadné biochemické nebo
hematologické indikétory toxicity.”¢

wvrwe

chloridovych a sulfidovych iontt, které se stifbrnymi ionty tvoii nerozpustné soli.”’
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Experimentalni cast

16. Synergicky ucinek AgNP a antibiotik vii¢i zvirecim

bakteriim"

Stérické AgNP o primérné velikosti ¢astic 28 nm (AgNP-28nm) byly syntetizovany pomoci
znamé modifikované Tollensovy metody,'! jejiz principem je redukce diaminstfibrného komplexu
sacharidy. Syntéza probihala nasledujicim zptisobem. Smichanim roztoku AgNO3 s NH3 vznikl komplex
[Ag(NH3)2]". Poté bylo pH upraveno roztokem NaOH a jako redukéni ¢inidlo byla pouzita D-maltoza.
Koneéné koncentrace reagencii byly: AgNO;3 1-107 mol/l, NH3 5-10° mol/l, NaOH 9,6-10" mol/l a D-
maltéza 1-10 mol/l. Takto ptipravena disperze AgNP méla koncentraci stiibra 108 mg/1.

Pro stabilizaci AgNP byla do pfipravené disperze pfiddna Zelatina o vysledné koncentraci 0,5 %
pro testy probihajici v zivném médiu Miiller-Hinton (M.-H.) a 0,1 % pro testy probihajici v médiu BHI
(brain-heart infusion broth, bujon z mozkosrdcové infuze).

AgNP o primémé velikosti 8 nm (AgNP-8nm) se pfipravovaly obdobné. Jako redukéni €inidlo
byl pouZit tetrahydridoboritan sodny. Koneéné koncentrace reagencii byly: AgNO; 1:102 mol/l, NH;
5-10"2 mol/l, Na[BH4] 2-10"2 mol/l. Pro stabilizaci takto ptipravenych AgNP se pred redukci pfidala do
reakéniho systému PAA o vysledné koncentraci 0,18 %. Vysledna koncentrace stiibra v disperzi AgNP
byla 1080 mg/1.

Primérna velikost AgNP urc¢ena pomoci metody DLS byla nasledné ovétena TEM (obr. 1a a 2a).
V UV/Vis spektrech pfipravenych AgNP byly zaznamenany absorpéni pasy s maximy pii 409 nm
(AgNP-28nm) a 392 nm (AgNP-8nm), coz je charakteristické pro ¢astice nanometrovych rozméra (obr.
1b a 2b).

Po smichéni nestabilizovanych AgNP-28nm s kultivacnimi médiy doSlo k ¢astecné agregaci, jak
bylo ztejmé 1 z UV/Vis spekter, kde se objevily sekundarni piky v oblasti vysSich vinovych délek (obr.
1b). Sekundarni absorpcni piky v oblasti 550 nm az 650 nm se objevuji, kdyz Castice podléhaji
agregaci.'* V piipadé AgNP-28nm v médiu BHI bylo potieba pouzit vétsi mnoZstvi Zelatiny nez pro
médium M.-H., jelikoz BHI obsahuje vyssi koncentraci elektrolyti a proteinti. AgNP-8nm, které se

piipravovaly za pfitomnosti PAA byly v médiich stabilni.

h Vysledky publikovany v: Smékalova, M., Aragon, V., Panacek, A., Prucek, R., Zbofil, R. a Kvitek, L. Enhanced
antibacterial effect of antibiotics in combination with silver nanoparticles against animal pathogens. The Veterinary Journal
209, 174-179 (2016).
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Obrazek 1. Snimek z TEM (a) a UV/Vis absorpcni spektra AgNP-28 nm pftipravenych redukci
[Ag(NH3)2]" D-maltézou (plna ¢ara) a absorpéni spektra AgNP po smichani s médiem MH (&erchovana
¢ara) a médiem BHI (¢arkovana ¢éra) (b). VloZeny histogram vyhodnoceny z korespondujiciho snimku
TEM zobrazuje distribuci velikosti AgNP.
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Obrazek 2. Snimek z TEM (a) a UV/Vis absorp¢ni spektrum (b) AgNP-8nm pfipravenych redukci
AgNO3 borohydridem. VloZeny histogram vyhodnoceny z korespondujiciho snimku TEM zobrazuje

distribuci velikosti AgNP.

Bakteridlni kmeny izolované ze zvifecich tkani byly ziskany ze sbirky centra CReSA
(Spanélsko). Bakterialni kmeny S. enterica, S. aureus, E. coli a S. uberis GP1037 byly kultivovany
v kultivaénim meédiu M.-H. a kmeny A. pleuropneumoniae (suplementovano 1% IsoVitaleXem) a
P. multocida v médiu BHI.

Minimalni inhibi¢ni koncentrace antibiotik, AgNP a jejich kombinaci byly ureny pomoci
mikrodiluéni ,,Sachovnicové™ metody za pouziti mikrotitracni desticky s 96 jamkami. Antibiotika byla

postupné fedéna médiem dvakrat ve vodorovném sméru a ve vertikdlnim sméru byly piidany AgNP
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taktéz sériove fedéné médiem dvakrat. Bakteridlni citlivost byla hodnocena podle dokumentu VETO1-
A3 Institutu pro klinické a laboratorni standardy (CLSI).*®

Z ur¢enych minimalnich inhibi¢nich koncentraci (MIC) byl nasledn¢€ vypocitan frak¢ni inhibi¢ni
koncentracni index (FIC) podle vzorce (1), kdy byl kombinovany antibakterialni ti¢inek hodnocen podle
nasledujicich kritérii: synergie (FIC <0,5), aditivita (0,5 <FIC <1), indiference (I <FIC<2) a

antagonismus (FIC > 2).

MIC A v kombinaci s B MIC B v kombinaci s A
FIC = + ) (1)
MIC A MICB

kde A a B jsou antibakterialni latky.

Dosazené vysledky antibakteridlni aktivity samotnych AgNP jsou prezentovany v tabulce 1.
Antibakteridlni Gc¢inek se projevil pfedevSim u Gram-negativnich bakterii. Rist Gram-pozitivnich
bakterii byl inhibovan mén¢, avSak pfesné urceni hodnoty MIC AgNP-28nm bylo omezeno danou
koncentraci disperze pii ptipravé (108 pg/ml) a testovana koncentrace mohla byt maximalné polovicni.
Disperze AgNP byla nejprve nafedéna na 100 pg/ml a poté se médiem na desticce natedila na polovinu,
tedy 50 pg/ml. Mensi AgNP (8 nm) mély silnéjsi antibakterialni ucinky (tab. 1). Mohou totiz snadné&ji
pronikat pory v bunééné membrang, uvolnit vét§i mnoZstvi iontll stiibra a generovat vice ROS.” V&tsi
plocha povrchu ku objemu ¢&ini navic AgNP vice reaktivni.'® Réist Gram-pozitivnich bakterii byl
inhibovdn méné nez Gram-negativnich. Tento fakt mize byt pfipsan tenc¢i peptidoglykanové vrstve
Gram-negativnich bakterii ve srovnani s pevnou peptidoglykanovou bunécnou sténou Gram-pozitivnich

bakterii.

Tabulka 1. MIC [pg/ml] nanocastic stfibra o praimérnych velikostech 28 nm a 8 nm.

Bakterie AgNP-28nm AgNP-8nm
S. enterica (G-)* 25 12,5

S. aureus (G+) > 50 25

E. coli (G-) 25 6,3

A. pleuropneumoniae (G-) 50 25

S. uberis (G+) > 50 100

P. multocida (G-) 6,3 6,3

a — G+, Gram-pozitivni bakterie; G-, Gram-negativni

Vysledky spolecného antibakteridlniho efektu testovanych antibiotik a AgNP jsou uvedeny
v tabulkach 2 az 5. V piipadé ampicilinu se MIC samotného antibiotika proti testovanym bakteriim

pohybovaly v rozmezi 0,25 az > 32 pg/ml (tab. 2). MIC amoxicilinu vici E. coli a A. pleuropneumoniae
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byla > 32 ng/ml, pticemz breakpoint (hrani¢ni koncentrace antibiotika, ktera definuje mikroorganismus
jako citlivy nebo rezistentni dle jeho MIC) je >32 pg/ml a tyto kmeny byly tedy k amoxicilinu
rezistentni. Pouze v pfipad¢ amoxicilinu kombinovaného s AgNP-28nm byla antibakterialni aktivita
synergni s FIC indexem 0,4. Synergie bylo dosaZzeno kombinaci 12,5 pg/ml AgNP s 8 pug/ml amoxicilinu
proti rezistentni A. pleuropneumoniae. Pti této kombinaci doSlo k poklesu MIC antibiotika pod
breakpoint a tedy k obnoveni bakteridlni citlivosti. V ostatnich pfipadech byl pozorovan pouze aditivni

nebo indiferentni ucinek.

