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ANOTACE

Velky védecky zdjem o nanocastice spociva v jejich unikatnich vlastnostech, které
jsou zpusobeny jejich velikosti na pomezi pfechodu mezi krystalem a atomarni ¢i molekularni
strukturou. Jedna z obecnych a velmi struénych definic, které stanovuji pojem nanocastice, je
ta, ktera fika, Ze se jednd o &astice, jejichz alespoti jeden rozmér je mensi nez 100 nm.! Tento
kriticky parametr byl vymezen na zéklad€ novych vlastnosti materiald, které se objevuji praveé
pii1 ptekondni tohoto rozméru. Navic objemové materialy ,,vétSich® rozmérti maji konstantni
fyzikalni vlastnosti, kdeZto u nanomateriald 1ze casto pozorovat vlastnosti velikostné zavislé.
Tento jev je spojen se zménou poméru atomi na povrchu ¢astic a atomu, které jsou uvnitt,
¢imz se ve vyrazné mife uplatiuji povrchové jevy. Ve vybranych pfipadech mize dojit pfi
zmenS$eni rozméru ke zméné elektronové struktury a uplatnéni kvantovych jevll V neposledni
fad¢ mize vnanosvété dochazet ktvorbé zcela novych forem materidli s nizsi
dimensionalitou, coZz je pfipad dnes mimofadné studovanych novych alotropi uhliku
(fulleren, trubicka, grafen).

Vyznamnou skupinou nanomaterialli jsou nanocastice a kompozity na bazi kovi
a jejich oxidd, které nachdzi uplatnéni v fadé odvétvi diky svym vybornym mechanickym,
elektrickym, magnetickym, optickym, katalytickym a jinym fyzikalné-chemickym
vlastnostem. . Krom¢ nanocastic samotnych mohou byt pfipraveny i bimetalické nanocastice
¢1 nanokompozity, které jsou tvotfeny vice strukturnim identitami nanocasticového charakteru.
Takové struktury pak nejen kombinuji vlastnosti jednotlivych nanomateriald, ale casto
vykazuji lepsi aktivitu a selektivitu ve srovnani s monometalickymi ¢asticemi nebo mohou
vykazovat vlastnosti, které nejsou charakteristické pro komponenty tvofici tyto noveé
viceslozkové  systémy. Studium vlastnosti a pfiprava anorganicko-organickych
nanokompozitnich materialii a bimetalickych castic tak dnes patfi mezi rychle se rozvijejici
oblasti védeckého vyzkumu.

Pfedmétem predloZené disertacni prace je predstaveni piipravy a vlastnosti aplikacné
vyznamnych nanokompozitl zaloZenych na kombinaci magnetického materidlu (bakteridlnich
nanocastic magnetitu, nanocastic nulamocného Zeleza) a druhé funkéni slozky. Bakterialni
magnetické nanocastice (bMNPs) piedstavuji biokompatibilni, netoxicky systém, jehoz
obrovskou vyhodou je Uzka velikostni distribuce castic a velmi dobie definovana krystalova
1 magneticka struktura. Takovéto biogenni magnetické nanocéstice skytaji Siroky prostor pro

uplatnéni v biologickych a medicinskych aplikacich. Jejich kombinaci s identitami



vykazujicimi zajimavé optické vlastnosti mohou byt pfipraveny materialy nachazejici
uplatnéni jako dudlni kontrastni latky v bioaplikacich. Na této bazi byly pfipraveny ,,core-
shell* magnetické fluorescencni hybridni nanostruktury zalozené na kombinaci kvartérnich
uhlikovych te¢ek (QCDs) a bakteridlniho magnetitu. Tento kompozitni systém se ukazal
velmi U€inny pii znaceni kmenovych bunék. Metoda piipravy pak byla zobecnéna i na jiné
systémy: Ag—QCDs a uhlikové nanotrubky—QCDs. bMNPs byly také vyuZity pro ptipravu
hybridniho magnetického systému s piirodnim polymerem chitosanem. Tento polymer je
bifunk¢ni latkou (obsahuje hydroxylové a aminové funkcni skupiny), ktera mize slouzit pro
ukotveni magnetickych castic a jejich spojeni s dal$i funk¢ni strukturou. Tento hybridni
syst¢tm bMNPs—chitosan (mCH) byl pouzit pro piipravu antibakteridlniho kompozitu.
Chitosan, diky schopnosti adsorbovat ionty sttibra a za urCitych podminek (pH, teplota) je
redukovat, tak hral klicovou ulohu pfi tvorbé nanokompozitu mCH—Ag. Charakterizaci tohoto
kompozitu byly potvrzeny vynikajici antibakterialni a antifungalni vlastnosti.

Hybridni syst¢ém mCH byl také vyuzit pro imobilizaci proteolytického enzymu
trypsinu prostfednictvim kovalentni konjugace karboxylové (protein) a aminové (chitosan)
skupiny. Tato modifikace vyrazné zlepSila fadu vlastnosti tohoto enzymu pro proteomickeé
aplikace. Nejen ze umoznila jeho magnetickou separaci a jeho opakovatelné vyuziti, ale také
zlepsila jeho né&které dilezité vlastnosti (termostabilitu, dlouhodobou stabilitu, eliminovala
autolytické Stépeni).

Kromé¢ kompoziti na bazi bakteridlntho magnetitu byly vyvinuty také kompozity
zalozené na nanocasticich nulamocného zeleza (nZVI), které kromé ferromagnetického
uspofddani maji velmi vyznamné redukéni a adsorpcéni vlastnosti Ty byly vyuzity pro
piipravu magnetickych bimetalickych ¢astic Fe—Ag, a to pravé sorpci a redukei stiibrnych
iontli ve vodném prostfedi. Nanocastice stiibra (AgNPs) a nZVI jsou antimikrobidlni latky
a tyto vlastnosti bylo potvrzeny i1 u nové pripravenych Fe—Ag nanocastic. Navic se prokazaly
byt acinné 1 pro odbourani fosfatl pti soucasné moznosti magnetické separace.

Vitéto praci je tedy popsano nckolik novych, aplikatné vyznamnych
nanokompozitnich materiald. Z hlediska jejich uplatnéni v biochemickych a biomedicinskych
aplikacich (magnetické kompozity QCDs ¢i1 kompozit mCH—trypsin) byl kladen diraz na
vyuziti biokompatibilnich latek a ziskdni kompoziti pozadovanych vlastnosti cestou
environmentalné Setrné chemie (,,green chemistry). Také pro ptipravu antimikrobidlnich
syst¢tmii (mCH—-Ag a Fe—-Ag) byly zvoleny jednoduché a cenové dostupné postupy, které
mohou byt adaptovany do velkokapacitnich méfitek, které jsou nezbytné pro jejich uplatnéni

v environmentalnich aplikacich.
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Seznam pouzitych zkratek

Oznaceni nanocéastic a vzorka

AgNPs
bMNPs
CNTs

mCH
mCH-Ag
nZVlI
QDs
QCD

Metody a techniky
imuno—PCR

MFM
MALDI-TOF

MRI
TEM
SQUID

nanocastice stiibra
bakteridlni magnetické nanocastice

uhlikové nanotrubky

hybrid magnetit-chitosan

nanokompozit magnetit—chitosan—nanocastice stiibra
nanocastice nulamocného Zeleza

kvantové tecky

kvartérni uhlikové tecky

polymerédzova fetézova reakce pro imunoenzymaticky test (Imunno—
Polymerase Chain Reaction)

mikroskopie magnetickych sil (Magnetic Force Microscopy)

hmotnostni spektrometrie (Matrix—Assisted Laser Desorption/Ionisation—
Time Of Flight mass spectrometry)

zobrazeni magnetickou rezonanci (Magnetic Resonance Imaging)
transmisni elektronova mikroskopie (Transmission Electron Microscopy)
supravodivy kvantovy interferen¢ni magnetometr (Superconducting

Quantum Interference Device)

Ostatni pouZité zkratky

ATP
BCM
BIM
CTAC
DNA
dw

EO

adenosin—5"-trifosfat

biologicky kontrolovand mineralizace
biologicky indukovana mineralizace
chlorid cetyltrimethylamonny
deoxyribonukleova kyselina

suché hmotnosti (dry weigth)

standardni redoxni potencial



EDC
GFP
GTPaza
HIV
LD50

M. gryphiswaldense
MTB

Mms16, MspA,
Mms24, MamJ,
Mms6, MagA,
MamK

MTT

NHS

PANAM

SPR

SDS
SDS—elektroforéza
RNA

ROS

TRITON

uv

VIS

I—ethyl-3—(3—dimethylaminopropyl) karbodiimid

protein s fluorescenci v zelené oblasti (Green Fluorescent Protein)
guanozin trifosfataza

lidsky imunodeficitni virus (Human Immunodeficiency Virus)
oznaceni pro davku latky podané testovanym jedinctim, kterd zptsobi
uhyn 50 % testovanych zivocichii do 24 hodin od expozice
Magnetospirillum gryphiswaldense

magnetotaktické bakterie

oznaceni proteini magnetozomalni membrany

oznaceni proteini magnetozomalni membrany

oznaceni proteini magnetozomalni membrany

oznaceni proteini magnetozomalni membrany

oznaceni testu méteni aktivity bunéénych enzymd, které jsou schopny
redukovat latku 3— (4,5-Dimethylthiazol-2—yl) —2,5—difenyltetrazolium
bromid

N-hydroxysulfosukcinimid

poly(amido-aminové¢) dendrimery

plazmonové rezonan¢ni pasy

dodecylsulfat sodny

elektroforéza provadeéna v prostiedi dodecylsulfatu sodného
ribonukleova kyselina

reaktivni radikaly kysliku (reactive oxygen species)

polyethylen glykol p— (1,1,3,3—tetramethylbutyl) —fenyl ether
ultrafialové zafeni

viditelné zareni

10



1 UvVOD

Cilem piedkladané disertacni prace byla piiprava, studium vlastnosti a aplikaci
novych magnetickych kompozitnich nanomaterialt, které kombinuji vlastnosti jednotlivych
nanocasticovych identit. Jako magnetické komponenty byly pouzity nanocastice bakterialniho
magnetitu (bMNPs) a nanoc¢astice nulamocného zeleza. Ty byly konjugovany s nanoc¢asticemi
sttibra, uhlikovymi kvantovymi te€Ckami nebo trypsinem. Vytvofené hybridni systémy skytaji
velky potencial v oblastech vyuZzivajicich antimikrobialni materialy, v technologiich ¢iSténi
vod, v proteomice a v oblasti biomediciny (znaceni bunék).

Disertaéni prdce ma dvé hlavni €asti — teoretickou ¢ast a komentafe hlavnich
publika¢nich vystupt. V teoretické¢ casti budou zminény zakladni vlastnosti individualnich
nanocastic oxidii kovi (oxidi zeleza), kovi (zeleza, sttibra), uhlikovych nanostruktur
(uhlikovych kvantovych tecek), které jsou podstatou dale diskutovanych hybridnich
nanomateridlii a bimetalickych nanocastic. Charakterizace téchto materiali je pojednavana
z hlediska zakladnich vlastnosti (magnetické, elektrické, optické), toxicity (antimikrobidlni
aktivita a toxicita viCi vySSim organismiim), piipravy a aplikacniho vyuziti. Povrchové
modifikace nanocastic jsou €asto nezbytnou soucasti pfipravy jak nanocastic samotnych, tak
1 kompozitnich materiali. NejenZe stabilizuji pfipravovany systém proti agregaci, ale Casto
funkcionalizuji jejich povrch (zavedeni funkéni skupiny) nebo plni jiné funkce
(hydrofobicita/hydrofilicita, redukéni/oxidacni vlastnosti, atd.). Polymer chitosan pfedstavuje
prirodni latku, kterd nachazi uplatnéni v fad€ bioaplikaci a je v disertacni praci diskutovan
jako vyznamny predstavitel uhlovodik, ktery je wvyuzit 1 v nové pfipravenych
multikomponentnich systémech. Multikomponentni nanomaterialy mohou byt tvofeny rtzné
uspofadanymi strukturami, sestavajicimi z dvou a vice nanocasticovych identit. V teoretické
¢asti bude proto prezentovan piehled jejich ptiprav, uspotadani a vlastnosti.

Druha cast disertacni prace je vénovana komentariim publikaci, ve kterych byly
popsany noveé pripravené nanomaterialy. Tato kapitola je rozdélena dle jednotlivych vystupt
(publikaci). Budou zde vyzdvizeny dulezité informace ohledné piipravy a povrchové
modifikace bakteridlnitho magnetitu a jeho funkcionalizace chitosanem (kompozit mCH),
piiprava a vlastnosti nov€ ptipravenych multikomponentnich nanomateriali na bazi
1) magnetit—chitosan—stfibro (mCH-Ag); 1i) magnetit-chitosan—trypsin (mCH-Trypsin);
111) magnetit—kvartérni uhlikové tecky (m—QCDs a 1v) bimetalickych ¢astic (Fe—-Ag).

V zévéru této disertacni prace jsou v ptilohdach uvedeny publikace, na kterych je

tato prace zalozena.
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2 TEORETICKA CAST

2.1 Magnetické nanocastice oxidi Zeleza (MNPs)

Nanocastice vykazujici magnetické vlastnosti patfi v poslednich letech k nejvice
zkoumanym materialim nanosvéta. Jak jiz bylo uvedeno diive, vlastnosti materidlit se
zasadn€ méni, pokud jejich alespon jeden rozmér klesne pod urcitou hranici, kterd byla na
zéklad& fady teoretickych a experimentalnich studii ustanovena na 100 nm.! U magnetickych
nanomateridlli se tak projevuje fada anomalnich magnetickych vlastnosti, mezi néz patii
snizeni hodnoty satura¢ni magnetizace, zvySeni koercivity a remanence, jednodoménovost
magnetické struktury a superparamagnetizmus, asymetri¢nost hystereznich smycek ¢i vysoké
hodnoty diferencidlni magnetické susceptibility, které predurcuji jejich vysoky aplikaéni
potencial.” Magnetické nanolastice oxidi Zeleza piedstavuji diky svym vlastnostem
(netoxicita, biokompatibilita, biodegradabilita) jedny znejvice zkoumanych a aplikacné

vyznamnych materialg.’

Jejich ferimagnetické (resp. superparamagnetické) formy,
jmenovité¢ magnetit (Fe;Os) a maghemit (y—Fe;0s), dnes patii mezi nejvice vyuzivané
zastupce v bioaplikacich.

Magnetit 1 maghemit patii mezi ferimagnetické mineraly s inverzni spinelovou
strukturou.” Magnetit, ktery se lidi od ostatnich oxidi Zeleza tim, Ze ve své struktufe obsahuje
dvojmocné itrojmocné ionty Zeleza (tedy Fe’'Fe’™,04), je nejsilngjsim ptirodné se
vyskytujicim magnetem. Tento ¢erny mineral je obsazen v horninach 1 Zivych systémech
(bakterie, mravenci, holubi), u kterych je zodpovédny za schopnost vnimat a orientovat se
viiéi geomagnetickému poli. Casto se vyskytuje v nestechiometrické formé, coz znamena, ze
nékteré atomy Fe’™ jsou zoxidovany na Fe’", a tedy pomér jednotlivych forem iontii Fe ve
stechiometrickém magnetitu Fe*/Fe>"=0,5 neni zachovan.”® Maghemit (y—Fe’,03), ktery
vznika Uplnou oxidaci magnetitu, je jiz tvofen pouze trojmocnymi ionty Zeleza. Tento
magneticky pigment ma své uplatnéni v primyslu (katalyzator) 1 bioaplikacich (kontrastni
latky).> Nanoastice obou t&chto forem oxidii Zeleza (magnetit i maghemit) vykazuji
superparamagnetické vlastnosti, ato zpravidla v pfipadé kdy jejich velikost klesne pod
30 nm.’

Uplatnéni magnetickych nanocéstic bylo popsano v fad¢ publikaci, napt. pro cileny
transport aktivnich latek, napt. 1é¢iv (pokud jsou vystaveny vnéjSimu magnetickému poli,

5,8-11

mohou byt cilené transportovany do urcité oblasti lidského téla, tkan¢), mohou byt také

12-14

vyuZity jako kontrastni latky pro zobrazeni magnetickou rezonanci (MRI), pfi specidlnich

12



I ’ Iy . . 7 . 15,1 . r v ’
protinadorovych terapiich na bazi magnetické hypertermie,”'® pro magnetické znadeni
v 1 v v r . ;. eqe . .o o
bun&k,'” nebo pro separadni procesy zaloZené na magnetické imobilizaci proteind, enzymil,

ribonukleovych kyselin &i jinych biosubstanci.’"

Kazd4 potencialni aplikace klade na
magnetické nanocastice specifické pozadavky. Pro biomedicinské aplikace je nezbytné, aby
Castice byly stabilni pfi neutrdlnim pH a fyziologické iontové sile, Casto je téz preferovano
jejich superparamagnetické chovani pti pokojové teploté z ditvodu koloidni stability. Stézejni
informaci je také, zda Castice budou pouzity pro in vivo nebo in vitro aplikace. Pro in vivo
aplikace musi byt ¢astice obaleny biokompatibilnim materidlem (surfaktantem, polymerem),
ktery zarucCuje ochranu proti tvorbé agregatli a dovoluje imobilizaci aktivnich latek, napf.
1€kd. Samotné nanoc¢astice museji byt navic netoxické, antiimunogenni a dostate¢n¢ malé pro
svou cirkulaci a priichod skrz kapilarni systém organt a tkdni. Pro in vitro aplikace omezeni
vlastnosti (velikost, biokompatibilita) neni tak stézejni jako pro aplikace in vivo. Dilezitym
a spolenym pozadavkem pro magnetické Castice je predevSim vysoka magnetizace, kterd
zarucuje moznost jejich magnetické separace ¢i jejich fizeny pohyb plsobenim vnéjSiho
magnetického pole do mista uréeni (cileny transport v tkanich).'®

NejdiilezitéjsSim krokem se tak pro fadu aplikaci stdva samotna metoda piipravy
nanomateridlii, kterd urCuje velikost ¢astic, tvar, velikostni distribuci, krystalinitu, povrchové
chemické slozeni (funk¢ni skupiny na povrchu, povrchovy néboj), magnetické vlastnosti, ale
také strukturni defekty a necistoty. V poslednim desetileti byla vyvinuta a popsana fada
syntetickych metod pfipravy nanocastic oxidii Zeleza, mezi n&z patii: (i) ko—precipitacni
metody, (i1) termalni dekompozice (obr. 1), (iii) hydrotermalni syntézy, (iv) sonochemické
syntézy, (v) tvorba mikro— a nano—emulzi, (vi) elektrochemické syntézy a (vii) techniky

1822 Rada konven¢nich chemickych metod syntézy viak Gasto

vyuzivajici laserové pyrolyzy.
vyuziva toxické prekurzory reakci a sloZit¢ mnohakrokové postupy, které jsou energeticky
dosti ndrocné. Své misto pro piipravu magnetickych nanocastic mezi vyse uvedenymi
technikami tak ma 1 pfirodni proces biomineralizace, jmenovité vyuziti Zelezo—redukujicich
bakterii.'”** Timto ptirodnim a Zivotnimu prostfedi pratelskym procesem je mozné ziskat
magnetické Castice, které vznikly ve vodném prostfedi (namisto organickych rozpoustédel),
pi1 pokojové teploté (oproti vysokym teplotam, které jsou pii syntézdch nezbytné pro

dosaZeni dobr¢ krystalinity) a neutrdlnim pH.
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Obr. 1: Nanocastice oxidu zeleza pripravené termalni dekompozici pentakarbonylu zeleza. Velikost

Castic je zavisla na poméru koncentraci surfaktant (kyselina olejova): prekurzor Zeleza a na teploté

syntézy (az 260 °C).”

2.2 Magnetozomy, bakterialni magnetit

Biomineralizace je proces, pfi kterém v ptfirodé vznikaji mineraly ptisobenim Zivych
systémtl. VSeobecné tyto procesy mohou byt rozdéleny do dvou kategorii: (i) biologicky
indukovana mineralizace (BIM) a (ii) biologicky kontrolovana mineralizace (BCM).>** BIM
je extracelularni proces tvorby krystalli, ktery primarné zavisi na okolnich podminkach, jako
je pH, pO,, pCO,, redoxni potencial, teplota. Pivodci tohoto procesu jsou mikroorganismy,
jejichz metabolity uvolnéné do prostfedi reaguji se specifickymi ionty ¢i jinymi slozkami
a davaji tak vzniku mineralim. Tyto Céastice maji vétSinou Spatnou krystalovou strukturu
s mnozstvim vad, Sirokou velikostni distribuci a postradaji vzdjemnou podobnost
morfologie.”* Piivodci tohoto typu mineralizace oxidii Zeleza jsou vét§inou anaerobni bakterie
jako  naptiklad  Fe(Ill) redukujici  bakterie (kmeny Shewanella, Geobacter,
Thermoanaerobacter ethanolicus)™>® nebo siru redukujici bakterie (drchaoblobus fulgidus,
Desulfuromonas acetoxidans).**

Pi1 BCM jsou castice tvofeny intracelularné a formovani krystalu je zcela fizeno
mikroorganismem. Cely proces mineralizace probiha ve specialnich vakuolach, které vytvari
specifické chemické prostiedi nezavislé na vn¢j$Sim. Krystaly se uvnitt vytvati pod kontrolou
organické matrice (tvofenou proteiny a ostatnimi kompartmenty membrany, jez jsou dany
genetickou informaci bunky), ktera zajiStuje vnitini orientaci krystalu, vysoky stupen
krystalinity, uzkou velikostni distribuci a druhové specifickou morfologii. Tento druh

biomineralizace je charakteristicky pro magnetotaktické bakterie (Magnetospirillum
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magnetotacticum, M. gryphiswaldense) a siru redukujici magnetické bakterie (Desulfovibrio
magneticus).”
Magnetotaktické bakterie (MTB) jsou fylogeneticky a morfologicky raznoroda

skupina mikroorganizmii (koky, ty&inky, vibria, spirila)***’

zahrnujici o—, &, v-
proteobakterie a Nitrospirilla, tedy zastupce Gram—negativnich bakterii. Zastupci spadajici
mezi Gram—pozitivni bakterie a Archaea nebyli dosud popsani.””** Spole¢nym znakem MTB
je schopnost vnimat, orientovat se a pohybovat se podé¢l linii magnetického pole, tedy jev
nazyvajici se magnetotaxe. Toto chovéani poprvé popsal v roce 1975 Richard P. Blakemore®
a zavedl pojmy magnetotaxe a magnetotaktické bakterie. Tento typ bakterii byl vSak poprvé
objeven jiz vroce 1958, kdy Salvatore Bellini popsal unikatni magnetosenzitivni chovani
vodnich bakterii, aviak tenkrat nedoslo k vefejnému publikovani jeho objevu.*® Studium
téchto bakterii pod transmisnim elektronovym mikroskopem odhalilo fyzikalni podstatu
tohoto zvlastniho jevu. Buikka MTB totiz obsahuje jeden nebo vice fetizkii specialnich
organel, magnetozomu, které funguji jako stfelka kompasu a umoziuji tento zplsob
orientace.”’ Zvlastnosti téchto bakterii je také zptisob migrace, ktera je jednosmérna. MTB
nachazejici se na severni hemisféfe zemé jsou ,,sever—hledajici bakterie® (pohybuji se na
sever), zatimco bakterie nachazejici se na jizni hemisféfe se oznacuji jako ,,jih—hledajici*
(tedy preferenéni pohyb maji na jih). V oblasti rovniku byl popsan vyskyt obou variant.**?
Tento zpisob migrace vici geomagnetickému poli zfejm¢ umoznuje nalezeni optimalnich
zivotnich podminek, a to zjednoduSenim jejich orientace z tfirozmérné na jednorozmeérnou.
Existuji vSak 1 jiné faktory, které ovliviiuji pohyb MTB. Piikladem je preference téchto
mikroorganizmi vyskytovat se v kyslikaté-bezkyslikaté tranzitni zoné (v oblasti s velmi

27,33

nizkymi koncentracemi kysliku), tedy aerotaxe. Schéma kombinovan¢ho vnimani

a pohybu bakterii je znazornéno na obr. 2.
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Obr. 2: Schéma znazornujici kombinaci vnimani a pohybu (magnetotaxe, aerotaxe)

magnetotaktickych bakterii v jizni a severni zemské hemisféte.

Navzdory rozmanitosti téchto bakterii (vyskytem i typem) existuje jen limitovany pocet
zastupct, ktefi byli izolovéani v Cisté kultufe a u nichz bylo dosazeno uspé$Sné laboratorni
kultivace. Mezi tyto kmeny patii pfedevSim sladkovodni zastupci rodu Magnetospirillum
(M. magnetotacticum, M. magneticum AMB—1, M. gryphiswaldense MSR-1).**
Magnetozomy jsou organely tvoifené membranou, kterd obklopuje magnetické
nano&astice magnetitu Fe;O, nebo greigitu Fe;Ss.*’”® Krystaly produkované MTB maji
jedinecné vlastnosti, které jsou témet nedosazitelné pro anorganické syntézy: (1) jsou druhové
specifické (ur¢ity druh bakterie je schopen vytvaret krystaly pouze jedné morfologie (obr. 3),
velikosti, uspofadani a chemického slozeni), (i1)) maji velmi uzkou velikostni distribuci
(spadajici do jednodoménové oblasti), (ii1) minimum krystalografickych defektt, (iv) vysokou
&istotu.”**7>° Magnetozomy se velikostn& pohybuji v rozmezi 35-120 nm, coz je velikostni
rozpéti ohranicujici oblast, ve které se magnetit 1 greigit vyskytuji ve stabilnim magnetickém
jednodoménovém usporadani. Céstice srozmérem nad 100 nm jsou totiz tvofeny vice
magnetickymi doménami, nemaji tak jednotnou uniformni magnetizaci a jejich vysledny
magneticky moment je daleko nizs8i, nez je tomu u castic jednodoménovych. Naproti tomu
castice, které maji rozmér mensi nez 30 nm, vykazuji superparamagnetické chovani pfi
pokojové teploté a maji nulovou zbytkovou magnetizaci.” Castice MTB jsou tedy

39,40

ferimagneticke, vykazuji permanentni magnetizmus a jsou uspotfadany v fetizkovych
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strukturach (maximalni magnetizace tohoto uspotadani), coz pravé umoziuje témto bakteriim

23,31

se pasivné orientovat vuci liniim geomagnetického pole.

Obr. 3: Krystalova morfologie a vnitrobunééné usporadani magnetozomd u riznych
magnetotaktickych bakterii: A) kubooktaedralni, B) stifelkového tvaru, C) a D) pseudohexagonalni.

Magnetozomy jsou usporadany v jednom nebo vice fetizcich. Mérka reprezentuje 100 nm. Pievzato

z E. Béuerlein a kol.*!

Magnetozomalni membréna je organickou membranou pevné spojenou s magnetickym
jddrem a je nepostradatelna pro tvorbu krystald, stejn¢ jako pro jejich stabilizaci. Tato
membrana je tvofena proteiny, mastnymi kyselinami, glykolipidy, sulfolipidy a fosfolipidy
(z nichZ az 50 % tvoii fosfatydylethanolamin).>**” Magnetozomalni membréana vznika ziejmé
vchlipenim cytoplazmatické membrany za vzniku vezikulu, ktery uvniti udrzuje podminky
nezbytné pro tvorbu magnetickych krystali (udrzuje rozdilné latkové slozeni, pH, redoxni
potencial mezi vezikulou a vnitinim prostiedim samotné buiiky).** Proteiny magnetozomalni
membrany (integrované nebo asociované) jsou jedinecné a jejich role nejsou vétSinou
doposud zcela objasnéné.

Magnetospirillum gryphiswaldense MSR-1 patii mezi laboratorné¢ kultivovatelné
zastupce magnetotaktickych bakterii kmene Magnetospirillum a byla u néj dosazena nejvyssi
produktivita magnetozomt.**> Magnetit u tchto bakterii vznikd jen za velmi nizkych
koncentraci kysliku, a to do 20 mbar. Za aerobnich podminek k jeho tvorbé viibec nedochazi,
maximélni vytéZznost pak byla popsana pti koncentraci kysliku 0,25 mbar.*® Tento kmen je

schopen mineralizovat kubooktaedralni krystaly magnetitu, se stiedni velikosti ¢astic 42 nm,
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kterych je v jedné buiice aZ 60 a jsou uspofadané v fetizku (obr. 4a).*® Tyto krystaly mohou

byt ziskany z téchto bakterii ve formé suspenze magnetozomii (obr. 4b).
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Obr. 4: Zaznam a) bunky bakterie a b) magnetozoml z Magnetospirillum gryphiswaldense

transmisnim elektronovym mikroskopem.

Kultivace MTB v laboratornim prostiedi je diky specifickym potfebdm pro jejich rist
a tvorbu magnetozoma (jak jiz bylo feceno vySe) dosti obtizna. V roce 2003 U. Heyen
a D. Schiiler® uvefejnili studii tykajici se optimalizace kultivaéniho procesu Magnetospirilla
gryphiswaldense MSR-1 ve fermentoru za mikroaerobnich podminek, kterad vedla
k vyznamnému zvyseni vytézku magnetozomi. Optimalizace podminek procesu (koncentrace
kysliku, nutri€ni zdroje dusiku, uhliku a Zeleza) vedla k dosaZzeni maximalniho vytézku
magnetitu 6,3 mg.L'.den' (dw). Koncentrace kysliku je stdZejni nejen pro tvorbu
magnetozomil a jejich vytézek (vyzadujici nizké koncentrace), ale 1 pro rist samotnych bunék
(potteba vysSich koncentraci), jak potvrdil Jian—-Bo Sun, ktery optimalizaci média
(koncentrace kysliku, celkové slozeni kultivaéniho média) dosdhl vytézku magnetozomu
16,7 mg.L ".den" (dw).* Na tuto praci pozdgji navazal Yang Liu,* ktery navic optimalizaci
koncentrace zdroje uhliku (laktatu sodného), presnéji fecCeno snizenim jeho koncentrace,
dosahl zvyseni rychlosti ristu buné€k, a tim i1 denniho vytéZku magnetozomii na 22,49 mg.L~
Lden™ (dw).

Biomineralizace magnetozomi je unikétni ptiklad vnitrobunécéné biologické syntézy
nanocastic. Uceleny popis jejich formace nebyl dosud vytvoten, pfesto existuje fada teorii,
které vychazeji predeviim ze studia bakterii druhu Magnetospirillum.***® Proces tvorby
magnetozomtt v sobé zahrnuje nékolik stéZejnich krokd, mezi které patfi formace
magnetozomalnich vezikuld, pfenos Zeleza z extraceluldrniho prostoru do buniky a do

vezikulu magnetozomu a biologicky kontrolovand mineralizace krystalu magnetitu.** Ve
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své nedavné studii Atsushi Arakaki popsal mechanizmus tvorby magnetozomil tfemi
fazemi.*® Prvnim krokem je formace magnetozomalni membrany vchlipenim cytoplazmatické
membrany za podpory GTPazy a usporddani vytvorenych vezikuli do fetizkové struktury,
ktera je podpofena cytoskeletarnimi filamenty. Pravé ptitomnost prdzdnych a Castecné
zaplnénych vezikull magnetozomu potvrdil Dennis A. Bazylinski na zdklad€¢ analyz
elektronovou mikroskopii.*> Druhym krokem je transport externiho Zeleza, kde jako zdroj
slouzi Zeleznaté a Zelezité slouceniny (soli) z okolniho prostiedi. Tento proces je zajiStovan
transportnimi proteiny a siderofory. Akumulace Zeleza uvniti magnetozomalnich vezikulid je
zajisténa transmembranovymi pienaseci zeleza a je piisné kontrolovana oxida¢né-redukénim

systémem.*

V posledni tretim kroku proteiny magnetozomalni membrany (integralni
1 asociované), které maji dulezité¢ funkce v akumulaci a supersaturaci Zeleza, nukleaci krystalu

¢1 udrzeni reduk¢nich podminek, spoustéji a reguluji tvorbu krystalu magnetitu (obr. 5).

vnéjsi prostieni
Fe * —
~ Mmsl16, MspA, Mms24 P
magnetozomalni
membrana

bunka MTB

Obr. 5: Mechanismus vzniku magnetozomu v bakteriich rodu Magnetospirillum. Mms16, MspA,
Mms24, MamJ, Mms6, MagA, MamK jsou proteiny magnetozomalni membrany, které se ucastni

tvorby krystalu magnetitu a tvorby usporadani magnetozomalniho fetizku.