Tabulka 2. MIC [pg/mL] amoxicilinu (Amx) a vysledky kombinace amoxicilinu s AgNP

MIC v kombinaci MIC v kombinaci
Bakterie MIC Amx AgNP-28nm Amx FIC a¢inek® AgNP-8nm Amx FIC  Gcinek
S. enterica (G-)" 1 25 1 2,0 I 12,5 1 2,0 I
S. aureus (G+) 2 25 1 0,8 A 12,5 0,5 0,8 A
E. coli (R)* >32 25 >32 20 I 6,3 >32 2,0 I
App’ (R, G-) >32 12,5 8 0,4 S 12,5 8 0,6 A
P. multocida (G-) 0,25 6,3 0,25 2,0 I 6,3 0,25 2,0 I
S. uberis (G+) 0,25 >50 0,25 2,0 I 50 0,125 1,0 A

a — G+, Gram-pozitivni bakterie; G-, Gram-negativni bakterie
b — S, synergie; A, aditivita; I, indiference
¢ — R, rezistentni k amoxicilinu
d — App, A. pleuropneumoniae

V ptipadé testovani antibakteridlniho uc¢inku Penicilinu G v kombinaci s AgNP byly dosazeny
podobné vysledky jako v pfipadé amoxicilinu (tab. 3). MIC samotného penicilinu se pohybovaly
v rozmezi 0,03 az > 32 ug/ml. S. aureus (MIC 1 pg/ml, breakpoint > 0,25 pg/ml), E. coli (MIC > 32
ug/ml, breakpoint > 4 pug/ml) a A. pleuropneumoniae (MIC > 32 nug/ml, breakpoint > 4 pug/ml) byly
k penicilinu rezistentni. Nejlepsi vysledky byly dosazeny pii kombinaci 6,3 pg/ml AgNP-8nm se 2
pg/ml penicilinu proti 4. pleuropneumoniae, kdy se FIC index rovnal 0,3. Tento synergni ucinek byl
nejsilnéjsi ze vSech provedenych experimentti. V ostatnich ptipadech byl pozorovan pouze aditivni nebo

indiferentni ucinek.
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Tabulka 3. MIC [ug/mL] penicilinu G (Pen) a vysledky kombinace penicilinu s AgNP

MIC MIC v kombinaci MIC v kombinaci
Bakterie Pen AgNP-28nm Pen FIC u¢inek® AgNP-8nm Pen  FIC udinek
S. enterica (G-)" 2 25 1 1,5 I 12,5 1 1,5 I
S. aureus (R, G+) 1 12,5 0,5 0,6 A 12,5 0,125 0,6 A
E. coli (R)* >32 25 >32 20 I 6,3 >32 20 I
App? (R, G-) >32 25 8 0,6 A 6,3 2 0,3 S
P. multocida (G-) 0,03 6,3 0,03 2,0 I 6,3 0,03 2,0 I

a — G+, Gram-pozitivni bakterie; G-, Gram-negativni bakterie

b — S, synergie; A, aditivita; I, indiference
¢ — R, rezistentni k penicilinu
d - App, A. pleuropneumoniae

NejefektivnéjsSim antibiotikem v kombinaci s AgNP byl gentamicin (tab. 4). Kombinace

gentamicinu s AgNP-28nm vedla k aditivnimu G¢inku u bakterii S. enterica a P. multocida a synergnimu

ucinku u bakterii S. aureus, E. coli a A. pleuropneumoniae. S AgNP-8nm byl efekt aditivni u E. coli a

P. multocida a synergni u S. aureus. Kombinace 3,1 ug/ml AgNP-28nm 1 AgNP-8nm se 2 pg/ml

gentamicinu vedla k obnoveni citlivosti rezistentni P. multocida k danému antibiotiku (MIC 8 pg/ml,

breakpoint > 8 pg/ml). Také rezistentni A. pleuropneumoniae (MIC 8 pg/ml, breakpoint > 8 ug/ml) byla

op¢t citliva ke gentamicinu kombinovaném s AgNP. Kombinaci gentamicinu s AgNP-28nm umoznilo

snizit koncentraci antibiotika na 0,25 pg/ml.

Tabulka 4. MIC [ug/mL] gentamicinu (Gen) a vysledky kombinace gentamicinu s AgNP

MIC MIC v kombinaci MIC v kombinaci
Bakterie Gen AgNP-28nm Gen  FIC 0C¢inek® AgNP-8nm Gen FIC &inek
S. enterica (G-)* 1 12,5 0,25 0,8 A 12,5 025 1,3 I
S. aureus (G+) 2 25 0,25 0,4 S 6,3 0,5 0,5 S
E. coli (R)* >32 6,3 8 0,4 S 3,1 16 0,8 A
App? (R, G-) 8 25 0,25 0,5 S 25 8 2,0 I
P. multocida (R, G-) 8 3,1 2 0,8 A 3,1 2 0.8 A

a — G+, Gram-pozitivni bakterie; G-, Gram-negativni bakterie

b — S, synergie; A, aditivita; I, indiference
¢ — R, rezistentni ke gentamicinu
d—App, A. pleuropneumoniae
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Zde byly ze ¢tyt kment bakterii, které byly zvoleny k testovani, vSechny kmeny ke kolistinu
rezistentni. MIC samotného kolistinu se pohybovaly mezi 4 az 8 pg/ml (tab. 5) a tedy vSechny testované
bakterie byly k tomuto antibiotiku rezistentni (breakpoint > 2 pg/ml). V kombinaci kolistinu s AgNP-
28nm byl spolecny uc¢inek pouze aditivni a to u vSech bakterialnich kmenti. Aditivni G¢inek byl také
pozorovan pro kombinaci kolistinu s AgNP-8nm proti S. enterica a P. multocida. Pfi kombinaci 3,1
pg/ml AgNP-28nm nebo AgNP-8nm s kolistinem se rezistentni P. multocida stala ke kolistinu citlivou,
protoze MIC kolistinu klesla na 1 pg/ml. Kombinace 2 ug/ml kolistinu s 1,6 pg/ml AgNP-8nm méla

synergni antibakterialni uc¢inek proti E. coli.

Tabulka 5. MIC [pg/mL] kolistinu (Col) a vysledky kombinace kolistinu s AgNP

MIC MIC v kombinaci MIC v kombinaci
Bakterie Col  AgNP-28nm Col FIC uginek® AgNP-8nm Col FIC ucinek
S. enterica (R, G-)*°¢ 4 12,5 2 1,0 A 6,3 2 1,0 A
E. coli (R, G-) 8 12,5 2 0,8 A 1,6 2 05 S
App” (R, G-) 8 25 2 0,8 A 25 g8 2,0 I
P. multocida (R, G-) 8 3,1 1 0,6 A 3,1 1 0,6 A

a — G-, Gram-negativni bakterie
b — S, synergie; A, aditivita; I, indiference
¢ — R, rezistentni ke kolistinu

17. Synergie AgNP a antibiotik vii¢i bakteriim citlivym
Kk antibiotikiim'

AgNP byly opét syntetizovany podle vySe popsané modifikované Tollensovy metody. AgNP
dosahovaly primérné velikosti 26 nm. Hodnota zeta potencialu byla -28 mV, coz znamena vysokou
agregacni stabilitu pfipravenych AgNP. AgNP vSak musely byt pied testovanim synergie
stabilizovany Zelatinou (0,05%), nebot’ po smichani s kultivacnim médiem v poméru 1 : 1 doslo k

Castecné agregaci ¢astic stiibra.

"Vysledky publikovany v: Panaéek, A., Smékalova, M., Kilianova, M., Prucek, R., Bogdanova, K., Vecefova, R., Kolaf, M.,
Havrdova, M., Plaza, G. A., Chojniak, J., Zbofil, R. a Kvitek, L. Strong and Nonspecific Synergistic Antibacterial Efficiency
of Antibiotics Combined with Silver Nanoparticles at Very Low Concentrations Showing No Cytotoxic Effect. Molecules
21(1), 26 (2016).
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Pro stanoveni MIC AgNP, antibiotik a jejich kombinace byla vyuzita Sachovnicova dilu¢ni
metoda. Antibiotika byla fedéna geometrickou fadou a kombinovana s AgNP o koncentraci nizsi nez
jejich MIC. 100 ul média M.-H. o definované koncentraci antibiotik a AgNP bylo inokulovano
bakteriemi o koncentraci 10°-10° CFU/ml (CFU — colony-forming units) a inkubovano 24 hodin ve
37 °C.

Z hodnot MIC antibiotik a antibiotik v kombinaci AgNP je patrné, Ze synergicky ucinek byl
pozorovan u vSech pouzitych antibiotik a u vSech bakteridlnich kmenti (tab. 6-8). V ptipad¢ E. coli (tab.
6)se projevil vyrazny synergicky ucinek v koncentracich AgNP 2,5 mg/l a 5 mg/l (MIC AgNP = 7,5
mg/l). Pii kombinaci antibiotik s AgNP o téchto koncentracich se MIC antibiotik snizily o dva az tfi
fady oproti antibiotikiim aplikovanym bez AgNP. Pfi niz§ich koncentracich AgNP byl synergicky efekt
pozorovan u GEN, COL a OFL s MIC vice jak dvakrat niz§imi, nez byly MIC antibiotik samotnych. E.
coli byla vici samotnému AMP rezistentni, antibiotikum nevykazovalo zddnou antibakterialni aktivitu
ani v nejvyssi pouzité koncentraci 32 mg/l (breakpoint = 8 mg/l). V kombinaci s AgNP proti E. coli se
aktivita AMP znovu obnovila a E. coli byla viici AMP znovu senzitivni. Pii koncentraci AgNP 2,5 mg/1
se snizila MIC AMP na 0,03 mg/I.

V ptipadé P. aeruginosa (tab. 7) byly MIC antibiotik v kombinaci s AgNP (2,5 mg/l a 5 mg/l)
také o dva az tii fady niz$i nez pfi aplikaci antibiotika samotného. V ptipad¢ nizSich koncentraci AgNP

byla pozorovéana synergie s MER, GEN a COL (MIC vice nez dvakrat nizsi).

Tabulka 6. MIC antibiotik (mg/l) v kombinaci s AgNP v koncentracich nizsich nez MIC (7,5 mg/l)
pro E. coli CCM 4225.

AMP? AMS CZL CRX CXT GEN COoT COL 0XO OFL TET AZT

ATB +0

mg/l AgNP - 8 2 1 1 0,5 4 0,5 0,5 0,03 4 0,03
ATB + 0,6

mg/l AgNP - 8 2 1 1 0,03 2 0,125 0,5 0,015 4 0,03
ATB + 1,25

mg/l AgNP - 8 2 1 1 0,06 2 0,125 0,5 0,015 2 0,03
ATB +2,5

mg/l AgNP 0,03 0,03 0,0019 0,00097 0,00097 0,00048 2 0,00097 0,5 0,00024 1 0,0078

ATB +5

mg/l AgNP  0,00097 0,00097 0,00097 0,00097 0,00097 0,00048 0,0019 0,00048 0,00097 0,00024 0,00048 0,0019
a — Ampicilin (AMP), Ampicilin/sulbaktam (AMS), Cefazolin (CZL), Cefuroxim (CRX), Cefoxitin (CXT), Gentamicin (GEN),

Kotrimoxazol (COT), Kolistin (COL), Oxolinova kyselina (0OXO), Ofloxacin (OFL), Tetracyklin (TET), Aztreonam (AZT)
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Tabulka 7. MIC antibiotik (mg/l) v kombinaci s AgNP v koncentracich nizSich nez MIC (7,5 mg/1)
pro P. aeruginosa CCM 3955.

PIP? PPT AZT MER CTZ CPR CPM GEN AMI COL OFL CIP

ATB+0
mg/l AgNP 4 4 4 1 1 4 2 0,25 1 0,5 1 0,125
ATB + 0,6
mg/l AgNP 4 4 4 1 1 4 1 0,03 0,25 0,125 1 0,03
ATB + 1,25
mg/l AgNP 2 4 4 0,5 1 4 1 0,015 0,25 0,06 1 0,03
ATB +2,5
mg/l AgNP 0,015  0,0039 0,00097 0,0019 0,00024 0,00048 0,00024 0,00048 0,00048 0,00048 0,00024 0,00024
ATB+5
mg/l AgNP  0,0078  0,0039 0,00097 0,0019 0,00024 0,00048 0,00024 0,00048 0,00048 0,00048 0,00024 0,00024
a — Piperacilin (PIP), Piperacilin/tazobaktam (PPT), Aztreonam (AZT), Meropenem (MER), Ceftazidim (CTZ), Cefoperazon (CPR),
Cefepim (CPM), Gentamicin (GEN), Amikacin (AMI), Kolistin (COL), Ofloxacin (OFL), Ciprofloxacin (CIP)

Bakterie S. aureus (tab. 8) byla citlivéjsi k AgNP vice nez dalsi testované bakterie s MIC rovné
5 mg/l, coz se také promitlo do silnéjSiho synergického efektu. Nejvyssi pouzita koncentrace 2,5 mg/l
vedla k nejvyssimu poklesu MIC antibiotik, o dva az tfi fady. Pfi koncentraci 1,25 mg/l AgNP byl také
pozorovan synergicky efekt témért pro vSechna antibiotika s poklesem MIC antibiotik o jeden fad. Také
u nejnizsi koncentrace 0,6 mg/l AgNP byl u S. aureus pozorovan témert ve vSech piipadech (PEN, AMS,
TET, COT, ERY, CLI, CIP, TEI a VAN) synergicky ucinek s vice jak dvojnasobnym poklesem MIC.

Naopak u E. coli a P. aeruginosa bylo snizeni MIC antibiotik vyjimec¢né.

Tabulka 8. MIC antibiotik (mg/l) v kombinaci s AgNP v koncentracich nizsich nez MIC (5 mg/1) pro
S. aureus CCM 4223.

PEN*® OXA AMS CMP TET COT ERY CLI CIpP GEN TEI VAN

ATB+0
mg/l AgNP 0,125 0,25 0,5 4 0,25 1 0,125 0,125 0,25 0,25 0,25 1
ATB + 0,6
mg/l AgNP 0,015 0,25 0,125 4 0,015 0,03 0,06 0,015 0,03 0,25 0,03 0,03
ATB + 1,25
mg/l AgNP 0,015 0,03 0,06 2 0,015  0,0078 0,06 0,015 0,015 0,06 0,015  0,00097
ATB+2,5
mg/l AgNP 0,00006 0,00048 0,00048 0,00048 0,00012 0,0019 0,00012 0,00012 0,00012 0,00048 0,00097 0,00048
a — Penicilin (PEN), Oxacilin (OXA), Ampicilin/sulbaktam (AMS), Chloramfenikol (CMP), Tetracyklin (TET), Kotrimoxazol (COT),
Erytromycin (ERY), Klindamycin (CLI), Ciprofloxacin (CIP), Gentamicin (GEN), Teikoplanin (TEI), Vankomycin (VAN)

Spolecné s antibakteridlni aktivitou byla rovnéz posuzovana cytotoxicita samotnych AgNP a
nékterych vybranych antibiotik a také jejich kombinace v koncentracich, které vykazovaly antibakteriani
ucinnost. Také byl hodnocen index toxicity LDso (letalni davka pro 50 % organismil) vybranych

antibiotik, AgNP a jejich kombinace. Metodika testovani cytotoxicity byla mirné pozménéna, aby se
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zamezilo potencidlnimu aditivnimu vlivu antibiotik, kterd jsou pfi kultivaci bun€k standardné ptitomna.
Kazda koncentrace byla testovana v tripletu a cely experiment byl opakovan dvakrat.

Hodnoty parametru LDso antibiotik se pohybovaly od 120 mg/l do 250 mg/l v zévislosti na
pouzitém antibiotiku (tab. 9). Po kombinaci s AgNP index LDso klesl na hodnoty 90 mg/l az 180 mg/1
(7,5 mg/l AgNP) a 80 mg/l az 150 mg/l (15 mg/l AgNP). V pfipadé hodnoceni cytotoxicity
v koncentracich antibiotik rovnych MIC inhibovala antibiotika samotna zivotaschopnost bun¢k pouze
slabé na 80 % az 90 % oproti kontrole (obr. 3). V ptipadé AMS odpovidala Zivotaschopnost bunék 78 %
a v pfipadé MER 77 %, coz se da také povazovat za slaby pokles. AgNP samotné v koncentraci
odpovidajici jejich MIC také slabé ovlivnily Zivotaschopnost bun¢k, kterd oproti kontrole klesla na
82 %. Hodnota LDso AgNP byla stanovena na 30 mg/l. Po kombinaci antibiotik s AgNP klesla jejich

zivotaschopnost na hodnoty v rozsahu 71 % az 80 % ve srovnani s kontrolou.

Tabulka 9. Index toxicity LDso [mg/l] antibiotik bez AgNP a v kombinaci s AgNP o koncentraci 7,5
mg/l a 15 mg/l.

AMS CZL MER CMP GEN VAN TET CIP COT COL

Atb + 0 mg/l AgNP 160 200 250 200 250 200 200 120 120 120
Atb + 7,5 mg/l AgNP 100 130 180 150 180 150 180 100 100 100
Atb + 15 mg/l AgNP 80 90 130 100 150 100 150 90 90 80

100
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Obrizek 3. Zivotaschopnost bun&k po aplikaci antibiotik, AgNP a jejich kombinace v koncentracich
rovnych MIC.
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Nejvetsi cytotoxicky vliv byl zaznamenéan u antibiotik AMS, CZL, MER a CMP v kombinaci
s AgNP, zivotaschopnost bun¢k klesla na 71 %, 73 %, 72 % a 73 %. Kombinace antibiotik a AgNP
v koncentracich rovnych MIC, které inhibovaly savCi bunky nejvice, byly dale pouzity v testech
cytotoxicity, tentokrat v koncentracich pod jejich MIC. Za pouziti antibiotik a AgNP v takto nizkych
koncentracich samostatné, nebyla pozorovana zadna inhibice zivotaschopnosti bun¢k oproti kontrole.
Byla-li antibiotika kombinovéana s AgNP, poklesla Zivotaschopnost bun¢k na 90 % az 95 % ve srovnani

s kontrolou (obr. 4)
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Obrazek 4. Zivotaschopnost bunék po aplikaci antibiotik, AgNP a jejich kombinace v koncentracich
nizsich nez MIC.

18. Synergie AgNP a antibiotik vii¢i multirezistentnim

enterobakteriim’

Podobné jako v predchozim ptipadé i v této studii byly pouzity AgNP o velikosti 28 nm
pfipravené pomoci modifikované Tollensovy metody a stabilizovany 0,05% zelatinou.
Pro stanoveni MIC AgNP, antibiotik a jejich kombinace byla vyuzita Sachovnicova dilu¢ni

metoda. Antibiotika a AgNP byly oddé¢lené¢ fedény médiem M.-H. geometrickou fadou. Pti ur¢ovani

1 Vysledky publikovany v: Panaéek, A., Smékalova, M., Veéeiova, R., Bogdanova, K., Roderova, M., Kolaf, M.,
Kilianova, M., Hradilova, S., Froning, J. P., Havrdova, M., Prucek, R., Zbofil R. a Kvitek, L. Silver nanoparticles strongly
enhance and restore bactericidal activity of inactive antibiotics against multiresistant Enterobacteriaceae. Colloids and
Surfaces B: Biointerfaces 142,392-399 (2016).
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synergie byly sledovany MIC kazdého antibiotika v kombinaci se 4 riznymi koncentracemi AgNP vzdy
pod hodnotou MIC AgNP, tedy MICa./2, MICag/4, MICa,/8 and MICag/16. Hodnoceni antibakterialni
aktivity bylo provedeno podle testovacich protokolti CLSI (Ustav pro klinické a laboratorni standardy)
a EUCAST (Evropska komise pro testovani antimikrobialni citlivosti) po inkubaci 24 hodin pii 35 °C.
a nasledn¢ byla inhibice potvrzena pfeockovanim na M.-H. agar. Nakonec byl vypocitan FIC index (dle
rovnice 1).

Ptipravené AgNP stabilizované Zelatinou projevily vysokou antibakterialni aktivitu vyjadienou
velmi nizkymi MIC (fadové jednotky mg/1).

AgNP vyznamné zvySovaly aktivitu antibiotik vici testovanym multirezistentnim kmentm (tab.
12-15). Toto zvyseni aktivity se projevilo u vSech testovanych antibiotik, obzvlasté v pripadech, kdy
bakterie byly k antibiotiku rezistentni. U vSech kombinaci byla pozorovana synergie. Vyjimku tvofiila
pouze KPC-pozitivni K. pneumoniae, kdy byl kombinovany ucinek AgNP a COX pouze aditivni. Na
rozdil od bakterii rezistentnich k antibiotikiim se u citlivych bakterii neprojevil kombinovany ucinek tak
markantné.