Ptedpokladand vysokd biokompatibilita magnetozomt nebyla dlouho potvrzena a nebylo ani
odhaleno, zdali membrana obsahuje néjaké pyrogenni nebo antigenni latky. Tyto castice
pfedstavovaly potencidlni riziko pfedev§im diky svému bakteridlnimu pivodu a proteinim
obsazenym v magnetozomalni membrang.* Toxické vlastnosti magnetozomi viak mohou byt

dany né¢kolika dalsimi faktory, jako je jejich rozmér (jen n€kolik desitek nanometrti), ktery
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muze zaptiCinit ukladani a agregaci téchto nanocastic v téle, ¢i necistoty, (proteiny, nukleové
kyseliny a polysacharidy), které jsou pfitomné na jejich povrchu po extrakci z bakteridlnich
bunék.

V roce 2007 provedl H. Lan prvni studii tykajici se in-vitro cytotoxicity (na mysich
fibroblastech), a to porovnanim s laboratorné piipravenymi magnetickymi nanocasticemi.
Tyto testy vSak prokézaly niz8§i toxicitu magnetozomii ve srovnani s magnetitem
syntetickym.”® Nedavna studie zabyvajici se akutni toxicitou, imunotoxicitou a cytotoxicitou
magnetozomil potvrdila, Ze magnetozomy jsou nanomateridlem o velmi nizké toxicits.’!
Hodnota LD50 pro kraliky byla stanovena na 62,7 mg.kg". Histologické vySetieni hlavnich
organli neprokazalo vyznamné patologické zmeény. Cytotoxicitni testy neprokazaly ani
inhibici, ani stimulaci riistu bunck a téz zadné zmény v mnozstvi bunééné DNA, velikosti
bunék a celistvosti bunééné membrany.

Aplikace magnetozomii mohou byt zaloZeny na vyuZiti magnetozomalni membrany
anebo na vyuziti povrchové modifikovanych bakteridlnich nanocastic magnetitu (bMNPs).
Samotnad magnetozomalni membréana skyta fadu moZnosti pro imobilizaci biomolekul skrz
sirokou $kdlu biokonjugacnich technik (obr. 6).*> Naptiklad biotinylace povrchu
magnetozomu a vyvazani streptavidinu, ktery nabizi dals$i 4 vazebna mista, mize byt vhodnou
biokonjugaéni technikou pro fadu aplikaci.’* Biotinylovan muze byt fosfatidylethanolamin
(tento fosfolipid, ktery tvofi ptiblizné¢ 50 % lipidi magnetozomalni membrany, ma volnou
aminovou skupinu, kter je vhodna k vytvofeni amidové vazby s biotinem)>® nebo volny N—
konec amfifilniho peptidu Temporinu L, jehoZ hydrofobni C-konec milize byt interkalovan do
membrany.”* Mezi dal§i piistupy patii inkorporace biotinylovanych lipida do magnetozomalni
membrany (napt. biotinylovany lipid biotin-DPPE muZe byt zabudovan do existujiciho obalu
pouhym smichdnim). Tato metoda je u¢innéjsi nez klasickd konjugacni technika a mtize byt
pi1 ni imobilizovano az 120 molekul streptavidinu na jeden magnetozom. Na principu takto
aktivované magnetozomalni membrany byla navrzena novda imuno—PCR technologie pro
detekci antigenu.” Obdobny konjugat byl pouzit i kseparaci bunék, kdy protilatka
imobilizovand na magnetickém nosi¢i byla schopna vytvafet konjugaty s antigenem
exprimovanym na povrchu bunky. Tento postup byl vyuzit v separaci Escherichia coli
z bakterialni suspense nebo mononuklearnich bungk z periferalni krve.*®

Dal§im pfistupem je moZnost funkcionalizace magnetozoml na Grovni genetické
a proteomické manipulace,’’ tzn. zaneseni genu pro pozadovany protein & peptid do genomu
za gen kodujici membranovy protein (nejcastéji se pouziva zarazeni za proteiny MagA,

Mms13, Mmsl16). Vkladané geny nej€astéji koduji GFP, luciferdzu, protein A nebo acetat
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kinazu a slouZi pro ukotveni aktivni molekuly.” Na této technologii je zaloZena piiprava napt.
biokatalyzatoru vhodného pro degradaci organofosfatovych pesticidi.™

Ackoliv magnetozomy maji velmi nizkou toxicitu, nékteré jejich slozky mohou
vyvolat imunitni odpovéd’ (napf. endotoxin lipopolysacharid). Kviili eliminaci tohoto faktoru
byla navrZena metoda rekonstrukce magnetozomalni membrany.”> Tomoko Yoshino pii této
metodé k rekonstrukci vyuZzil Mms13 jako selelektivni kotvici protein (ten ma silnou afinitu
k magnetickému jadru) a fosfatidylcholin jako stabilizacni latku vytvérejici membranu kolem
magnetického jadra.

Obaleni magnetozomli aminopropyltriethoxysilanem vede ke vzniku vrstvy davajici
casticim hydrofilni charakter diky aminovym skupinam, a takto modifikovanych Ccastic
(kladn€ nabity povrch) bylo vyuZito k vyvdzani DNA a RNA (vysoce zaporné nabité)
nespecifickou interakci®® Obdobn& vytvoreni dendritické vrstvyy (PANAM) na
magnetozomech vede vSeobecné k dosazeni kladn€ nabitych c¢astic, které jsou schopné
vyvazat a magneticky purifikovat DNA molekuly z bun&¢ného lyzatu.®’ PANAM-bMNPs
byly navrzeny také jako vhodny systém pro cilenou dopravu genii pro 1é¢eni mozkovych

r ’ o762
nadorovych tkani.°

Streptavidin

linker
biotinylovana
DNA

=
Protilatka /

Obr. 6: Schéma moznych biomolekularnich technik modifikace magnetozomalni membrany.*®

Obdobné¢ modifikované magnetozomy byly navrZzeny jako vyhodné materidly 1 pro

zobrazovaci techniky MFM (mikroskopie magnetickych sil), kterou lze dosdhnout az
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100x vy3si citlivosti nez klasickou fluorescenéni mikroskopii.”> bMNPs diky své vyssi
magnetizaci jsou také vhodnym materidlem pro MRI zobrazeni.®*

Vysoka magnetizace bMNPs piedurcuje tyto Castice pro vyuziti v magnetickych
separacich nejrizn¢j$ich materiald a magneticky cilenych transportech 1é¢iv. Magnetozomy
byly vyuzity v metodach pro extrakci t&zkych kovi, jako je plutonium, ze zne&isténych vod®’
&i pro imobilizaci protinadorového 1é¢iva doxorubicinu pro jeho cileny transport.”* Mozné
vyuziti bakteridlnitho magnetitu je v posledni dobé diskutovéano 1 v oblasti terapie hypertermii,
kde ptedstavuji diky svym vlastnostem (zké velikostni distribuce ¢astic, uniformita, Cistota)

velmi atraktivni material,®

2.3 Nanocastice nulamocného Zeleza (nZVI)

Nanocastice nulamocného zeleza (nZVI) patii mezi kovové nanocéstice s velkym
potencidlnim uplatnénim ptedev§im v oblasti CiSténi a sanace zneciSténych vod. Nedavné
studie dokazuji schopnost téchto nanocastic transformovat a adsorbovat Sirokou Skalu
béZnych kontaminanta zivotniho prostiedi, jako jsou organicka rozpoustédla nebo nebezpecné
anorganické latky. Nanocastice Zeleza v porovnani s mikrocasticemi tohoto prvku vykazuji
fadu vyhod, mezi které patfi vyssi reakéni rychlost pfi reduktivnim odbourdvani, potieba
niz§ich davek k dosazeni stejné kapacity odbouravani, snizeni rizika uvoliovani
nebezpeénych a toxickych meziproduktii a vznik netoxickych koneénych produkti.”’ Dale je
to mozZnost jejich ,,in-situ aplikace pifi CiSténi podzemnich vod, kdy nanocastice Zeleza
mohou diky svému nanorozméru ,,plout” v podzemi a plnit dekontaminacni efekt dlouhodobé
1 na velkou vzdalenost. Navic byly odhaleny 1 jejich antibakteridlni vlastnosti, které mohou
byt vyuzity k eliminaci patogennich mikroorganizmi ve vodnych prostiedich.””

Pro ptipravu nZVI bylo vyvinuto nékolik syntetickych metod. Metody mohou byt
zalozeny na redukci Zeleznatych Fe*" nebo Zelezitych Fe’* soli do stavu nulamocného Zeleza
Fe silnym redukénim &inidlem, z nichZ nejéastéji vyuzivanym je tetrahydrodoboritan sodny
NaBH,.”"”* Obdobou t&chto metod je i redukce vhodného prekurzoru nano&asticové povahy.
Tato ptiprava probihda v pevné fazi (tzv. ,solid—state”) ve vodikové atmosféfe za vysSich
teplot.”” Jinou metodou pripravy je dekompozice pentakarbonylu Zeleza Fe(CO)s
v organickych rozpoustédlech.”* nZVI diky své extrémné vysoké reaktivité a velké specifické
plose povrchu reaguji s okolnim prostiedim a agreguji, coz vede ke sniZeni jejich reaktivity.”
Pro potlaceni téchto jevil je povrch nanocastic zeleza modifikovan vrstvou polymert, nebo

jsou nano&astice stabilizovany surfaktanty, coz vede ke sniZeni stupné agregace.”®”” Také
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kombinace téchto nanocastic s prvky kovl jako Pd, Ni, Cu nebo Ag, vedouci ke vzniku
bimetalickych castic, prokazaly zlepSeni vlastnosti, napf. pro odbouravani nitratt i
dehalogenizace.”>**

Nulamocné Zelezo Fe” je redukéni latkou, ktera je schopnd reagovat s rozpusténym

kyslikem a do jisté miry 1 s vodou dle klasickych elektrochemickych reakénich rovnic:

2Fe(s) + 4H'(aq) + Ox(aq) — 2Fe*'(aq) + 2H,O()), (1)
Fe'(s) + 2H,0(aq) — Fe*'(ag) + Ha(g) + 20H (aq). )

Tyto korozni reakce mohou byt ovliviiovany jak roztokovou chemii, tak pfitomnosti pevnych
latek. Od 90. let minulého stoleti byla korozni chemie nulamocného Zeleza aplikovana pro
rozklady a odstranéni fady nebezpeénych a toxickych latek (obr. 7).”' Jako siln& reduktivni
latka mohou nZVI odbouravat jak anorganické latky (nitraty, chromany, bromaty, tézké

8798 tak latky organické povahy (halogenové derivaty uhlovodiki, antibiotika &i

kovy),
nebezpedny trinitrotoluen).”>”™'% Sekundarné mohou probihat i oxidagni procesy, které jsou
zpusobené reaktivnimi radikaly vznikajicimi pifi korozi Zeleza. Ty mohou dale zplsobovat
oxidace organickych (pesticidy)'’ a anorganickych slozek.'””'”® Kromé redukénich vlastnosti
jsou nZVI také schopné adsorbovat latky na svij povrch. Li a kol. ve své praci odhalili
zavislost téchto dvou jev@l na rozdilu standardnich potencialt E° nulamocného Zeleza
a odbouravaného prvku, pokud se jedna o odbouravani t&zkych kovi.”” Tonty (Zn*", Cd*"),
které maji standardni potencial E° velmi blizky nebo vice negativni neZ Zelezo (-0,41 V) jsou
adsorbovany na povrch nZVI. Tonty s E° daleko vice pozitivnim nez ma zelezo (Cu®", Ag’,
Hg”") jsou nZVI redukovany. Kovy (Ni*", Pd*"), jejichz E° je jen o néco malo pozitivndjsi nez

E’ Zeleza, jsou odbouravany jak redukénim tak sorpénim procesem.

Vrstva Fe/O

R-H ne
Redukce Me
! B Redukce

R'CI b (n-x)+ 0
" il | Me

Me(OH) & Mo™

Oxidace

(n+2)+

Me-Fe-OOH
Ko-precipitace
Me'

Obr. 7: Schéma riznych mechanismt odbouravani anorganickych i organickych latek.
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Antimikrobidlni vlastnosti nZVI byly popsany jak pro Gram-pozitivni (Bacillus
subtilis) tak pro Gram-negativni (Escherichia coli, Psuedomonas fluorescence) bakterie.'” '
Nedavna studie vlivu nZVI na Gram-negativni bakterie rodu Cyanobacteria (sinice) potvrdila
téZ antibakterialni vlastnosti. Navic v této studii poukazali na minimalni toxicky efekt vici
vy$§im organismim (fasy, dafnie, vodni rostliny, ryby).""* Obdobné nebyl prokazan negativni
dopad t&chto nano&astic na plisné (Aspergillus versicoler).""!

Toxicita nZVI je zfejm¢é zalozena na fyzickém naruSeni bunéné membrany
a oxidanim stresu zplsobeném reaktivnimi kyslikovymi radikély, které vznikaji reakci
oxidovaného Zeleza Fe** s kyslikem nebo peroxidem vodiku.'” Cerstvé piipravené nZVI
projevuji antibakteridlni a baktericidni vlastnosti jiZ pfi nizkych koncentracich jednotek mg/L
avSak jeho starnuti (povrchova oxidace, koroze) a pouziti povrchovych stabilizatort
(surfaktanti, polymert) vyznamné snizuji jeho toxické vlastnosti.'”''#!1?

nZVI predstavuji diky svym vlastnostem (silné redukéni Cinidlo, velkd plocha
povrchu, vysoka povrchova reaktivita) novou generaci technologii v ¢isténi a dezinfekci
kontaminovanych vod. Jak jiz bylo popsano vyse, tyto nanocastice jsou vysoce uéinné pii
transformacich a odbouravani fady nebezpecnych latek (chlorovana organickd rozpoustédia,
pesticidy, polychlorované bifenyly, trinitrotoluen, atd.) 1 detoxikacich. Environmentélni
aplikace nZVI jsou navic akceptovatelné fadou uzivatelii a schvalovacich agentur, a to diky
cenové prijatelné strance piipravy a aplikovatelnosti tohoto materialu.”' Doposud také nebyla
prokéazana jejich toxicita vii¢i vy$Sim organizmiim (produkty starnuti tohoto materidlu jsou

. , . v 114
netoxické oxidy Zeleza).

2.4 Nanocastice stiibra (AgNPs)

Nanoéastice  stifbra (AgNPs) maji jedine¢né elektrické,''®'"”  optické,''®
katalytické''*'?” a toxické '*'7'** vlastnosti a byly pouzity v fads aplikaci od fotovoltaiky, pies

biologické a chemické senzory, aZz po pouziti jako aditiv majicich antimikrobidlni ¢inky
v textilnich materidlech 1 medicinskych pomickach. Z pohledu antimikrobidlnich vlastnosti
patti AgNPs mezi intenzivné studované materidly, a to diky zvySujici se rezistenci bakterii
viuéi Casto pouzivanym klasickym antibiotickym ptipravkiim. Antimikrobidlni vlastnosti
elementarniho stfibra a jeho soli byly zndmé a pouzivané jiz po staleti, mnohem dfive nez

125

synteticky pfipravovana organickd antibiotika. ©° V poslednim desetileti piinesla fada studii

nové poznatky zahrnujici vliv velikosti, tvaru a povrchovych modifikaci na jejich
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antibakterialni aktivitu,'*"'**'*” byla téZ potvrzena toxicita AgNPs vigi plisnim'**'** a byl
studovan i jejich vliv na vy3si organismy.'*

Pro ptipravu AgNPs byla doposud popséna fada metod. Metody zalozené na
chemické redukci stfibrnych soli vyuzivaji tetrahydroboritan sodny, plynny vodik, kyselinu
askorbovou, hydrazin, hydroxyamin, jednoduché cukry nebo 1 polymery, napf.
poly(vinylpyrrolidon) jako redukujici latky."*''** V poslednich letech byla popséana i fada tzv.
,environmentalng pratelskych® metod."** Pro zabranéni sristani nanolastic do vétsich
agregatii se v mnoha piipadech do reakéni smési ptidavaji ligandy, jako naptiklad citraty,
popi. polymery, které zabrafiuji tvorb&é nezddoucich mikro— a makro—struktur.'”> Mezi
fyzikalni metody vyuzivané pro piipravu AgNPs patii y—radiolyza, kterou mohou vznikat

. r 1z sror . v s v v 7 v o] 4 ’
organické radikaly hrajici roli redukénich slozek v reakéni smési,'*® dale reakce mohou byt

7 38

e . , ’ 1 . ’ 1 1 v S P s 7
iniciovany elektronovym,"*’ mikrovinnym, UV'™ zafenim nebo termalni dekompozici

prekurzord.'*?