Nejlepsich vysledkti vSak bylo dosazeno pii aplikaci AgNP v koncentracich MICag/2 a
MICAg/4, kdy MIC antibiotik dosahovaly fadoveé 100ndsobné nizSich hodnot, coz jsou hodnoty nizsi,
nez jsou hodnoty jejich breakpointli. VSechny testované multirezistentni bakterie se tak pii kombinaci
antibiotika s AgNP v subinhibi¢nich koncentracich staly k antibiotikiim opét citlivé. Koncentrace AgNP
rovna MICAg/8 a ptedevSim MICAg/16 byly hranicni, protoze se zacal vytracet zvySeny antibakterialni
ucinek kombinace AgNP a antibiotik.

Tabulka 12. MIC [ug/mL] antibiotik (atb) a vysledky kombinace atb s AgNP o koncentracich nizSich
nez MIC (0,8 mg/1) pro ESBL-pozitivni E. coli

atb/AgNP COX CZD MER CIP GEN

MIC FIC* MIC FIC MIC FIC MIC FIC MIC FIC
atb + 0 mg/1 0,40 0,36 1,23 0,22 0,50
AgNP 4 0,1) 16 (0,13) 0,06 (0,190 >32 (0,16) 0,5 (0,17)
atb + 0,4 mg/1
AgNP 0,03 S 0,125 S 0,06 I 0,125 S 0,125 S
atb + 0,2 mg/1
AgNP 0,125 0,125 0,06 0,125 0,125
atb + 0,1 mg/l
AgNP 1 2 0,06 0,5 0,125
atb + 0,05 mg/1
AgNP 1 16 0,06 2 0,125

a — primérna hodnota FIC a smerodatna odchylka, n = 3; S, synergie, I, indiference

Tabulka 13. MIC [pg/mL] antibiotik (atb) a vysledky kombinace atb s AgNP o koncentracich nizsich
nez MIC (3,4 mg/l) pro AmpC-pozitivni E. coli.
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atb/AgNP COX CZD MER CIP GEN
MIC  FIC* MIC FIC MIC FIC MIC FIC MIC FIC

atb + 0 mg/1 0,28 0,28 1,23 0,34 0,48
AgNP 8 0,1) 32 0,1) 0,06 (0,2) 32 (0,11 0,5 (0,2)
atb + 1,7 mg/l

AgNP 0,03 S 0,125 S 0,06 I 0,125 S 0,125 S
atb + 0,8 mg/1

AgNP 0,03 0,125 0,06 0,125 0,125

atb + 0,4 mg/1

AgNP 1 2 0,06 8 0,125

atb + 0,2 mg/1

AgNP 1 8 0,06 16 0,125

a — prumérna hodnota FIC a smérodatna odchylka, n = 3; S, synergie, I, indiference

Tabulka 14. MIC [pg/mL] antibiotik (atb) a vysledky kombinace atb s AgNP o koncentracich nizsich
nez MIC (3,4 mg/l) pro KPC-pozitivni K. pneumoniae.

atb/AgNP COX CZD MER CIP GEN

MIC FIC* MIC FIC MIC FIC MIC FIC MIC FIC
atb + 0 mg/1 0,59 0,38 0,37 0,33 0,55
AgNP >16 (0,26) >64 (0,26) >32 (0,25 >32 (0,11) 1 (0,3)
atb + 1,7 mg/l
AgNP 0,03 A 0,125 S 0,06 S 0,125 S 0,125 A
atb + 0,8 mg/1
AgNP 2 0,125 0,06 0,5 0,125
atb + 0,4 mg/1
AgNP >16 2 4 8 0,125
atb + 0,2 mg/l
AgNP >16 > 64 >32 16 1

a — pramérna hodnota FIC a smérodatna odchylka, n = 3; S, synergie, A, aditivita, I, indiference

Tabulka 15. MIC [pg/mL] antibiotik (atb) a vysledky kombinace atb s AgNP o koncentracich nizsich
nez MIC (6,8 mg/l) pro ESBL-pozitivni K. pneumoniae.

atb/AgNP COX CZD MER CIP GEN

MIC FIC* MIC FIC MIC FIC MIC FIC MIC FIC
atb + 0 mg/1 0,18 0,20 1,23 0,98 0,33
AgNP >32  (0,14) 32 (0,14) 0,06  (0,2) 02 (0,16) >32 (0,16)
atb + 3,4 mg/l
AgNP 0,03 S 0,125 S 0,06 A 0,125 A 0,125 S
atb + 1,7 mg/l
AgNP 0,03 0,125 0,06 0,125 1
atb + 0,8 mg/l
AgNP 0,03 0,125 0,06 0,2 2
atb + 0,4 mg/l
AgNP 1 2 0,06 0,2 16

a — pramérna hodnota FIC a smérodatna odchylka, n = 3; S, synergie, A, aditivita
Pro detekci produkce beta-laktamaz bakteriemi, které byly exponovény antibiotikim a
kombinaci antibiotika a AgNP, byl pouzit test DDST (double-disk synergy test) ve shod¢ s metodologii
EUCAST.!™ DDST spo¢iva v inhibici beta-laktamaz inhibitorem kyselinou klavulanovou. V pfipadé
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pozitivniho vysledku se zvétsi inhibi¢ni zona a rozsifi se smérem k disku, ktery obsahuje inhibitor. Tvofi
se tak charakteristicky tvar zony mezi disky s inhibitorem a bez n&j.** P¥i DDST byly na agarové ptidy
umistény disky s COX, ATM, FEP a CZD v pozadované vzdalenosti od disku, ktery obsahoval AMC.
Zaroven byl na agar umistén disk obsahujici CCA v pozadované vzdalenosti od disku s CZD.

Vsechny testy byly vyhodnocovany po 24 hodinové inkubaci pti 37 °C. Kombinovany ucinek
antibiotik a AgNP byl poté testovan tak, ze disperze AgNP byla ptidana do jesté tekutého agaru v takové
koncentraci, kterd dosahovala polovi¢ni hodnoty MIC, coz je dostacujici pro zietelny synergicky efekt.
Pro ESBL-pozitivni K. pneumoniae ¢inila polovina MIC 3 mg/I a pro ESBL-pozitivni E. coli 0,4 mg/I.

U obou kmenti byly testy pozitivni na produkci beta-laktamaz. Po kultivaci na agaru bez AgNP
se objevily typické inhibicni zony aztreonamu a cefalosporinli protdhlé smérem
k amoxicilin/klavulanatu (obr. 5a a 6a). Také inhibi¢ni zéna ceftazidimu/klavulanatu byla zvétSena ve
srovnani s inhibi¢ni zénou ceftazidimu. Naopak produkce ESBL nebyla detekovana, pokud byly
bakterie kultivovany na agaru s 0,4 mg/l (ESBL-pozitivni E. coli) a 3 mg/l (ESBL-pozitivni K.
pneumoniae) AgNP. Nebyly pozorovany protahlé zony smérem k amoxicilin/klavulanatu a zvétSené
zony ceftazidimu/klavulanatu (obr. 5b a 6b) a jasné€ byl zietelny synergicky efekt AgNP a antibiotik, jak

je zteyjmé z velkych inhibicnich zon kolem kazdého antibiotika.

Obrazek 5zitivni (a) a negativni (b) detekce produkce ESBL ESBL-pozitivni E. coli exponované
antibiotikiim (a) a antibiotikim v kombinaci s AgNP (b).
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Obrazek 6. Pozitivni (a) a negativni (b) detekce produkce ESBL ESBL-pozitivni K. pneumoniae
exponované antibiotikiim (a) a antibiotikim v kombinaci s AgNP (b).
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Obrazek 7. Snimky z mikroskopu atomdrnich sil a profil (obr. dole) ESBL-pozitivni K. pneumoniae
exponované cefotaximu (a) a cefotaximu v kombinaci s AgNP (b).

Mechanismus spolupiisobeni AgNP a antibiotik zaloZeny na obnové¢ aktivity antibiotika byl také

potvrzen pomoci mikroskopie atomarnich sil (AFM), jak ukazuje obrazek 7. Pro tyto ucely byla ESBL-
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pozitivni K. pneumoniae kultivovana v pfitomnosti 1 mg/l cefotaximu a 0,01 mg/l cefotaximu
kombinovaného s 1,7 mg/l AgNP v M.-H. médiu pti 37 °C po dobu 24 hodin.

Bez aplikace AgNP byly bakterialni buiiky vystavené antibiotiku neposkozené, ale pii expozici
antibiotiku spolu s AgNP bylo obtizné charakterizovat bunécnou sténu. To bylo dédno snizenou rigiditou
bunécné stény a tedy obnovenim aktivity cefotaximu v subinhibi¢ni koncentraci, ktery jakozto beta-
laktamové antibiotikum, inhibuje tvorbu bunécné stény. Bunky se také jevily plossi a $irsi.

I vtomto piipadé byla hodnocena cytotoxicita antibiotik a AgNP s cilem vyloucit pfipadny
negativni vliv na sav¢i buiiky. Cytotoxicita byla hodnocena v koncentracich 4 mg/l AgNP a 2 mg/l
antibiotika. Stejné koncentrace byly pouzity v pfipad¢ jejich kombinace. Metodika testovani cytotoxicity
byla stejné jako v pfedchozi kapitole.

Diky jejich tc¢innosti pfi velmi nizkych koncentracich jsou AgNP neSkodné a nemaji zadny
cytotoxicky vliv na sav¢i bunky, jak potvrdil test cytotoxicity na bunécné linii NIH/3T3. AgNP,
antibiotika i jejich kombinace v koncentracich 2 mg/l a 4 mg/1 nebyly cytotoxické viici savcim buitkam
ve srovnani s kontrolnimi buiikami. Zivotaschopnost exponovanych bunék AgNP klesla na 97 % (4
mg/l) a 98 % (2 mg/l) ve srovnani s kontrolou, a tedy nebyl pozorovan vyznamny cytotoxicky vliv
AgNP. Pokud byla antibiotika kombinovéana s AgNP, zZivotaschopnost sav¢ich bun¢k mirné klesla na 98
% az 95 % ve srovnani s kontrolou v zavislosti na pouzitém antibiotiku (obr. 8). Jak jsme ukazali,
synergicky antibakterialni U¢inek vSak nastdva pii mnohem nizSich koncentracich stiibra, a proto
muzeme jakykoliv cytotoxicky vliv kombinace AgNP s antibiotiky vyloucit pro koncentrace efektivni

vudi rezistentnim kmenam.
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Obrizek 8. Zivotaschopnost bun&k NIH/3T3 exponovanych AgNP, antibiotikiim a kombinaci AgNP a
antibiotik.

25



19. Tvorba rezistence bakterii k AgNP a jeji pFekonani*

Tato studie byla provedena s cilem ovéfit moznost tvorby rezistence bakterii vici AgNP. Pro
tento ucel byly opét pouzity AgNP s primérnou velikosti 28 nm o koncentraci 108 mg/l, které byly
pfipraveny modifikovanym Tollensovym postupem. Navic byla v této studii pfipravena stejnym
zpusobem disperze AgNP o koncentraci 432 mg/l, pouze byly koncentrace vSech reakénich komponent
krom¢ NaOH c¢tyifnasobné.

Bakterie byly opakované (20krat) vystavovany subinhibi¢nim koncentracim AgNP a rovnéz
AgNO3 na mikrotitracnich destickach. Disperze AgNP a AgNOs o koncentraci 1 mmol/l (108 mg/l
stiibra) byly postupné fedény M.-H. médiem (Becton, Dickinson and Company) na vysledné
koncentrace 54, 27, 13,5, 6,75, 3,38, 1,69 and 0,89 mg/l. Po natfedéni byla poté do jamek ockovana
inokula o koncentraci 10° CFU/ml. Inkubace probihala pii 37 °C po dobu 24 hodin. Po kazdém
inkubac¢nim kroku se zaznamenaly MIC AgNP a AgNOs. Thned po 24 hodinéch kultivace bylo z jamek
obsahujicich tfi nejvyssi subinhibi¢ni koncentrace stfibra odebrano 10 pl suspenze bakterii v M.-H.
médiu a po smichani pieneseno na krevni agar (TRIOS), ktery byl inkubovén pfti 37 °C po 24 hodin.
Bakterie, které rostly na agaru, byly poté pouzity jako inokulum o hustoté 10° CFU/ml v dal$im
kultivacnim kroku na mikrotitracni desti¢ce. VySe popsana procedura se povazuje za jeden kultivacni
krok v pouzité metodice tvorby rezistence bakterii ke stfibru. Pro stanoveni kone¢nych MIC po 20.
kultivaénim kroku byla aplikovana disperze AgNP o koncentraci 432 mg/I. Inhibice rustu ke stfibru
senzitivnich a rezistentnich bakteridlnich kmenii byla potvrzena inkubaci na agaru, ktery obsahoval
AgNP o koncentracich 20 a 40 mg/1 pti 35 °C po dobu 24 hodin.

Z naristajicich hodnot MIC AgNP uvedenych v tabulce 16 je patrné, Ze si bakterie v prib&hu
opakované kultivace pfi subinhibi¢nich koncentracich postupné vytvarely rezistenci vuci AgNP.
Nejrychleji ziskala rezistenci E. coli CCM 3954. Jiz v Sestém kultivaénim kroku se MIC zvysila z
puvodnich 3,38 mg/l na 13,5 mg/l a od osmého kroku dosahovala nejvyssi mozné koncentrace 54 mg/I
(pti pouziti disperze AgNP o koncentraci 108 mg/l. Kmeny P. aureginosa CCM 3955 a E. coli 013 se
staly rezistentni od 13. kroku. VSechny kmeny si poté nadale udrzovaly svoji rezistenci pii kazdém
pieockovani. Pro kontrolu byla v desatém a dvacatém kroku ur¢ena MIC AgNP nebo AgNOs3 inhibujici

referen¢ni kmeny pro potvrzeni vzniku rezistence u opakované exponovanych kment

k Vysledky publikovany v: Panacek, A., Kvitek, L., Smékalova, M., Veéefov4, R., Kolaf, M., Réderova, M., Dycka, F.,
Sebela, M., Prucek, R., Tomanec, O. a Zbofil, R. Bacterial resistance to silver nanoparticles and how to overcome it.
Nature Nanotechnology 13, 65-71 (2018).
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Tabulka 16. MIC AgNP u Gram-negativnich bakterii urovana po 20 po sob¢ jdoucich kultiva¢nich
krocich.

MIC [mg/1]
bakterie 1 2 3 4 5 6 7 8 9 10
E. coli CCM 3954 338 6,75 3,38 6,75 6,75 13,50 13,50 54,00 >54 >54
P. aeruginosa CCM
3955 1,69 3,38 0,89 1,69 338 3,38 1,69 1,69 3,38 3,38
E. coli 013 13,50 27,00 13,50 27,00 13,50 13,50 13,50 13,50 13,50 13,50
MIC [mg/1]
bakterie 11 12 13 14 15 16 17 18 19 20
E. coli CCM 3954 >54 >54 >54 >54 >54 >54 >54 >54 >54 >54
P. aeruginosa CCM
3955 6,75 27,00 54,00 >54 54,00 54,00 >54 54,00 >54 54,00
E. coli 013 27,00 27,00 54,00 27,00 27,00 54,00 >54 54,00 >54 >54

Pii opakované kultivaci bakterii s iontovym stiibrem nedochdzelo k nartstu MIC. V tomto
ptipadé tedy nebyla rezistence vyvolana. Navic u kment rezistentnich k AgNP nebyly v ptipad¢ jejich
kultivace s AgNOs3 potvrzeny vyssi hodnoty MIC. Bakterie se ziskanou odolnosti vii¢i AgNP jsou stale
citlivé k AgNOs. Je to tedy jasnym dikazem toho, ze bakteridlni rezistence k AgNP je specificka a
spojena praveé s nanocasticovou podstatou stiibra a ze mechanismem rezistence neni pouze eliminace
uvolnénych iontl stiibra.

Postupny vyvoj bakterialni rezistence k AgNP byl také doprovdzen postupnou agregaci a
sedimentaci AgNP na dn¢ jamek mikrotitra¢ni desti¢ky a zménou barvy disperze ze zluté na hnédou az
cernou (obr. 9). Naopak v ptitomnosti senzitivnich bakterii disperze AgNP fedéna M.-H. médiem ziistala
zlutohnéda diky zachovani povrchového plazmonu, ktery je typicky pro AgNP o velikostech n¢kolika
jednotek az desitek nm. Agregacni stabilita AgNP po kultivaci se senzitivnimi bakteriemi byla
prokdzana TEM (obr. 10a,b). Naopak v piipad¢ rezistentnich bakterii dochdzelo ke tvorbé cerné¢ho
precipitatu tvofen¢ho agregaty AgNP o velikostech fadové stovek nm (obr. 10c,d). Agregace AgNP

zpusobena rezistentni E. coli je dobte viditelna na snimcich z TEM (obr. 10e,f).
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16 hodin 24 hodin

Obrazek 9. Postupna agregace a precipitace AgNP na mikrotitracni destice s E. coli 3954 rezistentni k
AgNP po 0, 4, 8, 12, 16 a 24 hodinéach kultivace. Koncentrace AgNP se postupné snizuje od 54 mg/1
k 0,84 mg/l od druhé po osmou fadu. Prvni fada obsahuje disperzi AgNP (108 mg/l) bez bakterii nebo
kultiva¢niho média.

Obrazek 10. Vysoka agregacni stabilita AgNP po kultivaci s E. coli citlivé k AgNP ukazana na snimcich
z TEM (a, b), agregované AgNP po 24 h kultivace s AgNP-rezistentni E. coli CCM 3954 (c, d), agregace
AgNP zpisobena rezistentni E. coli CCM 3954 (e, f).
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Absorpcni spektra AgNP ziedénych v M.-H. médiu v poméru 1 : 1 (V/V) pted a po kultivaci s
AgNP-citlivym a AgNP-rezistentnim kmenem E. coli CCM 3954 zobrazuje obrazek 1la.
Charakteristicky pas povrchového plazmonu dobie dispergovanych koloidnich AgNP postupné mizi v
pritomnosti AgNP-rezistentniho kmene E. coli CCM 3954 v disledku agregace AgNP. Naopak v
ptfitomnosti AgNP-citlivého kmene intenzita povrchového plazmonového pasu zlistdva nezménéna i po
24 hodinach kultivace (obr. 11a). To naznacuje, Ze bakterie rezistentni k AgNP vyvoldvaji jejich
agregaci extracelularni sekreci latky, ktera zistava adsorbovana na povrchu agregati. Touto latkou je
pravdépodobné latka s vysokou molekulovou hmotnosti, jako jsou proteiny. Proteinové extrakty
pfipravené za pouziti riznych rozpoustédel byly proto podrobeny analyze hmotnostni spektrometrii
(MS) a tandemovou hmotnostni spektrometrii (MS/MS) k identifikaci proteint, které by mohly byt
odpovédné za pozorovanou agregaci AgNP.

Pomoci MS/MS analyzy se kromé extrakce v 0,1% trifluoroctové kyselin€ podatilo identifikovat
fadu proteini. Mimo jiné byly nalezeny 30S a 50S ribozomalni proteiny a urcité enzymy bunécného
metabolismu E. coli, které signalizuji buné¢nou lyzu pied nebo béhem extrakce. Nejcastéji vyskytujici
se protein v extraktu ve 2,5% TFA byl flagelin nasledovany fimbridlnim proteinem typu 1. Flagelin byl
také nejCastéji vyskytujicim se proteinem i pii extrakci se ztedénym NH4OH. Tabulka 17 sumarizuje
peptidy sekvenované kolizi v MS/MS, které se jednoznacné shoduji se sekvencemi flagelinu.