AgNPs jsou vysoce ucinné pii absorbovani a rozptylu svétla a jejich zbarveni je
zavislé na velikosti a tvaru Castic. U AgNPs (stejné jako 1 u nanocastic zlata nebo médi)
mohou byt pozorovany ve spektru absorpcni pasy ve viditelné oblasti svétla. Tyto pasy jsou
znamé jako povrchové plazmonové rezonancni (SPR) pasy a jejich pivod je v interakci
vodivostnich (volnych) elektronii nanoastic se zafenim o vhodné vlnové délce.'"
Rezonan¢ni efekt je zavisly na fad€ vlastnosti. Vedle velikosti a tvaru nanocastic je dilezita
také povrchova uprava &i stupen agregace.’

Diilezitou vlastnosti AgNPs, uplatiiujici se napt. v elektricky vodivych lepidlech, je
zéavislost jejich bodu rozpustnosti na povrchové energii Castic. Bod tani mtze vyznamné
klesat s rostouci povrchovou energii, tedy se snizujici se velikosti &astic.'** V tomto ohledu
mohou byt AgNPs pouzity jako vodivostni plniva do elektricky vodivych lepidel tvrzenych
pti nizkych teplotach, ¢imz lze dosahnout jejich vy$si G&innosti.""'*

U AgNPs, stejn¢ jako u iontového stfibra, byly prokdzany silné antimikrobidlni
vlastnosti, které si nasly uplatnéni v fadé¢ kosmetickych a medicinskych piipravki. AgNPs
jsou baktericidni latky pro iroké spektrum Gram-pozitivnich i Gram-negativnich bakterii,'**
47 zahrnujici i druhy rezistentni proti antibiotikim.'*® Fungicidni vlastnosti byly potvrzeny
pro kvasinky typu Aspergillus, Candida nebo Saccharomyces.'*"'* Lara a kol. také zkoumali
vliv téchto nanocastic na viry, jmenovité¢ HIV. V této studii byla potvrzena anti-HIV aktivita
a to jak v pocatecni fazi virové replikace, tak béhem Zivotniho cyklu HIV-1 viru po jeho

vstupu do buiiky."’
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Na mechanizmus antimikrobidlniho uCinku neexistuje jednotny pohled a ackoliv
doposud byla provedena tfada studii, ndzory jednotlivych védct se velmi lisi. Jeden z pohleda
je zaloZen na moznosti, Ze AgNPs se ve vod¢ postupné rozpousti za vzniku stiibrnych ionth
Ag’, které pak zptisobuji toxicky efekt viigi mikroorganizmim."' V jinych studiich je vysoka
antimikrobialni aktivita AgNPs pfipisovana jejich velmi malé velikosti, a tim 1 velké ploSe
povrchu, kterd napomaha fyzickému naruSeni integrity bunééné membrany a proniknuti
nano&astic do cytoplazmy mikroorganizmu.'* Dal§i mechanizmus inhibice mikroorganizmi
pak muize byt zaloZen na interakci AgNPs s thiolovymi skupinami L-cysteinovych zbytk
proteinii, ¢im mitize dochazet k deaktivaci jejich enzymovych funkci, nebo na interakci

151,153

s genetickou sloZkou bunky vedouci k inhibici translace transkriptazy. V sekundarni

fizi mize téz dochidzet k uvoliiovani Ag’, které zptisobuji poskozeni intracelularnich

struktur.'*

Pro efektivitu antimikrobialnich vlastnosti jsou dilezitymi vlastnostmi AgNPs
predevsim velikost, tvar a stupeil agregace.

Cytotoxické vlastnosti stfibra (vedouci k apoptéze i1 u lidskych bunck) jsou
vSeobecné znamé. AgNPs vykazuji vySsi cytotoxicitu nez jejich mikrocastice, ¢imz je jejich
ucinnost pfipisovana pravé nanorozmérim. K cytotoxicité téchto nanoc¢astic zieymée piispivaji
jak nano&astice samotné, tak i ionty stiibra, které se znich uvolituji."”""'*> AgNPs mohou
piekonat bariéru bunééné membrany volnym prinikem nebo narusenim jeji integrity skrz
vazbu na proteiny obsahujici thiolovou skupinu. Poté ziejm¢ nanocastice pronikaji do
mitochondrii, kde naruSuji fetézec bunééného dychani. Povrch nanocastic stiibra je
pravdépodobné mistem redukce kysliku za vzniku tzv. reaktivnich radikald kysliku (ROS),
tedy napiiklad hydroxylového radikdlu —OH, peroxidu vodiku H,O, nebo extrémné

.y . r . 7 1,z - 151
reaktivniho superoxidového aniontového radikalu O,."

Ptitomnost AgNPs v buiice
ovliviluje normalni funkci mitochondrii naruSenim transportniho fetézce elektronti, vyssi
produkce ROS pak urychluje bund¢né dychani a snizuje produkci ATP."**"7 Sekundarnim

G¢inkem ROS je poskozovéni proteint, DNA a peroxidace lipida.'’

lonty sttibra, které
mohou byt z nanoc¢astic v bunice uvolnéné, se mohou vézat na proteiny a nukleové kyseliny
a ovliviiovat tak jejich funkci.'”® Navic AgNPs pravdépodobnd ovliviiuji vnitrobun&ény
transport vapniku a zpusobuji chromozomalni defekty vedouci k deformacim cytoskeletonu
a inhibici bun&¢né proliferace.'”

AgNPs jsou toxické jak pro mikroorganizmy, tak pro lidské bunky, ovSem pfii
vyrazné vysSSich koncentracich, coz dovoluje jejich testovani v biomedicinskych aplikacich.

U prokaryotickych bun€k mohou nanocastice projit skrz jednoduchou buné€nou sténu a dostat

se do kontaktu s genetickym materidlem. Naproti tomu eukaryotické buiky jsou chranény
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vice-membranovym systémem zahrnujicim mitochondrialni a jadernou membranu, které tvofi
bariéry pii priniku nanocastic k mistim uUCinku. Navic bunky vysSich organizmi jsou
chrdnéné imunitnim systémem, ktery je schopen pisobit proti ,,napadeni* potencialné
toxickymi nanoéasticemi.'”' AgNPs tak lze vyuzit k eliminaci patogennich bakterii &i plisni
a to pfi relativng nizkych koncentracich, které nejsou toxické pro buiiky lidské.'®

Nejvyznamnéj$i uplatnéni naSlo nanocasticové stiibro predevs§im diky svym

.. ., , . . . - 161,162
antimikrobidlnim vlastnostem. In vivo a in vitro studie'®"!°

ukazuji, ze antimikrobidlni
obvazy obsahujici tyto nanocastice maji protizanétlivé ufinky vedouci k zlepSeni hojeni ran
a byly jiz vroce 1998 zavedeny do komeréni produkce.””’ Védci téz prokazali potladeni
exprese prozanctlivych cytokini TNF-o a IL-12 témito nanocésticemi, ¢imz dochdzi
k indukci apoptdzy zanétlivych bundk.'®® AgNPs jsou téZ anti-angiogenni latky, tedy pasobici
proti tvorb& cév. Gurunathan a kol. ve své praci vyuzil tuto vlastnost pro cilenou aktivaci
PI3K/Akt signaliza&ni drahy a demonstrovali jejich mozné vyuziti v diabetické retinopathii.'®
Znamé jsou dnes 1 cytotoxické vlastnosti stfibrnych nanocastic, které mohou vést az
k bunécné smrti a nejvice se podoba plisobeni chemoterapeutik. Téchto u¢inkti by tak mohlo

byt vyuzito k inhibici proliferace tumort nebo k vyvoji novych protinadorovych terapii.'”"'%*

2.5 Uhlikové kvantové tecky

Koloidni nanokrystaly o velikosti n€kolika nanometrii, znamé jako kvantové tecky
(QDs), vykazuji jedine¢né optické a elektrochemicke vlastnosti. QDs mayji diskrétni rozdéleni
energetickych hladin, obdobné¢ jako tfeba molekuly. Energetické hladiny téchto struktur jsou
zéavislé na nékolika faktorech, a to na tvaru, struktufe, chemickém slozeni QDs a piedev§im na
jejich velikosti. Dillezitou vlastnosti je opticka schopnost teek se zabarvovat.'® Elektrony
excitované elektromagnetickym zarenim ze zakladni energetické hladiny do hladiny s vySsi
energii mohou po urcité dobé piejit zpét na zdkladni hladinu za uvolnéni energie (emise
elektromagnetického zareni nebo 1 tepla) o delSi vlnové délce nez pii excitaci (emitované
zéfeni miZe nabyvat hodnot v rozpdti 0,4-2um).'*® Vzdalenost energetickych hladin je
zéavisla na velikosti kvantovych tecek (jak je patrné z obr. 8), tzn. Ze obdobna zavislost plati
1 pro absorpci svétla, kterd spada do ultrafialové az viditelné oblasti. Tato zavislost zplisobuje,
ze ,,velkeé tecky emituji v Cervené oblasti spektra (Cerveny posuv) a naopak ,,malé* emituji
v modré &asti spektra (modry posuv).'® Fotoluminiscenéni vlastnosti QDs jsou srovnatelné
s klasickymi fluorofory. Vyznamnou vlastnosti QDs je vSak jejich vyborna fotostabilita, kterd

ptedurcuje jejich vyuziti ve fluorescencni mikroskopii. Dvémi nejbéZznéjSimi skupinami QDs
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jsou polovodi¢ové kvantové tecky (jejichz zdklad tvoii anorganické krystaly téZSich prvki)

a uhlikové kvantové tecky (jejichz prekurzory jsou organické povahy).

Velikost ‘N N X X

Dia.: 2.7 29 35 38 43 48 nm

b— ] _—
uv F'
Excitace

510 530 555 570 590 610 nm

Normalizovana
fotoluminoscence

) |
500 525 550 575
Vinova délka [nm]

Energetické hladiny

Obr. 8: Fotoluminiscen¢ni spektra kvantovych tecek typu CdSe/ZnS jsou silné zavisla na jejich
velikosti, ktera se odviji od §itky zakdzaného pasu (£q), tedy od vzdalenosti pasu vodivostniho (CB)

a valenéniho (VB). Pfevzato z Algar a kol.'”’

QDs tvofené polovodiCovymi nanokrystaly o velikosti nékolika nanometrii, mohou
existovat jako samostatné, nebo uspotadané do klastrti. Nejcastéj$im strukturnim uspofadanim
je ,,core—shell* struktura, kde jeden typ polovodice vytvaii jadro (napt. CdSe) a druhy tvori
obal (napt. ZnS). Ackoliv QDs o slozeni CdSe/ZnS doposud patii mezi nejvice vyuzivané
v biologickych aplikacich, mohou byt také pfipravené z prvkd IV. skupiny (naptiklad Si),
polovodica III.-V. skupiny (InP, InAs) ¢i I1.—VI. skupiny (CdSe, CdTe). Fotoluminiscence
QDs je dana vybérem jejich sloZeni a volbou jejich velikosti, coz se odrazi v oblasti emise
charakteristického zateni.'®” Tenké pasivaéni vrstva sulfidu zine¢natého zvy3uje fluorescenéni
vytézek a stabilitu kvantovych teCek. Nezbytnd organicka vrstva na povrchu zarucuje

hydrofilitu téchto materiali a umoziuje ukotveni aktivnich slozek, napt. protilatek. Zptsob

28



a ekologické stranka piipravy tohoto typu kvantovych tecek (Casto extrémni podminky) spolu
s jejich vysokou cenou predstavuji vyznamny aspekt v jejich vyuziti.'**'® Problémem v fadé
aplikaci (in vivo) predstavuje 1 vysoky obsah tézkych prvkd majicich Casto toxicky
charakter.'™

Nanomateridly zalozené na povrchové pasivovanych uhlikovych strukturdch, které
jsou tvofeny nanocasticemi s velikosti pod 10 nm, tzv. uhlikové kvantové tecky, mohou téz
vykazovat fotoluminiscen¢ni vlastnosti. Tyto uhlikové QDs kombinuji vlastnosti tradi¢nich
polovodi¢ovych QDs, jmenovité luminiscencni emise zavisla na velikosti samotnych castic
ana vlnové délce absorpéniho zéfeni, rezistenci k fotovybéleni, jednoduchost modifikace
povrchu, s vlastnostmi novymi. Mezi ty patii naptiklad velmi nizkad toxicita, chemicka
inertnost a jednoduchost piipravy bez nutnosti slozitych, zdlouhavych a nakladnych kroku
pripravy.'”" Vnitini uhlikova struktura QDs je pievazn& zaloZena na hybridizaci typu sp’,
kterda je typicka 1 pro nanokrystalicky grafit, ¢imz se li§i od tzv. nanodiamantl, jejichz
struktura je zaloZena na sp’ hybridizaci. A¢koliv pivod fluorescence uhlikovych QDs nebyl
doposud zcela objasnén, je znama jeji zavislost na vinové délce excitaCniho zafeni. Prave
timto jevem se uhlikové QDs nejvice li§i od nanodiamanti, jejichZ fotoluminiscence ma
puvod v bodovych strukturnich defektech a je pro né€ typicka silnd absorpce pii 569 nm
a emise v oblasti 700 nm."”’

Uhlikové QDs byly poprvé ptipraveny, a tim 1 objeveny, jako vedlejs$i produkt pti
vyrobé jednosténnych uhlikovych nanotrubek obloukovym vybojem na grafitovych
elektrodach v inertnim plynu.'”? Pro piipravu uhlikovych QDs byla pozd&ji navrzena fada
metod. Mezi ,.top—down* metody (upravovana nebo téz rozbijena je vySsi uhlikovd matrice)
patii metody vyuzivajici obloukovy vyboj,'” laserovou ablaci'”® nebo elektrochemickou

174,175

oxidaci (napft. grafitu, uhlikovych nanotrubek'’®). Pro tzv. ,bottom—up“ metody (pfi

nichz uhlikové QDs vznikaji z molekulovych prekurzort) je pro ziskani QDs Casto nezbytna

fada purifikacnich metod (dialyza, elektroforéza, centrifugace a dalsi separacni techniky). Do

této skupiny patfi spalovaci (terméalni oxidace glycerolu,'”” kyseliny askorbové'’®!"™)

2

syntetické v piitomnosti podptirné matrice'*’, mikrovinné techniky'®' & extrémni dehydratace
sacharidi (napf. koncentrovanou kyselinou sirovou).'®

Uhlikové QDs vykazuji silnou optickou absorpci v UV oblasti s piesahem do
viditelné oblasti svételného zareni (na obrazku 9 je znazornén ptiklad absorpéniho a emisnich

spekter).'”!

Pravé vinova délka excitacniho zéafeni spolu s jeho intenzitou silné ovliviuje
fotoluminiscenci uhlikovych QDs. Ackoliv fotoluminiscence je nejpodstatnéjSi vlastnosti

uhlikovych QDs, nebyla jeji podstata doposud objasnéna. Obdobné nebyla prokazana ani
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uloha povrchové pasivace téchto struktur, ackoliv je zieym¢ zdavisla na zplsobu jejich
piipravy. Naptiklad uhlikové QDs piipravené laserovou ablaci vykazuji fotoluminiscen¢ni

vlastnosti, pouze pokud je jejich povrch upraven uréitou organickou slozkou'”>'®?