V dalSim experimentu byl pouzit komeréné dostupny flagelin k ovéteni, zda AgNP budou
agregovat po ptridani suspenze flagelinu do disperze AgNP. Ptivodni zlutohnéda barva disperze se ihned
po pridani flagelinu zménila na Sedou (obr. 12a) a po 24 hodinach (37 °C) byly na dn¢ zkumavky
pozorovany precipitaty (obr. 12b). UV/Vis spektra AgNP pied a po ptidani flagelinu jsou velmi podobna
spektrim pofizenym pted a po kultivaci s AgNP-rezistentni E. coli CCM 3954 (obr. 11). Absorp¢ni pas
povrchového plazmonu AgNP se v pfitomnosti reistentni £. coli CCM 3954 postupné snizoval diky
agregaci AgNP. V piitomnosti citlivého kmene ziistal pas povrchového plazmonu po 24hodinové
kultivaci stejny (obr. 11a).

Primérna velikost AgNP se okamzité zvétsila z 28 nm na 480 nm nasledkem tvorby agregatl
(DLS analyza). Zeta potencidl po piidani flagelinu se zménil z hodnoty -28 mV na -6,2 mV. Pii takto
nizké hodnoté zeta potencidlu nejsou repulzivni sily dostatecné vysoké k udrzeni AgNP v dostatecné

vzéajemné vzdalenosti.
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Tabulka 17. Peptidy identifikované pomoci databdze Swiss-prot.
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Obrazek 11. UV/Vis absorpéni spektra AgNP zifedénych M.-H. médiem pied a po kultivaci s citlivym
a rezistentnim kmenem E. coli 3954 (a), UV/Vis spektra AgNP zifedénych M.-H. médiem pied a po

pridani flagelinu (b).

Obrazek 12. Vliv ptidavku flagelinu k AgNP. Obrazky ukazuji okamzitou agregaci AgNP po ptidani
flagelinu (a, vlevo) a stav po 24 hodinach od ptidavku (b, velvo). Zkumavka vpravo u obou obrazki
obsahuje stabilni AgNP bez flagelinu.

Aby se dale potvrdila role flagelinu v agregaci AgNP, byla provedena charakterizace a chemické
mapovani agregati stiibra pomoci HRTEM. Obrazky 13a a 13b jasné ukazuji agregaty AgNP na povrchu
a v tésné blizkosti bakteridlni stény. Chemické mapovani odhalilo na povrchu agregati stiibra
pfitomnost zakladnich prvki proteint, jako je uhlik, kyslik, dusik a sira (obr. 13). AgNP tvorici velké
agregaty nevstupuji dovnitt bunky, jak l1ze vidét na obrazku 13c a 13d, kde Zadné AgNP nejsou uvniti

vidét. Na snimcich z HRTEM je také vidét tenka vrstva flagelinu adsorbovana na povrchu agregatii (obr.

13ij).
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Obrazek 13. Chemické mapovani agregati stiibra v pfitomnosti bakterii. Snimky HRTEM (a) a
HAADEF (b) agregatt stiibra na povrchu bakterialni buniky. Kombinované chemické mapovani stiibra a
dusiku (¢), d—h jednoprvkové mapovani stiibra (d), uhliku (e), kysliku (f), dusiku (g) a siry (h), HRTEM
snimky stfibrnych agregatl, které zobrazuji kompaktni organickou vrstvu na povrchu AgNP (i, j) a
kombinované chemické mapovani stiibra, kysliku a dusiku (k).

V dalsi casti vyzkumu jsme se predevsim diky znalosti mechanismu rezistence bakterii k AgNP
mohli zaméfit na moznost piekonani vyvinuté odolnosti. Zvolenym piistupem byla aplikace inhibitoru
bakterialniho flagelinu, ktery by potlacenim produkce proteinu mohl zastavit agregacni proces. Je
znamo, ze produkce flagelinu bakteriemi miize byt inhibovana extraktem z kliry granatového jablka
(PGRE). Extrakt z kiry granatového jablka (PGRE) byl ptipraven podle postupu z publikace Asadishad
akol.!? V ptipadé kultivace E. coli CCM 3954 rezistentni k AgNP v pfitomnosti AgNP a subinhibitorni
koncentrace PGRE 0,6 % (w/w) (MIC PGRE byla ur¢ena na 2,5 % (w/w)) se MIC AgNP viici rezistentni
E. coli 013 v ptitomnosti PGRE snizila z 54 mg/l na 13,5 mg/l a v ptipad¢ rezistentni E. coli CCM 3954
na 6,75 mg/l. E. coli CCM 3954 rezistentni k AgNP v pfitomnosti AgNP a subinhibitorni koncentrace
PGRE tedy nebyla schopna odoldvat antibakteridlnimu efektu AgNP, bakterie ztratily svoji ziskanou
rezistenci. MIC AgNP vuci rezistentni £. coli 013 se v pfitomnosti PGRE snizila na MIC piivodniho
citlivého kmene a v ptipadé rezistentni £. coli CCM 3954 na srovnatelné nizkou hodnotu MIC citlivého

referentniho kmene.

32



Pro ovéteni stalosti rezistence k AgNP byla E. coli rezistentni k AgNP opakované inkubovana
po dobu 120 hodin pfi 37 °C v 50 ml M.-H. média bez AgNP. Vhodné podminky ke kultivaci byly
zajistény pireockovanim inokula do ¢erstvého média po 5, 24, 48, 72 a 96 hodinach. Souc¢asné bylo 100 pl
bakterialni suspenze naockovano na M.-H. agarové misky, které byly inkubovany po dobu 24 hodin pfi
37 °C a kolonie byly pouzity pro stanoveni MIC AgNP. MIC AgNP (108 mg/l) pro AgNP-rezistentni
bakterie zlstala stejné i po Sesti kultivacnich krocich, bakterie si evidentné svoji rezistenci ponechéavaji.
Stabilita rezistence byla dale potvrzena testem s PGRE, kdy po inkubaci rezistentniho kmene se

subinhibi¢ni koncentraci PGRE ztistala MIC AgNP stale na hodnoté 108 mg/I.

20. Vliv média a stabiliza¢niho Cinidla na toxicitu AgNP vici

Daphnia magna'

AgNP o primérné velikosti 28 nm byly syntetizovany Tollensovou metodou, ktera je detailnéji
popsana vySe. Pro experimenty se stabilizovanymi AgNP v nefedéném médiu byla do pfipravené
disperze AgNP ptidana zelatina o kone¢né koncentraci 0,005 % a v ptipad¢ fedéného média Zelatina o
konecné koncentraci 0,0001 %.

Monitorovani stability AgNP o koncentraci 1 mg/l v nefedéném a 2krat fedéném kultivaénim
médiu M4 bylo zaloZeno na sledovani zmény polohy plazmonového rezonan¢niho piku lokalizovaného
puvodné u 412 nm.

Jakmile se smichaly AgNP s fedénym i nefedénym médiem byla ovlivnéna jejich agrega¢ni
stabilita, jak bylo patrno z UV/Vis spekter a zvySeni primérné velikosti z 28 nm na 260 nm (obr. 14a a
15a). Barva disperze se zmeénila ze zlutohnédé na modrosedou. Absorpéni pik piivodnich ¢astic
s maximem u 412 nm se postupné snizoval a zaroven se objevil sekundarni pik u 545 nm (nefedéné
médium) a 505 nm (2krat fedéné médium) ihned po smichani s médiem. Pozice sekunddrniho maxima
se v ¢ase posouvala k vy$§im vinovym délkam, coZ koresponduje s narGstajici velikosti ¢astic.!* Po 24
hodinach byla stanovena pramérna velikost ¢astic 420 nm. TEM snimky potizené 24 hodin po smichéni
s fedénym 1 nefedénym médiem potvrdily pfitomnost velkych aglomerati, které vznikly z pivodnich

malych AgNP (obr. 16). Navic se v nefedéném médiu rekrystalizaci zformovaly velké castice o

! Ptijato jako: Smékalova, M., Panadek, A., Jancula, D., Marsalek, B., Kolaiik, J., Prucek, R., Kvitek, L. a Zbofil, R. Effects
of culture medium conditions on stability, crystallinity and chronic toxicity of silver nanoparticles to Daphnia magna. Podano
do redakce Casopisu Applied Materials Today.
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velikostech kolem 200 nm (obr. 16a,b). Tento mechanismus rekrystalizace byl popsan v praci Prucek a
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Obrazek 14. UV/Vis absorp¢ni spektra nestabilizovanych AgNP (10 mg/l) v nezfedéném médiu M4
zaznamenand béhem 24 hodin (a) a AgNP stabilizované 0,005% zelatinou v neziedéném médiu M4

zaznamenana béhem 72 hodin (b).
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Obrazek 15. UV/Vis absorpéni spektra nestabilizovanych AgNP (10 mg/l) ve 2krat zfedéném médiu
M4 zaznamenana béhem 24 hodin (a) a AgNP stabilizované 0,0001% zelatinou ve 2krat zfedéném médiu

M4 zaznamenand béhem 72 hodin (b).

Aby se ptredeslo agregaci AgNP v kultivaénim médiu, které je koncentrovanym elektrolytem,
byly AgNP stabilizovany Zelatinou. Ke stabilizaci AgNP byly pouZity velmi nizké koncentrace Zelatiny,
a to 0,005 % pro netfedéné médium a 0,0001 % pro 2krat fedéné médium. Zelatina o koncentraci 0,005
% Uspésné stabilizovala AgNP, coz potvrdila UV/Vis absorpéni spektra, kde nebyly pozorovany zadné
dramatické zmény absorpcniho pasu povrchového plasmou (obr. 14b) ve srovnani s nestabilizovanymi
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AgNP (obr. 14a). Disperze si také drzela svoji zlutohnédou barvu. V oblasti od 450 nm do 550 nm byla
zaznamenana slaba absorpce, kterd naznacuje mirny nartst pramérné velikosti AgNP na 33 nm
(obr. 14b), nicmén¢ nebyla pozorovdna Zadna rekrystalizace. Disperze AgNP s 0,0001 % Zelatiny byla
mén¢ stabilni ve srovnani s pouzitim vys$i koncentrace Zelatiny. Doslo k postupnému sniZovani pasu
povrchového plazmonu s maximem u 412 nm (obr. 15b) a zvySeni primérné velikosti ¢astic na 80 nm
po 24 hodinach. Po 24 hodinach byla pozorovana ¢astecna agregace AgNP stabilizovanych 0,0001 %
zelatiny néasledovana sedimentaci. Takto nizka koncentrace Zelatiny neni dostacujici k uplné stabilizace
AgNP, ale zpomaluje agregaci a predchazi rekrystalizaci AgNP do vétSich aglomeratti (za podminek,

pfi kterych byly testy provadény).