¢1 pokud
jsou piipravovany piimo v ptitomnosti latek jako PEGyon, které zieymeé obdobné pasivuji
povrch.'® Ngkolik studii potvrdilo, 7¢ pasivace povrchu méa vliv na jejich kvantovy
vytézek.'**'® Naproti tomu pti pripravé uhlikovych QDs elektrochemickou oxidaci nebyla
potvrzena nutnost pasivace pro dosazeni fotoluminiscenénich vlastnosti.'®*'®” Presto se
predpoklada, Ze zde roli pasivace prebira pritomnost ionti nebo karboxylovych skupin na
povrchu tetek. Zhao a kol.'’* dokézali rozdglit uhlikové QDs ziskané elektrochemickou
oxidaci do dvou velikostnich frakei, na nichZ demonstrovali, Ze fotoluminiscence uhlikovych
QDs muzZe byt zavisla pouze na jejich velikosti. To naznacuje, Ze emise QDs zavisla na rizné

excitacni vinové délce miiZze byt pfipadné ovlivnéna 1 velikostni heterogenitou vzork.

400 500 600 700 800

Normalizovana intenzita

300 400 500 600 700 800

Vinova délka [nm]

Obr. 9: Priklad absorpcnich (ABS) a fotoluminiscencnich spekter uhlikovych QDs (zaznamenavanych
s 20 nm pfirtstkem). V pravém hornim rohu jsou zaznamenana normalizovana spektra na kvantovy

r NV ¥ 1
vytézek. Pfevzato z Sun a kol.'™

Toxicita uhlikovych QDs byla zkoumana nékolika skupinami. Ray a kol.'®

provedli
experimenty bunéfné¢ viability na bunkdch HepG2 a na nadorové linii lidskych
hepatocelularnich bungk jater (tzv. MTT testem a stanoveni viability tryptanovou modii). Pro
nejvyssi zkoumanou koncentraci uhlikovych QDs, kterd predstavuje 10° az 10° krat vyssi

koncentraci nez je béZné¢ pouzivana pro zobrazovaci studie, byla viabilita bunék snizena na
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75 %. Sun akol.”*"' obdobng provedli nejen in vitro cytotoxicitni testy (lidské prsni
nadorové buiikky MCF-7 a lidské buiikky nadoru tlustého stieva), ale také in vivo plisobeni
uhlikovych QDs a ur€eni bunécné mortality, proliferace a viability. Tato studie prokazala vice
nez 80 % bunécnou viabilitu pti koncentracich 0,1 mg/mL. Pfi ¢tyitydennich in vivo testech
na mysich typu CD-1 nebyly prokazany Zadné klinické ptiznaky a nebyly pozorovany Zadné
abnormality a nekrdzy na orgénech.

Vyborné optické vlastnosti, jednoduché ptiprava, chemicka inertnost, nizka toxicita
a dobra biokompatibilita predurcuji jejich vyuziti v technikach biologického znaceni in vitro
i in vivo.""™** Schopnost p¥ijmu uhlikovych QDs buiikami je zfejmé& zpiisobena endocytézou
s teplotni zavislosti (pfi nizkych teplotdch je proces potlacen), avSak Uplné¢ piesny
mechanizmus tohoto procesu neni doposud znam."”

Daldimi oblastmi aplikatniho vyuZiti t&chto struktur je pouziti ve fotokatalyze'™’
nebo v optickych senzorech.'” Nedavna studie také popsala schopnost uhlikovych QDs
fotoredukovat kovy, jmenovité¢ stiibrné ionty na elementarni stiibro za pouziti

monochromatické Xe obloukové lampy.'*®

2.6 Povrchova modifikace (funkcionalizace) nanocastic

V biologickych aplikacich jsou obvykle monodisperzni nanocéstice povrchové
upraveny adsorpci uhlovodiki o riznych délkach fetézclh pro =zaruceni stability,
biokompatibility a hydrofility. Existuje Sirok4 Skala organickych molekul, které mohou byt
vyuzity k povrchové modifikaci nanoc¢astic. Mezi monomerni latky patii naptiklad kyselina
citronova, glutamova, monosacharidy, dopamin, alginaty, silany, lipidy (tvorba lipidovych
micel). Polymerni latky mohou byt piirodni povahy (chitosan, dextran, polysacharidy,
proteiny, nukleové kyseliny) nebo syntetické (polyethylenglykoly, dendrimery ¢i kopolymerni
latky).>*

Nanocastice, které jsou vysoce monodisperzni, s vysokou krystalinitou a minimem
krystalografickych defektii, jsou vétSinou stabilizované uhlovodiky s dlouhym fetézcem, které
zpusobuji hydrofobni charakter jejich povrchu. Pro takové nanocéstice je nezbytna adsorpce
surfaktantu nebo jeho vymeéna. Adsorpce surfaktantu se dosahuje pouzitim molekul
amfifilniho charakteru, které¢ obsahuji jak hydrofobni (zarucuje adsorpci na hydrofobni
molekulu na povrchu nanocastice), tak hydrofilni ¢ast (orientovanou do okolniho prostiedi
a davajici nanocasticim hydrofilni povahu a zarucujici rozpustnost ve vod€). Pro piimou

vyménu hydrofobniho fetézce na povrchu nanocastic za surfaktant se pouzivaji bifunkéni
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molekuly. Jedna funk¢ni skupina je zpravidla schopna vytvofit silnou chemickou vazbu ptimo
s povrchem nanocastice. Druhd funk¢ni skupina na druhém konci fetézce molekuly miva
polarni charakter, takze nanocastice jsou dobfe dispergovatelné ve vodé a je umoznéna jejich
pozd&jsi povrchova funkcionalizace aktivnimi molekulami’® Velka &ast technik piipravy
nanocastic je zaloZena na nukleacnich reakcich, které probihaji pfimo v prostiedi, které
obsahuje polymerni latky nebo surfaktanty. Jejich chemickd povaha a koncentrace pak
ovliviiuje stabilitu ¢astic, jejich uspotadani, tvar a velikost. Pro stabilizaci nanocéstic, popf.
funkcionalizaci jejich povrchu jsou Casto vyuzivany techniky, kdy v prvnim kroku jsou
pfipraveny nanocastice (napf. koprecipitatnimi metodami) a v druhém kroku jsou povrchové

modifikovéany.”

2.6.1 Chitosan — prirodni polymer

Chitosan je polymer, ktery se piirozen¢ vyskytuje v nékterych plisnich

(Mucoraceae),”’

ale pro jeho primyslové vyuziti je pfipravovan alkalickou deacetylaci
jiného ptirodniho polymeru — chitinu, ktery je druhym (po celuldéze) nejvice rozsirenym
polymerem produkovanym biosyntézou na svété. Chitosan je poly[p—(1-4)—2—amino—2—
deoxy-D—glukopyrandza] a jeho struktura je naznadena na obr. 10.'® Chitosan je tedy
kopolymer sestavajici z N—acetyl-D—glukozaminové a D—glukozaminové jednotky, jejichz
zastoupeni se miize lidit a je zavislé na stupni deacetylace.'” Tento polykationtovy polymer
obsahuje jednu aminovou a dvé hydroxylové skupiny na jednu glukozaminovou jednotku.

Uhlikova kostra je zde velmi podobna celuldze, tvoti ji f—1,4-D—glukozamin s variabilnim

stupném N—acetylace.””

widealni* chitin L R e
HZCQ/< i p midealni“ chitosan

o) NH K o
NH T o NH;

o N
(0) DA 100 - DA s

éH »realny“ chitin a chitosan DA =0.......100 NmJ
n

DA - stuperi N-acetylace

Obr. 10: Schéma ptechodu mezi chitinem a chitosanem, ktery je zavisly na stupni deacetylace (DA).
Pokud ma polymer DA<50 %, mluvime o chitinu, pokud je DA>50 %, jedna se o chitosan. Pievzato

z Kumiraska a kol.'*®
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Hlavnimi komer¢nimi zdroji chitinu jsou schranky vodnich organismii, musle, odpad
z krevet, moisti raci. Ve svété jsou rocné sklizeny miliony tun chitinu, a proto chitosan
predstavuje levny a snadno dostupny biopolymer.””® Chitosan se ziskava termochemickou
deacetylaci chitinu v alkalickém prosttedi. Nejb&éZnéjSimi metodami ptipravy jsou hydrolyzy
acetatové pozice chitinu hydroxidem sodnym, draslelnym nebo bezvodym hydrazinem ¢i
siranem hydrazinu.*®' Reakéni podminky deacetylace uréuji molekulovou hmotnost polymeru
a stupen deacetylace.

Chemické a biologické vlastnosti polymeru chitosanu jsou zavislé na jeho struktuie
(stupni deacetylace a molekulové hmotnosti). Komeréné dostupny chitosan (spolecnost
Sigma-Aldrich) je dodavan ve dvou variantach, o nizké a vysoké molekulové hmotnosti.
Chitosan o nizké molekulové hmotnosti spada s délkou fetézce do oblasti 20-190 kDa se
stupném deacetylace do 75 %. Chitosan o vysoké molekulové hmotnosti ma délku fetézce
vrozmezi 190-375 kDa se stupném deacetylace nad 75 %.”° Chitosan je rozpustny
v kyselych vodnych roztocich o pH mensich neZ 6, a to diky protonizaci aminové skupiny,
kterd se stane kladn¢ nabitou. Naproti tomu pii pH vétSich nez 6 je aminova skupina
deprotonovana, chitosan tak ztraci svilj naboj a stdva se nerozpustnym (obr. 11). Zoéna
piechodu mezi rozpustnym a nerozpustnym stavem je tedy mezi pH 66,5, jelikoz disociacni
konstanta chitosanu pKa (~ 6,5) je zavisla na stupni N—deacetalace, molekulové hmotnosti
a téZ na metods pripravy.””? Dal3i vlastnosti zavislou na struktufe chitosanu je viskozita, ktera

vzrasta se vzristajici koncentraci, snizenim teploty a vzristem stupné deacetylace.

pH <6 pH>6.5
i OH 7 OH
HO |- = HO
NH, NH,
L dn L
Rozpustny Nerozpustny

Obr. 11: Schéma chitosanu pii piechodu mezi rozpustnou a nerozpustnou formou, ktera je zavisla na

pH prostiedi. Pfevzato z Kumiraska a kol.'”®

U chitosanu a jeho derivatli byla prokazana toxicita proti bakteriim, kvasinkdm
i parazitim. Jumaa a kol.’” ve své praci popsali antibakteridlni G&inek chitosanu vici
bakteriim Pseudomonas aeruginosa, Staphylococcus aureus, Candida albicans a Aspergillus

niger. Ve své studii (porovnani dvou typu chitosanu) odhalili zdvislost toxicity na délce
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fetézce a stupni deacetylace a optimdlni t¢inek inhibice pti pH 5-5,3. Chitosan, stejn¢ jako
1jeho derivaty, vykazuji antifungdlni aktivitu napt. pro Fusarium oxysporium druh

. . . - 204
vasinfectum, Alternaria solani a Valsa mali,

a dokonce byla odhalena 1 jeho toxicita proti
parazitiim.*> T&chto n&kolik uvedenych studii, ale i fada dalich jednozna&né popisuji toxické
vlastnosti proti mikroorganizmiim, které mohou byt vyuzity vitadé aplikaci eliminujicich
patogenni organizmy pii infekénich nemocich nebo v potravinarském pramyslu.

Chitosan patfi mezi netoxické, biologicky kompatibilni polymery pro vyssi

12% v testech

organismy, coZ bylo prok4zéano tadou in vitro 1 in vivo studii. Napf. Rao a ko
akutni toxicity chitosanu na mySich neodhalili Zadné vyznamné patologické zmény jako
podrazdéni oc¢i nebo klize ani pyrogenni vlastnosti. Arai a kol. dokonce ukazali, Ze hodnota
LD50 chitosanu pro mysi je vétsi nez 16 g/kg (pti oralnim poZziti), coZ je hodnota srovnatelna
s hodnotou LD50 pro sachardzu.”” TéZ existuje cela fada studii porovnavajicich jednotlivé
derivaty chitosanu, jejich biodistribuci v Zivych systémech stejné¢ jako jejich
biodegradaci.?®**®" V zavislosti na chemické modifikaci se li§i i jejich pusobeni na Zivé
systémy, ale vétSina studii potvrzuje, zZe se jednd o skupinu latek v podstaté netoxické povahy.
Navic byly odhaleny jeho specifické biologické vlastnosti, jako je biodegradabilita,
analgetické, protinadorové, hypocholesterolické, antimikrobialni a antioxida¢ni funkce, které
jsou zévislé na fyzikalnich vlastnostech tohoto polymeru (stupent a homogenita deacetylace,
délka fetézce).””

Diky svym vlastnostem a minimdlni toxicit¢ patifi chitosan k bezpeCnym
a pristupnym materidlim nachazejicim uplatnéni v tadé¢ aplikaci. Z biochemicko-
farmaceutickych aplikaci nachazi své uplatnéni v technikach hojeni kostnich tkanich,
chrupavek, jater, nervového systému, ran, dale jako nosi¢ 1éCiv, peptidi/proteini, ristovych
faktorti, antibiotik, vakcin, kde se vyuziva ke kontrolovanému uvolnéni téchto biologicky
aktivnich latek. Dale je vyuzivan k tvorbé membran, genové terapii (chitosan velmi dobie
vaze zaporn¢ nabité molekuly, tedy i DNA) ¢i pro zobrazovaci techniky (chitosan je

chelata¢ni &inidlo pro t&zké kovy).*”’

2.7 Bimetalické nanocastice a multikomponentni nanomaterialy

Bimetalické nanocastice a multikomponentni nanomaterialy, obsahujici dvé a vice
komponent (hybridni struktury, kompozitni materialy), poutaji v poslednich letech velkou
pozornost hlavné diky synergetickym vlastnostem pochazejicim pravé z interakci odliSnych

nanodomén (obr. 12).*”® Multikompomentni nanosystémy predstavuji Sirokou $kalu
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nanomateridlii, které se 1i§1 chemickym slozenim, vlastnostmi 1 typem propojeni jednotlivych

komponent (obr. 12).

JEDNA PRIME SPOJENI
NANO- f— — NANO-
KOMPONENTA KOMPONENT
PODLE

CHEMICKEHO HYBRIDNiI PODLE
SLOZENI NANOSYSTEMY [IEZE

DVE nebo VICE

SPOJEJi SKRZ

NANO- = VLASTNOSTI — MOLEKULARNI
KOMPONENT MUSTEK
| 1
KOMBINACE -
VLASTNOSTI JEDNOTLIVYCH SYN?:EF(?CKY
NANOKOMPONENT

Obr. 12: Klasifikace hybridnich nanomateriali podle tii odlisnych kritérii. Pfevzato z Lopez-Lorente

a kol.>*’

Z chemického hlediska mohou takovéto struktury byt anorganické (kiemikové
nanosféry, borazinové nanotrubky, polovodicové kvantové tecky, nanocastice kovi a jejich
oxidi), organické (fulereny, uhlikové nanotrubky, dendrimery) nebo smiSené (uhlikové
nanotrubky funkcionalizované ferocenem, zlaté nanocastice funkcionalizované cyklodextriny

2 v o, y
8209 Nanod&asticové

nebo také nanostruktury funkcionalizované biomolekulami) povahy.
slozky v téchto strukturach mohu byt k sobé vazané skrz organické nebo anorganické
molekulové mistky, nebo mohou byt pfimo vazany jedna k druhé.”* Napiiklad dvé kvantové
tecky mohou byt k sobé vazané skrz molekuly obsahujici dvé thiolové skupiny nebo kvantova
tecka mize ptimo vzniknout a riist na povrchu uhlikovych nanotrubek.

Vyhody multikomponentnich struktur spocivaji ve tfech aspektech. Prvnim je
moznost spojeni riznych vlastnosti, které jsou charakteristické pro jednotlivé komponenty. Ty
mohou byt nezdvisle optimalizovany volbou rozméri a ostatnich parametrii jednotlivych
komponent. Ptikladem miize byt kombinace optickych a magnetickych vlastnosti (napf.
nanokrystaly Co/CdSe), které mohou nalézt uplatnéni v bioanalyzach s optickym rozliSenim
umoziujici téZ magnetickou manipulaci.’'® Druhym aspektem je ziskani novych vlastnosti
multikomponentnich nanosystému, které nejsou typické pro jednotlivé slozky, ze kterych je
systém utvofen. Ptikladem je napt. kombinace magnetick¢ho a polovodicového materialu
(tenkd ferromagnetickd vrstva na polovodi¢ovych nanostrukturdch) v spinové—svétlo

emitujicich diodach, tzv. Spin—LED. Feromagnetickd vrstva polarizuje elektrony

v polovodi€i, které po rekombinaci svolnymi dirami vyzafuji kruhové polarizované
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elektrony.”'! Tieti vyhodou je dosaZeni synergetického efektu, tedy vyznamného zlepseni
urgitych vlastnosti.’®® Takovéto nanostruktury vykazuji zajimavé magnetické, magneto—

optické, plazmonické a polovodicové vlastnosti.