Obrazek 16. Snimky z TEM velkych aglomeratt stiibra tvoifenych rekrystalizaci a agregaci potizené 24
hodin po smichani disperse AgNP s nefedénym (a, b) a zftedénym (c, d) kultivaénim médiem.

Sladkovodni kory$ D. magna byl pouzit jako standardni testovaci organismus. Jako kultivacni
médium bylo pfipraveno standardni Elendtovo médium M4 (CSN ISO 10706, 2001) obsahujici zakladni

anorganické soli a vitaminy. Hodnota pH média byla 7,2.

35



Pfi testovani chronické toxicity se postupovalo podle smérnice Organizace pro hospodaiskou
spolupraci a rozvoj (OECD) 211 pro testovani chemikalii.!® Deset jedincti rozdélenych do deseti
kadinek s 50 ml média bylo exponovéano po 21 dni. Dafnie byly kultivovany v cyklu 16 hodin svétlo a
8 hodin tma pii 18-22 °C. Organismy byly denné krmeny tasou Pseudokirchneriella subcapitata.
Koncentrace nestabilizovanych AgNP v nefedéném médiu byly 0,5-8,0 mg/l a stabilizovanych AgNP
0,001-1,000 mg/l. Koncentrace stabilizovanych i nestabilizovanych AgNP ve 2krat zfedéném médiu
byly 0,03-0,50 mg/l. Jako negativni kontrola bylo pouzito samotné médium M4. Médium a toxikanty
byly ménény za Cerstvé kazdé tfi dny. Béhem 21denni expozice byly kazdy den zaznamenavany pocty
prezivsich dospé€lct a pocty noveé narozenych jedinci. Den prvni reprodukce, celkovy pocet potomki a
délka dosp€lct na konci testu byla také ur¢ena. Nakonec se spocitala hodnota ECso (koncentrace latky,
ktera zptsobi urcity efekt u 50 % testovanych organismi). Pro analyzu statisticky vyznamnych rozdilt
mezi charakteristikami jedincti z exponované skupiny a kontrolou byl aplikovan neparametricky
Kruskal-Wallistv test (p < 0,05).

Soucasti testli chronické toxicity stabilizovanych AgNP bylo i testovani chronické toxicity
samotné zelatiny v pfislusnych koncentracich 0,0001 % pro 2krat fedéné médium a 0,005 % pro
nefedéné médium.
na populaci dafnii ze vSech provedenych experimentti. Pro testovani byly pouzity vyS$si koncentrace
AgNP v rozsahu 0,5-8 mg/1 (obr. 17a). Pocet piezivSich postupné klesal s rostouci koncentraci AgNP.
Expozice nejvyssi pouzité koncentraci 8 mg/l vedla ke 100% mortalité hned v prvni den experimentu.
jednoho jedince 21. den, ktery taktéz uhynul v kontrolni skupiné.

Prestoze koncentrace 0,5, 1 a 2 mg/l nemély zadny nebo jen mirny toxicky vliv na
zivotaschopnost rodicovskych organismit, byla reprodukce silné ovlivnéna v celém koncentracnim
rozsahu AgNP od 0,5 az po 8 mg/l (obr. 17b). S rostouci koncentraci AgNP byl pocet potomkti nizsi a
¢as prvniho sntisky byl opozdén. Celkovy pocet potomkil na konci experimentu klesl na 62 % kontroly
dokonce u nejnizsi pouzité koncentraci 0,5 mg/l. Koncentrace 2 mg/l AgNP zpiisobila, Ze se ¢as prvni
snusky opozdil o jeden den (kontrola 7,6 dne) a pti dvojnasobné koncentraci 4 mg/l dokonce vzrostl na
14,5 dne. Pti koncentraci 8 mg/l se pak nevylihli zaddni potomci. Délka dospé€lcti na konci testu postupné
klesala s rostouci koncentraci AgNP z 5 mm (kontrola) na 4,1 mm (4 mg/l). ECso (reprodukce) byla
urena na 1 mg/l AgNP.
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Obrazek 17. Pocet piezivsich jedinct (a) a potomku (b) D. magna exponovanych nestabilizovanému
AgNP v nefedéném médiu M4 béhem 21 dni.

Dtivodem nizké toxicity byla agregace a rekrystalizace piivodnich malych 28nm AgNP do
vétsich ¢astic. TEM snimky pofizené 24 hodin po smichani AgNP s médiem potvrdily, Ze plivodni malé
¢astice byly pfitomny spolu s ¢asticemi nové zformovanymi rekrystalizaci o priméru kolem 200 nm
(obr. 16a,b). Oxidacni ¢inidla a koordinac¢ni ligandy hraji klicovou roli v procesu rekrystalizace, protoze
zpusobuji tzv. (oxidative etching) oxidac¢ni leptani a rozpousténi AgNP, které podporuje rist novych
krystalg, ¥7:103:103

Aby mohla byt studovana toxicita AgNP v jejich plivodni neovlivnéné velikosti, AgNP byly
stabilizovany Zelatinou. Zelatina o koncentraci 0,005 % zcela zabranila agregaci v nefedéném médiu
béhem 3denniho experimentu (obr. 14b). Stabilizované AgNP projevily mnohem vyssi toxicitu nez
nestabilizované AgNP, jak potvrdil pokles poctu prezivSich dospé€lcti béhem testu chronické toxicity
(obr. 18a). Toxicita byla zaznamenana jiz béhem prvnich tfi dni testovani, kdy tieti den byla pozorovéana
80% mortalita pro nejvyssi testovanou koncentraci AgNP 1 mg/1, 60% pro 0,1 mg/l a 20% pro 0,01 mg/1.
dospélct klesl ¢tvrty den na 7 a dokonce na jednoho jedince 6. den a 100% mortality bylo dosazeno 7.
den. Od devatého dne nezbyl zadny prezivsi jedinec v pritomnosti AgNP ve vSech testovanych
koncentracich.

Prekvapivé se zelatina béhem testovani chronické toxicity také projevila toxicky. Jedinci
vystaveni ¢isté Zelating o koncentraci 0,005 % postupné umirali mezi 6. a 10. dnem (obr. 18a).

V piitomnosti stabilizovanych AgNP se nenarodili Zadni potomci. Zelatina také zna¢né ovlivnila
reprodukci dafnii (obr. 18b). Potomci v pfitomnosti Cisté zelatiny dosahli celkového poctu pouze 61

oproti kontrolni skupiné s poctem 1794 potomkd.
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18. Pocet ptezivsich jedinct (a) a potomkt (b) D. magna exponovanych stabilizovanému AgNP 0,005%
zelatinou v nefedéném médiu M4 béhem 21 dni.

Nestabilizované AgNP ve 2krat ztedéném médiu byly vice toxické (obr. 19) nez nestabilizované
AgNP v nezifedéném médiu (obr. 17). S rostouci koncentraci AgNP postupné ubyval pocet piezivSich
dospélcii a pti nejvyssi pouzité koncentraci 0,5 mg/l byl po 21 dnech pouze dva. Expozice AgNP o
koncentracich 0,06 mg/l a 0,03 mg/l nebyly pro dospélce letdlni kromé jednoho jedince 14. den
vystavenému 0,03 mg/l AgNP.

Pii vSech testovanych koncentracich AgNP také postupné klesal pocet potomkl (obr. 19b).
Oproti 1102 potomkam, ktefi se narodili v kontrole bez AgNP, klesl celkovy pocet potomkl na konci
testu na 180 v ptitomnosti 0,5 mg/l AgNP. Ackoliv uhynul jeden jedinec pii 0,03 mg/l pocet potomki
byl pii této koncentraci AgNP nejen nepatrné vyssi (1176) nez u 0,06 mg/l (1040) ale navic byla
pozorovana hormeze. Nebyla vSak ovlivnéna ani doba prvni snsky ani délka dospélcit u zadné ze

skupin. Vypocitana ECso AgNP pro reprodukci byla 0,32 mg/I.
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Obrazek 19. Pocet piezivsich jedinct (a) a potomku (b) D. magna exponovanych nestabilizovanému
AgNP ve 2krat ziedéném médiu M4 béhem 21 dni.

Dafnie postupné umiraly pii vystaveni celému rozsahu koncentraci AgNP stabilizovanych

0,0001% zelatinou od 0,03 mg/1 do 0,5 mg/l (obr. 20a). Na konci testu s AgNP o koncentraci 0,5 mg/1
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nepiezil zadny dospélec a pocet potomkl byl pouze 19. Koncentrace 0,25 mg/l AgNP byla pfirozené
toxi¢téjsi nez nasledujicich 0,13 mg/l kromé vyssiho poctu prezivsich dospélet 19. a 20. den. Nicméné
pii obou koncentracich byl stejny kone¢ny pocet dospélci, tedy tii. AgNP o koncentraci 0,06 mg/1 byly
koncentrace AgNP 0,03 mg/I také vedla ke smrti jednoho jedince 19. den a na konci testu zbylo 5 jedincti.
Mirnou toxicitu vykazovala také Zelatina ke konci testu, nikoli vSak v rozsahu, ktery by ovlivnil
interpretaci toxicity samotnych AgNP (obr. 20a).