2.7.1 Zakladni strukturni typy hybridnich nanomateriali

2.7.1.1 Nanocasticové struktury typu jadro-slupka (core—shell)

Tento druh uspotfadéni viceslozkovych nanocastic patii mezi nejCastéjsi. Jeho
typickymi predstaviteli jsou polovodicové kvantové tecky, kde jeden typ polovodice vytvaii
jadro kvantové tecky (napf. CdSe) a druhy tvoii jeho obal (napt. ZnS).'""” Tenké pasivaéni
vrstva sulfidu zine¢natého v tomto typu uspotadani zvySuje fluorescencni vytézek a stabilitu
kvantovych tecek. Jinymi predstaviteli jsou multifunkéni nanostruktury, kde jadro je tvofeno
magnetickym materidlem (nano¢astice oxidi Zeleza) a slupka kovem (zlato, stifbro).”?
Magnetické jadro dava hybridni struktufe magnetické vlastnosti, a tim moznost cilené
manipulace. Vrstva zlata na povrchu umoziuje pfimou imobilizaci biomolekul (ribonukleové
kyseliny) nebo obdobné¢ jako vrstva stfibra miize pfedstavovat plazmonové aktivni slozku pro
optickd zobrazeni. Mechanizmus vzniku téchto struktur je zaloZen na rastu vrstvy na predem
piipravenych nanocasticovych strukturach. Piikladem mutZze byt rast vrstvy Au za nizkych
teplot na povrchu nanocastic magnetitu Fe;O4 redukci HAuCly v pfitomnosti oleaminu jako
stabilizatoru a redukéniho ¢inidla. Pokud po vzniku Fe;O4—Au struktury je do redukéniho

prostiedi pridan AgNOs, pak je mozna i formace tieti st¥ibrné vrstvy.*?

2.7.1.2 Heterodimerni nanocastice

Vznik téchto struktur je zaloZen na nukleaci a riistu druhé komponenty na jiz predem
piipravenych nanocasticich. Tento mechanismus je obdobny jako u struktur jadro—slupka
a 1181 se v tvorbé zarodku a ristu druhého typu nanocastic. Tento proces je lokalizovan jen do
urcitého mista na povrchu predem pfipravenych ¢éastic a neprobihd homogenné na celém
jejich povrchu. Kritickym faktorem uspéSné syntézy téchto struktur je pomeér nanocastic
nosice a koncentrace prekurzoru vznikajicich ¢astic, ktera musi byt niz§i nez je potiebna
k vytvotfeni homogenni vrstvy. Pfi procesu riistu nanoc¢astice na povrchu je také dilezita nizsi
energie tohoto procesu, nez je potiebna k nukleaci druhé nové &astice.” Piikladem mize byt
piiprava Au—Fe;O4 nanocastic, které vznikaji dekompozici pentakarbonylu zeleza Fe(CO)s na

povrchu Au nano&astic.”'® Struktury tohoto typu je mozné ziskat i metodami zalozenymi na
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pienosu elektronli mezi dvémi komponenty béhem nukleace, kterd je zavisla na polarité

pouzitych rozpoustédel.’

2.7.1.3 Multikomponentni hybridni struktury

Inkorporace riiznych nanomateridld do micelarnich struktur mize byt jednim
z jednoduchych mechanizmi ptipravy vicefunkénich hybridnich struktur. Pfikladem muize byt
inkorporace magnetickych nanocastic (hydrofobni Fe;0O,), polovodi¢ovych kvantovych tecek
(CdSe/ZnS), molekul doxorubicinu a poly(laktik—glykolové) kyseliny do hydrofobni casti

Pluronic-F127 micel.*!*

Zakladem téchto nanostruktur je biokompatibilni nosi¢, napft.
poly(laktik—glykolova) kyselina, ktera umoznuje kontrolované uvolnéni hydrofobnich
komponent majicich terapeutick¢é ucinky (doxorubicin, protinddorové 1éc¢ivo) piimo
v bunikach. Ostatni komponenty zde hraji téz diilezité role. Magnetické nanocastice Fe;O4
umoznuji magnetickou kontrolu nad micelami a mohou byt téZ vyuZity pro zobrazeni

magnetickou rezonanci MRI. Kvantové teCky pak mohou slouZzit pro optické zobrazeni

k identifikaci distribuce v Zivych systémech na bunééné urovni.

2.7.1.4 Magnetické hybridni nanomaterialy

Nanocasticové magnetick¢é materidly diky svym vlastnostem (tvar a velikostni
distribuce ¢astic v fadech nékolika jednotek az desitek nanometri, moznost kontrolovat pohyb
vnéj$im magnetickym polem, ¢i moznost jejich vyuziti jako zobrazovaci sondy pro MRI)
nachazeji uplatnéni v Siroké S$kdle biologickych, biochemickych, medicinskych nebo
environmentéalnich aplikaci. Multifunkéni hybridni nanomateridly, jejichz zaklad je tvofen
pravé magnetickymi nanocasticemi, 1ze obecné rozdélit do dvou hlavnich skupin (jak je
znazornéno na obr. 13).® Prvni skupinu tvoii molekularng funkcionalizavané magnetické
nanocastice. Molekuly majici biologickou funkci, jako jsou protilatky, ligandy, receptory,
proteiny, lé¢iva, mohou byt imobilizovany na magnetické castice, které tak mohou ziskat
biologickou funkci a vysokou selektivitu a sensitivitu k pozadovanym procesim. Druhou
skupinou jsou nanomateridly, které v sobé kombinuji vice funkénich nanostruktur, Casto

tvoftici “core-shell* struktury nebo heterodimerni céstice.
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Obr. 13: Schéma znazornujici multifunkéni magnetické nanokompozitni materialy a jejich potencialni

aplikace. Pfevzato z Gao a kol.®

V molekularné funkcionalizovanych hybridnich materidlech plni magnetické
nanocastice funkci zobrazovaciho sensoru (MRI), umoZiuji cilenou dopravu aktivnich latek,
jejich magnetickou separaci, popi. mohou plnit 1 jinou specifickou funkci, jak je tomu
u terapie hypertermii.'” Biomolekuly imobilizované na povrchu MNPs pak maji dle své
povahy specifické funkce. Imobilizace ligandu ¢i protildtky na povrchu nanocastice umoziuje
jeji vysoce selektivni interakci s jinou biomolekulou (antigenem). Magnetické navedeni
hybridnich struktur do mista uinku spojené s vysokou afinitou jen k urCitym entitdm
umoziuje jejich vyuziti v detekcich bakterii, patogenli, nadorovych buné€k, specifickych
bunék, v cilené dopravé 1éCiv, terapeutickych gent (kratké fragmenty RNA nebo siRNA),
nadorové-specifickych ligandd, nebo také pro cilenou terapii kmenovymi buikami.>’
Imobilizace proteinti, enzymt, nukleovych kyselin ¢i jejich fragmentti na vhodné povrchove
upraveny magneticky nosi¢ umoziuje jejich purifikace za vyuZiti magnetické separace nebo
je lze ,recyklovat* a opakovatelné¢ je pouzit. Tohoto se vyuziva piedevSim pii ziskavani
biologickych molekul ze slozitych smési (extrakce DNA zkrve za vyuziti MNPs

modifikovanych dendrimery)*'’

nebo pro opakovatelné pouziti enzymu v katalytickych
reakcich (imobilizace trypsinu na MNPs a jeho vyuziti v proteomice)*'®. Konjugaci
magnetickych nanocastic s organickymi barvivy lze vizualizovat biologické procesy jak
technikami MRI, tak optickym zobrazenim. Ackoliv fluorescencni znaceni nanocastic patii
mezi velmi roz$ifené¢ techniky hlavné v oblastech in vivo analyz, doposud vyuzivané
organické znacky jsou limitovany omezenym prunikem fluorescen¢niho zatfeni skrz tkang€. Pro

tato zobrazeni jsou dnes poZadovany fluorofory emitujici zafeni v oblastech vinové délky nad

700 nm, tedy v blizké infradervené oblasti.® Z tohoto pohledu se jevi byt zajimavou skupinou
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uhlikové kvantové teCky, u kterych by mohlo byt dosaZzeno emise zafeni v této oblasti
vhodnou volbou prekurzoru a jejich povrchové modifikace.

Také moznost inkorporace vice nanorozmérnych komponent v jednu entitu piitahuje
velky zajem ptredevsim z pohledu ziskani multifunkénich materiali. Magnetické nanocastice
mohou slouzit k ukotveni kovovych cCastic (stfibra, zlata, platiny, médi), castic oxidi kovi
tecek). Priklady jejich strukturniho uspotadani i principy jejich ptipravy byly obecné popsany
jiz vySe (kap. 2.7.1). Magnetické nanocastice (davajici systému magnetické vlastnosti) Casto
tvofi matrici pro imobilizaci nebo pfimo vznik nanocéstic jiné povahy. Ty pak podle svého
chemického slozeni, velikosti nebo tvaru mohou déat vzniklému systému vlastnosti optické
(Au, Ag, Pt, QDs), katalytické (TiO;), antimikrobidlni (Ag, Cu) nebo elektrické (uhlikové
nanotrubky).! P¥ikladem nanokompozitnich &astic mohou byt &astice, jejichZ jadro je tvofeno
nanod&astici kobaltu, ktera je obalena polovodi¢ovou vrstvou CdSe.?'’ Patii tak mezi &isté—
anorganické Castice, které vykazuji fotoluminiscenéni a magnetické vlastnosti. Mezi Cisté
anorganické materidly patii 1 Au— a Ag-obalené nanocCastice magnetitu, které v sobé
kombinuji magnetické a tzv. ,,plazmonické* vlastnosti.*'* Navic vhodnou kombinaci kovii Au
a Ag a volbou tloustky povrchové vrstvy, kterou tvofi, mize dochéazet k posunu absorpcniho
piku ptipravenych ¢astic do nizSich nebo vyssich vinovych délek a cilené tak ovliviiovat jejich
optické vlastnosti. Jinym typem magnetickych kompozitnich materialti tvofi anorganicko—
organické systémy. Pfikladem mohou byt kompozity, ve kterych jsou funkéni jednotky dany
nanocasticemi kovi nebo jejich oxidl avSak nezbytnd je 1 pfitomnost polymeru (popf.
monomeru), ktery stabilizuje strukturu, kotvi jeji jednotlivé komponenty nebo umoziuje dale
kompozit funkcionalizovat. Vyznamnou skupinou tohoto typu jsou napt. systémy zalozené na
oxidech Zeleza a stifbrnych nanoéasticich.'?'7 " Magnetické, optické (SERS), katalytické,
antimikrobialni ¢i antiviralni vlastnosti téchto materiali pak predurcuji jejich Siroké pouziti

v riiznych odvétvich a aplikacich.

39



3 KOMENTARE A DISKUZE JEDNOTLIVYCH
PUBLIKACNICH VYSTUPU

vvvvvv

prezentovanych autorem v publikacich ve védeckych periodikdch zaméfenych na
materidlovou védu. Rozbor jednotlivych publikaci, na kterych se autor podilel, popt. jejich
roz$ifeni, je feSen formou volného komentdie a plné znéni téchto publikaci je uvedeno
v ptiloze (kap. 7). Jednotlivé vystupy jsou zaméfeny na povrchovou modifikaci bakteridlniho
magnetitu, ktery byl pouzit jako biokompatibilni magneticky nosi¢ o uniformni velikosti
castic, na jehoz zdklad¢ byly pfipraveny kompozitni materidly specifickych vlastnosti. Déle
byl také pfipraven kompozitni nanomaterial zalozeny na nanocasticich nulamocného zeleza,
které byly vyuzity jako bifunk¢ni matrice, majici magnetické a redukéni vlastnosti. Pfipravené
nanomateridly byly charakterizovany fadou technik a byly také stanoveny zakladni vlastnosti
predurcujici jejich aplikace. Jednotlivé kapitoly popisujici piipravené nanostrukturni

materidly jsou nasledné vztazeny k jednotlivym publikacim:

(1) Povrchovd tprava nanocastic oxidi zeleza izolovanych z Magnetospirilla
gryphiswaldense pro biochemické a biomedicincké aplikace.
(Surface engineering of iron oxide nanoparticles isolated from Magnetospirillum

gryphiswaldense for biochemical and biomedical applications).

(11) Syntéza a vlastnosti ,,core—shell* fluorescencnich hybridnich nanostruktur na bazi
uhlikovych tecek.
(Synthesis and properties of core—shell fluorescent hybrids with distinct morphologies based

on carbon dots).

(111) Magnetické antimikrobidlni kompozitni materialy zaloZené na chitosanem
modifikovanych  nanocasticich  biogenniho = magnetitu a  nanocasticich  stfibra
s kontrolovatelnou velikostni distribuci.

(Chitosan-based synthesis of magnetically—driven nanocomposites with biogenic magnetite

core, controlled silver size, and high antimicrobial activity).
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(1v) Na vzduchu stabilni bimetalické nanocastice Fe—Ag pro pokrocilé antimikrobidlni
aplikace a odstranéni fosforu.
(Air stable magnetic bimetallic Fe-Ag nanoparticles for advanced antimicrobial treatment and

phosphorus removal).

(v) Termostabilni konjugaty trypsinu imobilizované na biogennim magnetitu vykazujici
vysokou stabilitu a opakovatelné pouziti pro proteinové Stépeni.
(Thermostable trypsin conjugates immobilized to biogenic magnetite show a high operational

stability and remarkable reusability for protein digestion).

3.1 Povrchova uprava nanocastic oxidi Zeleza izolovanych
Zz Magnetospirilla gryphiswaldense pro biochemické a biomedicincké

aplikace

Bakterialni magnetit, ktery vznikd biologicky kontrolovanou mineralizaci, je diky
svym unikatnim vlastnostem velmi zajimavou alternativou laboratorné ptipravovanych
magnetickych ¢astic. Pro pfipravu téchto nanocastic byla v nasi laboratofi zavedena procedura
kultivace kmene Magnetospirillum gryphiswaldense MSR—1 v laboratornim 10L fermentoru
(R’Alf Plus System, Bioengineering AG, Switzerland). Magnetit ve formé magnetozomu byl
izolovan metodou zaloZenou na mechanickém rozrusSeni bakterialni membrany a nasledné
purifikovan magnetickou separaci boron—neodymovym magnetem.

Pro modifikaci povrchu byla zvolena metoda odstranéni magnetozomalni membrany
a nasledné obaleni (stabilizace, funkcionalizace povrchu) polymery. Pro odstranéni membrany
bylo testovdno nckolik ¢inidel: dodecylsulfat sodny SDS, chlorid cetyltrimethylammonny
CTAC, polyethylen glycol p—(1,1,3,3-tetramethylbutyl)-phenyl ether TRITON, 2M hydroxid
sodny NaOH a extrakéni roztok chloroform:methanol:hexan, 1:1:1. Jejich pusobeni bylo
podpoteno sonikaci nebo vyssi teplotou (98 °C). Z provedené SDS—elektroforézy (obr. 13)
a porovnani TEM zaznamt (obr. 14) jednotlivych vzorka byla ¢inidla SDS a NaOH pii
pouziti vysSi teploty nejlepSimi detergenty a byla déale pouzivany pro odstranéni

magnetozomalni membrany z povrchu nanocastic.
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Obr. 13: SDS-elektroforetické d€leni zbytkovych proteinii magnetozomalni membrany po jeji
solubilizaci: pisobenim (a) vyssi teploty a (b) sonikaci. Linie 1: magnetozomy, linie 2: SDS, linie 3:

CTAQC, linie 4: TRITON, linie 5: NaOH, linie 6: extrakéni ¢inidlo lipidd, linie 7: standard proteinti.