V koncentracnim rozsahu AgNP od 0,5 mg/l do 0,06 mg/l byl zaznamenan také postupny pokles
celkového poctu potomki s rostouci koncetraci AgNP (obr. 20b). Taktéz byla pozorovana hormeze v
jedincim v kontrolni skupiné. Ackoliv zelatina méla za nasledek méné mrtvych dospélcti nez AgNP o
koncentraci 0,06 mg/l (1237), celkovy pocet potomkl byl ve skupiné za ptfitomnosti zelatiny nizsi
(1123). Vypocitana ECso AgNP pro reprodukci byla 0,16 mg/l. Doba prvni sniiSky se v zddné ze skupin
statisticky vyznamné neliSila od kontrolni skupiny (8,8 dne). Délka dospélct se vyznamné liSila od

kontroly po expozici 0,25 mg/l AgNP, kdy se snizila ze 4,8 mm na 3,3 mm.
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Obrazek 20. Pocet prezivsich jedincii (a) a potomka (b) D. magna exponovanych stabilizovanému
AgNP 0,0001% Zelatinou ve 2krat zfedéném médiu M4 béhem 21 dni.
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Z.aveér

Dizertacni prace prezentuje ve své teoretické i1 praktické ¢asti poznatky z oblasti biologické
aktivity nanocastic stiibra vic¢i eukaryotnim a prokaryotnim organismim. Prace na jedné strané
vyzdvihuje antimikrobialni vlastnosti AgNP a jejich synergické ptisobeni s antibiotiky vici citlivym a
vysoce rezistentnim bakteriim a zdroven na strané¢ druhé varuje pfed moznosti vzniku bakterialni
rezistence podobn¢ jako u antibiotik a pied jejich toxikologickymi a ekotoxikologickymi riziky.

Pro studium biologickych vlastnosti byly pfevazné aplikovany kulovité AgNP s priimérnou
velikosti 28 nm, které byly syntetizovany ovéienou a spolehlivou metodou vychézejici z Tollensovy
reakce, kterd spociva v redukci amoniakalniho komplexu stiibra redukujicimi sacharidy. Pro posouzeni
vlivu velikosti AgNP na spole¢ny antibakteridlni t¢inek s antibiotiky byly navic pfipraveny ¢astice
s mens$i primérnou velikosti 8 nm redukei siln€j$im Cinidlem tetrahydridoboritanem sodnym.

Prvni ¢ast experimentalni prace je zaméfena na studium spolecného antibakterialniho tc¢inku
AgNP v kombinaci s antibiotiky. Dosazené vysledky této studie prokéazaly, ze AgNP posiluji ucinek
celé fady antibiotik proti riznym druhim nejen lidskych, ale i zvifecich Gram-pozitivnich a Gram-
negativnich bakterii, a to nezévisle na mechanismu u¢inku a chemické struktute pouzitych antibiotik.
Pozitivni vysledky pfineslo testovani synergie nejen vici bakteriim citlivym k antibiotikiim, ale i
vaci multirezistentnim enterobakteriim. Synergicky antibakteridlni efekt AgNP v kombinaci
s antibiotiky vuci citlivym i rezistentnim bakteriim byl dosaZen pti velmi nizkych koncentracich,
fadoveé az v desetinach mg/l stfibra. Takto nizké koncentrace AgNP v kombinaci s antibiotiky
nevykazovaly cytotoxicky uc¢inek vici savéim bunkam a neptedstavuji tak toxikologické riziko pro
vys$i organismy. Navic v pfipad¢é rezistentnich bakterii doslo k obnoveni citlivosti bakterii k
antibiotikim v kombinaci s AgNP, jinymi slovy byla uspéSné prekondna bakteridlni rezistence vuci
antibiotiklim, pokud se aplikovala spole¢né s AgNP.

V druhé ¢asti experimentalni prace se podafilo vyvolat a nasledné objasnit mechanismus
rezistence bakterii E. coli a P. aeruginosa k AgNP po opakované expozici subinhibi¢nim
koncentracim AgNP. Rezistence k AgNP byla indukovana pomérné¢ snadno a brzy, jiz ve 13.
kultivaénim kroku vykazovaly testované bakterie zvySenou odolnost vi¢i AgNP. Pficinou
indukované rezistence je produkce proteinu flagelinu, ktery zplsobuje agregaci AgNP za vzniku
rozmérnych sedimentujicich Castic stfibra, které nevykazuji antibakterialni uc¢innost. Tento doposud
v odborné literatufe nepopsany objev mé obrovsky vyznam nejen v prevenci vzniku rezistence

bakterii, ale i v oblasti eliminace vysoce infek¢nich bakterii.
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Posledni ¢ast prace popisuje vysledky studie vlivu koncentrace zivného média a stabilizacnich
¢inidel na stabilitu a dlouhodobou toxicitu AgNP viici organismus D. magna. AgNP bez dodate¢né
povrchové stabilizace snadno a rychle podlé¢haji agregaci diky vysoké iontové sile zivného média a
nasledné az rekrystalizaci do vétSich utvart doprovazené ztratou toxicity. Naopak v ptipad¢ aplikace
zivného média s polovicni koncentraci a v pfipad¢ Zzelatinou stabilizovanych AgNP byla jejich
toxicita k D. magna vyrazné vyssi vzhledem k zachovani malého rozméru a tim vysoké biologické

aktivity AgNP.
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Summary

Theoretical and practical part of dissertation thesis discussed discoveries related to biological
activity of silver nanoparticles against eukaryotic and prokaryotic organisms. On the one hand, the
thesis is focused on antimicrobial properties of AgNPs and their synergistic action with antibiotics
against highly resistant bacteria and, on the other hand, deals with possible occurrence of bacterial
resistance to AgNPs similar to antibiotics and their toxicological and eco-toxicological risks.

For study of biological properties, spherical AgNPs with mean diameter of 28 nm were
applied. AgNPs were synthesized by reliable method derived from Tollen’s reaction, which is based
on reduction of ammonia complex of silver by reducing saccharides. Also, smaller AgNPs with mean
diameter of 8 nm was prepared by reduction with stronger reducing agent sodium borohydride for
assessment of size effect on antibacterial activity.

The first part of experimental work is focused on study of combined antibacterial action of
AgNPs with antibiotics. The results proved that AgNPs enhance the activity of many antibiotics
against different species of human and animal Gram-positive and Gram-negative bacteria. This
enhancement was shown with no dependence on mechanism of action or chemical structure of
antibiotics. Positive results of synergy testing was shown not only against bacteria sensitive to
antibiotics but also against multi-resistant Enterobacteriaceae. Synergic antibacterial effect of AgNPs
in combination with antibiotics against both, sensitive and resistant bacteria, was achieved in very
low concentrations, in the order from tenths to units of mg/l. These concentrations of AgNPs does not
exhibit toxic effects against mammalian cells and does not pose a toxicological risk for higher organisms.
Moreover, in the case of resistant bacteria, restoration of sensitivity to antibiotics caused by combination
of AgNPs was shown.

The second part of experimental work deals with resistance of bacteria to AgNPs. Resistance to
AgNPs was successfully induced in E. coli and P. aeruginosa and mechanism of this resistance was
elucidated. The resistance was caused by exposition the bacteria to sub-inhibitory concentrations of
AgNPs and was observed only after 13 exposition steps, when bacteria exhibit increased tolerance to
AgNPs. The observed induced resistance is based on production of protein flagellin, which causes
aggregation of AgNPs and formation of large particles of silver, which sediment and does not exhibit
antibacterial activity. This phenomenon, which has never been described in literature before, has
importance in prevention of emergence of resistance and in the elimination of highly infectious bacteria.

The last part of work describes the influence of culture medium concentration and surface

stabilizers to stability and long-term toxicity of AgNPs against crustacean D. magna. AgNPs without
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additional surface stabilization subject to fast aggregation as result of high ionic strength of culture
medium. The aggregation is accompanied with recrystallization to bigger particles and loss of
toxicity. On the contrary, in case of using 2-fold diluted medium and AgNPs stabilized by gelatine,
the toxicity against D. magna was significantly higher, because small diameter and AgNP biological

activity was unaffected.
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Seznam pouzitych zkratek

AFM mikroskopie atoméarnich sil

AgNP nanocastice stfibra

AMC amoxilin + klavulanét

AMI amikacin

AMP ampicilin

AmpC cefalosporinazy

AMS ampicilin/sulbaktam

ATM aztreonam

AZT aztreonam

BHI bujon z mozkosrdcové infuze

CCA ceftazidim + klavulanat

CFU jednotky tvoftici kolonie

CIP ciprofloxacin

CLI klindamycin

CLSI Institut pro klinické a laboratorni standardy

CMP chloramfenikol

COL kolistin

COT kotrimoxazol

COX cefotaxim

CPM cefepim

CPR cefoperazon

CRX cefuroxim

CReSA centrum pro vyzkum nemoci zvitat

CTz ceftazidim

CXT cefoxitin

CZD ceftazidim

CZL cefazolin

DDST diskovy difuzni test s inhibitorem betalaktamaz

DLS dynamicky rozptyl svétla

DLVO teorie stability lyofobnich koloidii (dle jmen: Derjagin, Landau, Verwey a Overbeek)
ECso koncentrace latky, ktera zptsobi ur€ity efekt u 50 % testovanych organismu
EPS extracelularni polymerni latky

ERY erytromycin

EUCAST Evropska komise pro testovani antimikrobialni citlivosti
FEP cefepim

FIC frakéni inhibi¢ni koncentra¢ni index

GEN gentamicin

HAADF detektor elektronti difraktovanych pod velkymi thly
HRTEM transmisni elektronova mikroskopie s vysokym rozliSenim
KPC karbapenemazy

LDso davka latky, ktera je smrtelna pro 50 % testovanych organismu
M.-H. Miiller-Hinton

MER meropenem

MIC minimalni inhibi¢ni koncentrace

OECD Organizace pro hospodaiskou spolupraci a rozvoj

OFL ofloxacin
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OXA
0XO
PAA
PEG
PEN
PGRE
PIP
PPT
PVP
SDS
TEI
TEM
TET
TFA
VAN

oxacilin

oxolinova kyselina

kyselina polyakrylova
polyethylenglykol

penicilin

extrakt z kliry granatového jablka
piperacilin
piperacilin/tazobaktam
polyvinylpyrrolidon

dodecyl sulfat sodny

teikoplanin

transmisni elektronova mikroskopie
tetracyklin

kyselina trifluoroctova
vankomycin
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