Magnetozomy SDS, 98 °C CTAC, 98 °C TRITON, 98 °C NaOH, 98 °C

.: .
1@%3 . .

ooty o

X

Extrakéni éinidlo SDS, sonikace CTAC, sonikace TRITON, sonikace NaOH, sonikace

Obr. 14: TEM zobrazeni a porovnani jednotlivych vzorkid po odstranéni magnetozomalni membrany.

Jelikoz vzorky, u kterych byla magnetozomalni membrana odstranéna pisobenim surfaktantd
SDS a CTAC, vykazovaly velmi maly stupen agregace (jak je vidét i na snimcich v obr. 14),
byl téz zméfen povrchovy naboj téchto ¢astic (zeta potencial, tab. 1). Pro ¢astice po odstranéni
membrany zapornym surfaktantem SDS byl stanoven zeta potencial velmi negativni (—50
mV), pro ¢astice, kdy byl pouzit kladny surfaktant CTAC, naopak pozitivni (51 mV). Tyto
hodnoty naznacuji, Zze povrch bakteridlniho magnetitu byl ¢aste¢né stabilizovan adsorpci
téchto surfaktantti. Z tohoto diivodu byla pro nékteré aplikace zvolena cesta odstranéni

magnetozomalni membrany metodou saponifikace, tedy ptisobenim 2 M roztoku NaOH.
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Tab. 1: Stanoveni hodnot zeta potencialu pro vzorky, u kterych byla odstranéna magnetozomalni

membrana surfaktanty SDS a CTAC pti 98 °C.

Vzorek Inkubace Zeta potencial [mV]
magnetozomy - —23+6
vzorek po SDS 98°C,1h -50+9
vzorek po CTAC 98°C,1h 51+5

Déle byl také sledovan vliv teploty (98 °C), ktera je zapotiebi k odstranéni magnetozomalni
membrany, a ktera mize zplsobit ¢asteCnou oxidaci povrchu téchto ¢astic. Mossbauerovou
spektroskopii za pokojové teploty bylo odhaleno, Ze jiz magnetit ziskany ve formé
magnetozomil je nestechiometricky (obr. 15a). Tato skute¢nost mize byt dana tfemi faktory.
Prvnim jsou neoptimdlni podminky béhem kultivace samotnych bakterii, které je nckdy
obtizné presné nastavit a udrzet po celou kultivacni dobu. Druhym pak muze byt proces
izolace magnetozomi, kdy je potieba vysokych tlakii k rozbiti bunécné stény a tietim je jejich
dlouhodobé uchovani, pii kterém téz mize byt povrch ¢astecné oxidovan vodnym kyslikovym
prostfedim, ve kterém jsou magnetozomy standardn¢ uchovavany. Magnetozomy, které byly
inkubovany 1 h ve vodném prostiedi pti 98 °C, vykazovaly vyssi stupeni oxidace (obr. 15b).
Pomér jednotlivych fazi Fe—O byl uréen Mdssbauerovou spektroskopii za pokojové teploty
v externim magnetickém poli 5 T (obr. 16). Slozeni Fe-O fazi magnetickych castic po
inkubaci pti 98 °C tak bylo stanoveno na (68 £ 5) % magnetitu a (32 £ 5) % maghemitu.
Pravdépodobné tak vlivem podminek béhem izolace, purifikace a odstranéni magnetozomalni
membrany vznikd magnetickd core-shell struktura o sloZzeni nanocastic magnetit—-maghemit.

Parametry jednotlivych Fe—O fazi jsou uvedeny v tab. 2.
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Obr. 15: Mossbauerova spektra ziskana za pokojové teploty a bez plsobeni vnéjsiho magnetického

pole; (a) purifikované magnetozomy, (b) magnetozomy inkubované 1 h pti 98 °C.
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Obr. 16: Mdssbauerovo spektrum magnetozomut inkubovanych 1 h pii 98 °C, které bylo ziskano za

pokojové teploty ve vnéjsim magnetickém poli 5 T.
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Tab. 2: Méssbauerovy parametry magnetozomil a magnetozomt inkubovanych 1 h pti 98 °C.

5+0,02 AEq+002 By+05 RA*2

Vzorek
Bex: [T] komponenta  [mm/s] [mm/s] [mm/s] [%] pozn.
Fe’™ v tetraedral. pozici
magnetozomy 0 sextet 1 0,29 0,01 48,3 47,8 )
magnetitu
Fe?' + Fe®" v oktaedral.
sextet 2 0,64 0,03 45,2 52,2 . )
pozici magnetitu
magnetozomy
inkubované 1 h 0 sextet 1 0,31 0,01 48,8 82,2
pri 98 °C
sextet 2 0,55 0,02 44,7 17,8
magnetozom
£ Y Fe** v tetraedral. pozici
inkubované 1 h 5 sextet 1 0,29 0,01 53,3 29,5 )
magnetitu
pri 98 °C
Fe?' + Fe*" v oktaedral.
sextet 2 0,64 0,03 42,0 32,2 . )
pozici magnetitu
Fe¥' v tetraedral. pozici
sextet 3 0,26 0,02 53,3 13,9 )
maghemitu
Fe*' v oktaedral. pozici
sextet 4 0,35 0,02 45,9 243

maghemitu

B je externi magnetické pole paralelni ke sméru chodu paprsku, & je centralni posun, AEq je kvadrupdlové
Stépeni, By je magnetické hyperjemné pole a RA je relativni plocha spektra.
Ziskana spektra byla zpracovana programem MossWinn prolozenim Lorenzovou kiivkou metodou nejmensich

étverct.

Pro obaleni bakteridlniho magnetitu byly zvoleny biokompatibilni, biodegradabilni, stabilni
a netoxické polymery: pfirodni polymery chitosan a dextran, dale pak derivaty chitosanu N—
trimethylchitosan a O—carboxymethyl chitosan a Tween 20. Diky svym vlastnostem, moznosti
vyuzit jak hydroxylové, tak 1 aminové skupiny, cenové dostupnosti a jednoduchosti ptipravy
byl chitosan vybran pro dalsi aplikace. Hybridni struktura bMNPs—chitosan byla vyuzita jako
magneticky nosi¢ pro tvorbu nanokompozitniho antimikrobidlniho materialu bMNPs—Ag

(kapitola 3.3) a pro imobilizaci enzymu trypsinu (kapitola 3.5)
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3.2 Syntéza a vlastnosti core—shell fluorescencnich hybridnich

nanostruktur na bazi uhlikovych tecek

Multifunkéni fluorescenéni nanostrukturni materidly mohou nalézt uplatnéni v fadé
bioaplikaci. Ptiprava fluorescencnich nanohybridi byla vyvinuta na imobilizaci hydrofilnich
uhlikovych kvantovych tecek (s povrchovou kvartérni amoniovou skupinou ~N(CH;)3)'”® na
povrchu bakteridlnich magnetickych nanocastic, coZ usnadnilo jejich charakterizaci diky
vyuZziti magnetické separace. Metoda imobilizace kvantovych teek byla déle rozSifena 1 na
jiné nanocasticové struktury: nanocasticové stiibro (AgNPs) a uhlikové nanotrubky (CNTs),
¢imz byla tato metoda zobecnéna pro Sirokou Skalu nosict. Diky faktu, ze kvartérni amoniova
skupina nemohla byt piimo vyuzita pro kovalentni imobilizaci, bylo vyuzito jejiho silného
naboje pro elektrostatickou interakeci.

Metoda imobilizace kvartérnich uhlikovych tecek (QCDs) ma dva vyznamné
aspekty, které museji byt zachovany pro dosazeni jejich adsorpce na povrch nosice. Prvnim je
velmi zésadité pH, stanovené fadou experimentl na hodnotu 12. Tato hodnota je nezbytna pro
adsorpci 1 vétSich mnoZstvi kvartérnich uhlikovych tecek (maximalni testovany hmotnostni
pomér byl 1:5 bMNPs:QCDs). Pti pH 11 dochazi téz k adsorpci, avSak daleko menSich
mnozstvi. Pfi pH 10 pak adsorpce nebyla téméf pozorovéana, jak je patrné zporovnani

fotografii vzorkii po adsorpci QCDs a magnetické separaci (obr. 17).

pH 10 pH 11 pH 12
D QD D QD
QD mQD mQD QD QD mQD mQD QD @ 1;1m mQ1:5Q
1:1 1:5 19 1:5
- [v “L’ -  — S’ K - 1
\ - . ! !

Obr. 17: Vliv pH a mnozstvi uhlikovych kvantovych teéek na schopnost adsorpce na povrch
bakterialnich magnetickych ¢astic. Vzorky QD oznacuji roztok cistych kvantovych tecek
v koncentraci, ktera byla pouzita pro imobilizaci na povrch bMNPs. mQD ozna¢uji vzorky po
imobilizaci kvantovych te¢ek pii daném pH a pfi pouziti dvou hmotnostnich pomérd bMNPs:QCDs

(1:1 vzdy vlevo, 1:5 vzdy vpravo).

Druhou podminkou je zdporné nabity povrch nosi¢e pro snadnéjsi adsorpci QCDs. Tato

podminka plati pro vétSinu nanocastic bez povrchové modifikace (napt. bMNPs, jejich
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izoelektricky bod je daleko mensi nez pH 12, tedy pfi tomto pH ma jeho povrch zaporny
naboj). Pro nanocastice, které vyzaduji stabilizaci surfaktantem, aby nedoslo k jejich dalsimu
rustu (napf. Ag nanocastice), je mozné vyuzit zaporné¢ nabitych stabilizacnich ¢inidel (napf.
kyselinou citronovou) nebo zajisténi zaporného ndboje oxidaci (vytvofeni karboxylové
skupiny na povrchu CNT pomoci kys. dusi¢né). Kvartérni aminova skupina na povrchu
kvantovych tecek, ktera pochazi z betainu, umoziiuje jejich imobilizaci na anionicky substrat

skrz elektrostatické interakce (obr. 18).

- ®

Vrstva vytvorena
z kvartérnych
uhlikovych te¢ek

Obr. 18: Schéma imobilizace QCDs na anionicky substrat skrz elektrostatické interakce pii pH 12.

Diilezitym poznatkem jsou také morfologické zmény ve struktuie kvantovych tecek pii tak
zasaditych pH, které ziejm¢ usnadiiuji imobilizaci. Pi1 porovnani snimkl z transmisni
elektronové mikroskopie je patrné, Ze po imobilizaci si QCDs nezachovavaji svou
nanocasticovou strukturu, ale vytvareji na povrSich substratl vrstvu, jejiz tloustka je zavisla
na pouzitém hmotnostnim poméru substrat:QCDs. TEM a kapilarni elektroforéza odhalily, ze
pi1 pH >10 dochdzi k rozpadu nanocasticové struktury, kterd je zfejme zplisobena alkalickou
hydrolyzou vazeb, ,rozpusténim* pivodniho uspotfadani a vzniku oligomernich fragmentt.
Pti pH 11 dochdzi k ¢astecnému a pii pH 12 pak k plnému procesu rozpadu ptvodni
struktury QCDs. Hybridni nanostruktury déale byly charakterizovany technikami transmisni
elektronové mikroskopie s vysokym rozliSenim, magnetickym méfenim SQUID a byl
stanoven zeta potencidl. Tyto techniky potvrdily rovnomérnou adsorpci QCDs na povrchu

substratu (rovnomérna distribuce uhliku, snizeni magnetizace, kladny povrchovy naboj).
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Fluorescen¢ni vlastnosti byly ovéfeny a potvrzeny fluorescencni mikroskopii proméfenim
absorpc¢nich a fluorescenc¢nich spekter. Biokompatibilita bMNPs—QCDs hybridniho systému
byla ovéfena na mezenchymalnich kmenovych bunkach. Piijjem téchto c¢astic buiikami
(pozorovano v 24.-72. hodin€) nezptisobil zadny pozorovatelny negativni efekt na bunéény

rust a proliferaci bunék (obr. 19), coz naznacuje velmi nizkou toxicitu tohoto systému.

Obr. 19: ,,In vitro* znaceni kmenovych buné¢k nanokompozitnim materialem bMNPs—QCDs. Snimek

(kombinace fazového kontrastu s fluorescenénim modem) byl potizen po 72 hodinach inkubace.

3.3 Magnetické antimikrobialni kompozitni materialy zaloZené na
chitosanem modifikovanych nanodasticich biogenniho  magnetitu

a nanocasticich stribra s kontrolovatelnou velikostni distribuci

Chitosan je prirodni biokompatibilni a biodegradabilni polymer majici dvé funkcni
skupiny: hydroxylovou a aminovou. Tento polymer byl vyuzit k obaleni bakterialnich
magnetickych nanocéstic vedouci k ziskani magnetického hybridniho systému. Pro ptipravu
hybridu byla zvolena metoda ,cross—linking* vyuzivajici rozpustnosti tohoto polymeru
v kyselych pH a jeho precipitaci v pH bazickych. Chitosan byl tedy rozpustén v kyselém pH
a nechan adsorbovat na povrch bMNPs. Poté byla suspense vpravena do zasaditého roztoku,
kde doslo k precipitaci chitosanu na povrchu nanocastic a vznikla tak rigidni hybridni
struktura magnetit-chitosan (mCH). Volné aminové skupiny chitosanu na povrchu tohoto
systému pak byly vyuzity k ukotveni stfibrnych iontt a jejich redukci na stfibrné nanoc¢astice

(obr. 20). Pro charakterizaci pripravenych kompozitnich systémi mCH-Ag byla pouzita
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transmisni elektronova mikroskopie doplnénéd technikou prvkového mapovani, rentgenova

difrakce, atomova absorpcni spektroskopie a infraCervena spektroskopie.

OH- HN oH

biogenic

il Fe,0,

OH-

Ag®
NH,
OH

OH- . g* OH-
Obr. 20: Schéma uspotadani kompozitniho systému mCH-Ag.

Pro ptipravu tohoto systému byly optimalizovany podminky, a to pH a teplota,
jejichz spravnou volbou mtize byt cely proces urychlen. Pro optimalni redukci, ktera probéhla
béhem 15 min., bylo tieba pH upravit na hodnotu 12 a teplotu reakce na 80 °C. Béhem téchto
podminek probéhla Uplnd redukce ptitomnych sttibrnych iontd. Timto bylo také dosazeno
moznosti regulovat velikost Castic stfibra a obsah sttfibrné slozky na povrchu magnetického
dosaZeno primérné velikosti sttibrnych nano¢astic 7 nm, pi1 nejvyssi koncentraci 17 nm. Tato
regulace velikosti stfibrné slozky je stéZejni hlavn€ pro antimikrobidlni aktivitu tohoto
pfipravené¢ho kompozitniho materialu.

Antimikrobidlni aktivita (stanovena v laboratoii prof. M. Kolafe, Ph.D., Ustav
molekuldrni a translaéni mediciny) byla testovana proti Siroké Skale patogennich organizmii,
deseti bakteridlnim a Ctyfem plistovym druhiim. Pro hybrid mCH nebyla antimikrobialni
koncentrace stanovena (maximalni testované mnozstvi 400 mg/L), ackoliv 1 samotny chitosan
muze takovéto vlastnosti vykazovat. Hodnoty minimalnich koncentraci kompoziti
zpusobujici inhibici mikroorganizmi byly stanoveny v rozmezi 1,9-125 mg/L (vztaZzeno na

hmotnost kompozitu). Jednotlivé hodnoty se liSily pro jednotlivé druhy bakterii i plisni. Tato
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rozmanitost je pravdépodobné déna rozdily hlavné mezi stavbou membrany jednotlivych
vykazovaly zna¢né rozdily. Ty ovlivnily zfejmé koncentrace sttibrné faze v jednotlivych
kompozitech a také velikosti sttibrnych nanocastic. Tyto dva faktory spolu s druhem bakterie
nebo plisné ovlivnily nejmensi moZnou koncentraci kompoziti potfebnou k inhibici riistu
zkoumanych patogennich mikroorganizmi. Pfesto vysledky ziskané pro odhaleni pisobeni
téchto nanomateriali na patogenni organizmy se fadi mezi nejlepsi doposud publikované.
Magneticky separovatelny kompozit zalozeny na bakteridlnich magnetickych
nanocasticich, nanocasticich stiibra a chitosanu, prokazal vyzna¢né antimikrobidlni vlastnosti.
Chitosan zde hraje hned n€kolik roli, které predev§im zjednoduSuji piipravu materidlu
majicim magnetické a antimikrobialni vlastnosti. Chitosan zde kotvi a stabilizuje magnetické
nanocastice, zachycuje z prostiedi stiibrné ionty a redukuje je v zésaditém prostiedi na
nulamocné sttibro za vytvofeni nanocastic. Diky tomuto polymeru probihd redukce stiibra jen
na povrchu magnetického hybridu a neumoziuje jeho uvolnéni. Cely kompozit je tedy plné
magneticky separovatelny a fiditelny. Bakterialni magnetické nanocastice zde byly pouzity
jako vyborny studijni material, avSak tato metoda je aplikovatelnd 1 na jiné magnetické
substraty, a tedy obdobné¢ nanokompozity mohou byt vyuzity 1 ve vétSich aplikacnich

méfitcich.

3.4  Na vzduchu stabilni bimetalické nanocastice Fe—Ag pro pokrocilé

antimikrobialni aplikace a odstranéni fosfati

Myslenka ptipravit multifunkéni kompozitni materidl, vykazujici magnetické
a antimikrobidlni vlastnosti, co nejjednodussi cestou, vedla k vytvoieni bimetalickych castic
Fe—Ag. Magneticky nosi¢ a reduk¢ni ¢inidlo (napt. nanocastice magnetitu a chitosan, jak bylo
uvedeno v pfedchozi kapitole 3.3) mize byt vkompozitu dano jedinou identitou,
nanocasticemi nulamocného Zeleza. Nanocastice nulamocného Zeleza jsou feromagnetické
a v kyslikovém vodném prostfedi se oxiduji na magnetické oxidy zeleza (magnetit,
maghemit). To zaruCuje magnetické chovani tohoto substratu a vhodnost jeho vyuziti pro
tvorbu magnetickych kompozitli. Navic nanocastice nulamocného zeleza jsou silnym
redukénim ¢inidlem a jsou schopné adsorbovat a redukovat ionty tézkych kovi (Pd, Pb, Hg,

Cu, atd.). Mezi ionty, které podléhaji jak redukci t€émito nanocasticemi, tak 1 adsorpci na
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jejich povrch, patii stiibrné ionty. Tim je umoznéna piiprava bimetalickych Fe—Ag nanocastic

(obr. 21).

@ductiof,

y-FeOOH/
Fe,O,
shell

Fe(ll)/Fe(lll)

Obr. 21: Schéma tvorby a struktury bimetalickych nanocastic Fe-Ag

Béhem redukce stfibra dochazi také k reakcim mezi zelezem a okolnim prostiedi (vodou),
které maji za nasledek tvorbu oxidi Zeleza a jeho oxo—hydroxidd. Povrch nanocéstic
nulamocného Zeleza je tedy tvofen vrstvou tvofenou Fe;O4, yv-FeOOH a nanocasticemi
stiibra. Tato vrstva je schopna povrch pasivovat, potlait dalSi oxidaci jadra na vzduchu
a snizit agregacni silu nanocastic nulamocného Zeleza vlivem vysoké reaktivity a velké
plochy povrchu. Procentudlni zastoupeni jednotlivych fazi je dano koncentraci stfibrné soli
pouzit¢ v reakci pro tvorbu bimetalickych Castic. Na této koncentraci pak zavisi nejen
mnozstvi stfibrné faze, ale 1 velikost nanocastic sttibra (v rozmezi 10-30 nm dle pocatecni
koncentrace Ag' soli), obdobné jako tomu bylo u kompozitu mCh-Ag vkap. 3.3.
S mnozZstvim stiibrné faze pak ubyva fazi Fe-O. Magnetické Fe—-O faze (napf. magnetit) pak
pfispivaji k magnetickym vlastnostem, a ostatni faze typu y—FeOOH mohou pfispivat
k adsorpnim vlastnostem piipravenych kompozitii. Vlastnosti a slozeni pfipravenych
bimetalickych castic bylo zkouméno fadou technik: transmisni a skenovaci elektronovou
mikroskopii, Mdssbauerovou spektroskopii, atomovou absorpéni spektroskopii, magnetickym
méfenim SQUID, rentgenovou difrakci. Test stability bimetalickych ¢astic (sonikace az 5 h)
neprokdzal uvoliiovani stfibrné slozky zkomplexu, a tak komplex mize byt magneticky
separovan nebo manipulovan diky jeho vysoké saturaéni magnetizaci (108124 emu. g ', dle
sloZeni povrchu).

Diky c¢astecnému zachovani nulamocného zeleza v jadru bimetalickych Ccastic

(~ 50 %) je mozné jejich vpravenim do vodného prosttedi iniciovat reduk¢ni a s nimi spojné
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odbouravajici procesy. Tato aktivita byla testovana na odbouravani fosfatii z vodného
prostfedi. VSechny testované typy bimetalickych c¢astic (liSici se v procentudlnim slozeni
jednotlivych fazi) prokézaly schopnost odbouréavat fosfaty. Rychlost odbouravani je zavisla na
obsahu stiibra (s rostoucim mnozstvim sttibra klesa rychlost odbouravani). Stiibrna slozka
povrch bimetalickych Castic zfejmé pasivuje a snizuje tim rychlost odbouravani. Naproti tomu
pritomnost Fe—O fazi na povrchu napomaha adsorpcnim procestim a tim odbourévani fosfatt.

Nanocastice nulamocného Zeleza 1 stfibra jsou znamé svymi toxickymi G¢inky na
mikroorganismy. Oba typy nanocastic maji antibakteridlni vlastnosti (negativné pusobi jak na
Gram-pozitivni, tak na Gram-negativni bakterie). U sttibra navic byly prokdzany antifungalni
a antiviralni vlastnosti. Pro vyss§i organismy jejich toxicita klesa a jsou potiebné daleko vyssi
koncentrace. Jak jiz bylo zminéno dfive, nanocastice nulamocného Zzeleza podléhaji ve
vodném prostiedi oxidaci, tedy starnuti, ¢imz dochdzi ke snizeni jejich toxickych vlastnosti,
které se daji povazovat za docasné. Naproti tomu jsou nanocastice stfibra v Case relativné
stabilni, avSak jejich toxicita pfedstavuje environmentalné vyznamné riziko. Proto piipravou
bimetalickych nanocastic Fe—Ag by mél vzniknout material pozadovanych antimikrobialnich
vlastnosti s moznosti jejich magnetické manipulovatelnosti. Testy antibakterialni
a antifungdlni aktivity bimetalickych Fe—Ag nanocastic potvrdily, Ze toxicitni vlastnosti
prekurzori byly zachovdny. K témto vlastnostem pravdépodobné z veétSi Casti prispiva
stiibrna faze (CasteCné oxidované nanocastice zeleza nevykazovaly antimikrobialni aktivitu
ani pii nejvyss$i pouzité koncentraci 3,5 g/L). Tento fakt je také potvrzen pozorovanou
zéavislosti antimikrobialnich vlastnosti na velikosti a koncentraci stfibrné slozky (obdobné
jako u kompoziti mCH-Ag).

Bimetalické Fe—Ag tak diky svym specifickym vlastnostem umoziuji jednoduchou
magnetickou manipulaci, vykazuji antimikrobialni vlastnosti a schopnost degradace fosfatt ve
vodnych prostiedich a mohou nalézt wuplatnéni v Cisticich procesech odpadnich

a kontaminovanych vod.

3.5 Termostabilni konjugaty trypsinu imobilizované na biogennim
magnetitu vykazujici vysokou stabilitu a opakovatelné pouziti pro

proteinové Stépeni

Magneticky hybridni nanosyst¢ém mCH, zalozeny na nanocasticich bakteridlniho

magnetitu a piirodnim polymeru chitosanu, byl také vyuzit pro imobilizaci enzymu trypsinu.
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Podstatou této prace bylo pfipravit magneticky separovatelny enzym trypsin a zlepSit jeho
vlastnosti pro proteomickeé aplikace (zvysit teplotni stabilitu, odstranit autolytické Stépy, které
limituji vyuziti trypsinu v metodé MALDI-TOF, zlepsit dlouhodobou stabilitu a umoznit
opakovatelné pouziti enzymu s moznosti magnetické separovatelnosti). Jelikoz ptiprava
kompozitu mCh byla diskutovédna jiz v kapitole 3.3 a proteomické cast (v€etné imobilizace
enzymu, jeho chemickych modifikaci a charakterizace) byla soucasti jiné diserta¢ni prace
(Mgr. Michaely Pecové), budou zde jednotlivé zdvery jen velmi kratce popsany.

Pro ptipravu magnetick€ho nosice byly vyuzity nanocastice bakteridlniho magnetitu
obalené chitosanem metodou ,.cross—linking®“. Volné aminové skupiny byly vyuzity pro
kovalentni imobilizaci hovéziho trypsinu. Tato reakce byla provedena aktivaci karboxylové
skupiny enzymu latkami 1-ethyl-3—(3—dimethylaminopropyl) carbodiimid (EDC) a N-
hydroxysulfosuccinimid (NHS) a naslednou reakci s aminovou skupinou chitosanu (obr. 22).
Navic byl trypsin chemicky modifikovan cyklodextriny (o—, B—, a y—). Ziskany komplex byl
charakterizovan: transmisni elektronovou mikroskopii a magnetickym méfenim SQUID. Pro
porovnani vlastnosti jednotlivych modifikovanych forem enzymu (plvodni hovézi trypsin,
chemicky modifikovany a imobilizovany na magneticky nosi¢) bylo provedeno nékolik studii

zahrnujicich ur€eni teplotni stability, pH optima, dlouhodob¢ stability a opakovatelnosti uziti.

Ccl
\N*’
EDC \\OLN NHS
) C—~NH
Trypsin < ——— < | Trypsin )ko/ L — >
OH NN NZ_Cl /\\)/g=o
OH*N\)//J o
[e]
g 1
A mCH o
Trypsin Ko/N\/J ° > | Trypsin AN/
°© NH,— "

Obr. 22: Schéma imobilizace trypsinu, popft. jeho derivati na magneticky nosi¢ mCH.
Trypsin a trypsiny chemicky modifikované cyklodextriny, které byly imobilizovany

na magnetickém nosi¢i mCH, vykazovaly vyss§i termostabilitu a dlouhodobou stabilitu ve

srovnani s jejich volnymi formami. Imobilizace navic neméla vliv na pH optimum tohoto
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enzymu. Navic také doslo k potlaceni autolytickych procest pii St€peni a enzym 1 po osmém

pouziti (s uplatnénim magnetické separace) vykazoval vice nez 70% ucinnost.
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4 SHRNUTI

Cilem ptedlozené¢ disertatni prace byla piiprava a charakterizace aplikacné
vyznamnych nanokompozitl zaloZenych na kombinaci magnetického materidlu (bakteridlnich
nanocastic magnetitu, nanoc¢astic nulamocného zeleza) a druhé funkcni slozky (nanocastice
nulamocného stfibra, uhlikové kvantové tecky, trypsinu). Jednotlivé kompozitni materialy
byly charakterizovany fadou technik (transmisni a skenovaci elektronovd mikroskopie,
infraervena spektroskopie, Mossbauerova spektroskopie, magnetometricka méteni SQUID,
rentgenova difrakce, atomova absorp¢ni spektroskopie, elektroforéza) a také byly testovany
jejich aplikaéné vyznamné vlastnosti (antimikrobialni aktivita, fluorescence, biokompatibilita,
odstranéni fosfat).

V rdmci prace byla zavedena kultivace magnetotaktickych bakterii Magnetospirilla
gryphiswaldense MSR-1, izolace a purifikace magnetozomil, separace bakteridlniho
magnetitu  (odstranénim magnetozomalni membrany). Tyto bakteridlni nanocastice
predstavuji biokompatibilni, netoxicky systém, ktery vykazuje mimofadné vysokou
velikostni, morfologickou, strukturni a magnetickou uniformitu nanocastic, a nabizi tak
uplatnéni v biologickych aplikacich. Povrchovou modifikaci byl, mimo jiné, ziskdn hybridni
syst¢tm bMNPs—chitosan, a to inkorporaci magnetickych ¢astic do chitosanové matrice
metodou ,,cross—linking*“. bMNPs byly také vyuzity pro ptipravu ,,core—shell magnetické
fluorescencni hybridni nanostruktury zaloZené na kombinaci kvartérnich uhlikovych tecek
(QCDs) a bakterialniho magnetitu (kompozit m—QCDs). Tento hybridni systém je vyuzitelny
pro dualni MRI/fluorescen¢ni znaceni v biomedicing, coz bylo demonstrovdno na ptikladu
in vitro znaceni krali¢ich kmenovych bunck. Metoda piipravy pak byla zobecnéna i na jiné
systémy: Ag—QCDs a uhlikové nanotrubky—QCDs.

Hybridni systém bMNPs—chitosan (mCH) byl vyuZit pro ptipravu antimikrobidlniho
kompozitu mCH—Ag. Chitosan je zde bifunk¢ni latkou (obsahuje hydroxylové a aminové
funk¢ni skupiny), kterd slouzi pro ukotveni magnetickych Castic a jako linker mezi nimi
a nanoCasticemi stfibra. Navic, diky schopnosti adsorbovat ionty stfibra a za urcitych
podminek (pH, teplota) je redukovat, hral klicovou tulohu pfi tvorbé nanokompozitu.
Kompozit mCH-Ag vykazoval vynikajici antimikrobidlni vlastnosti a diky svym
magnetickym vlastnostem je pouZitelny pro antimikrobialni ¢iSt€ni vod s moZnosti nasledné
magnetické separace.

Chitosanem funkcionalizované nanocastice magnetitu (mCH) byly také aplikovany

pro imobilizaci proteolytického enzymu trypsinu (kompozit mCH-Trypsin) skrze kovalentni
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konjugaci karboxylové (protein) a aminove (chitosan) skupiny. Tato modifikace umoznila
magnetickou separaci tohoto enzymu, jeho opakovatelné vyuziti a zlepSila jeho dulezité
vlastnosti pro aplikace v proteomice (termostabilitu, dlouhodobou stabilitu, eliminovala
autolytické Stépeni).

Nanocastice nulamocného Zeleza (nZVI) byly pouZity pro ptipravu antimikrobidlnich
bimetalickych castic Fe-Ag. Pt1 pfipravé bylo vyuZito redukénich a adsorp€nich vlastnosti
nanozeleza (sorpce a redukce stiibrnych iontd ve vodném prostiedi za tvorby nanocastic
sttibra na povrchu nZVI). Bimetalické nanocastice byly komplexné charakterizovany a byly
potvrzeny vyznamné antimikrobidlni vlastnosti. Navic ¢asteCné zachované jadro tvorené
nulamocnym zelezem bylo schopno redukcnich procest, coz bylo prokdzéno pii testech
odbouravani fosfatli z vodného prostiedi. Kompozit je tak velmi perspektivni v technologiich
antimikrobialniho ¢isténi vod s moznosti odbourani fosforu a postprocesni magnetické

Separace.
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5 SUMMARY

The preparation and characterization of applicable multifunctional nanocomposites
based on magnetic nanocarriers (bacterial magnetic nanoparticles and/or nanoscale zero—
valent iron) and other functional components (silver nanoparticles - AgNPs, carbon quantum
dots - CDs, trypsin) were the aims of the present PhD Thesis. The individual nanocomposites
were investigated by several different techniques (transmission and scanning electron
microscopies, infrared spectroscopy, Mdssbauer spectroscopy, magnetometric measurement
SQUID, rentgen diffraction, atomic absorption spectroscopy, electrophoresis) and their
potentially applicable properties (antimicrobial activity, fluorescence, biocompatibility,
phosphate degradation ability) were determined and tested.

In the frame of this work, the cultivation of magnetotactic bacteria Magnetospirillum
gryphiswaldense, isolation and purification of magnetosomes, isolation of pure bacterial
magnetite nanoparticles (by removing a magnetosomal membrane) were established in our
laboratory. The bacterial magnetite nanoparticles represent a biocompatible, non-toxic
material with the extraordinarily narrow size distribution, chemical purity, morphological,
structural, and magnetic uniformities. They can be thus exploited in various biological
applications.

Surface modification of these nanoparticles resulted in, among others, bMNPs—
chitosan (mCH) hybrid nanostructures. This hybrid was achieved by an incorporation of
bMNPs into chitosan polymer by the ,,cross-linking” method. bMNPs were also applied for
the preparation of ,.core-shell“ magnetic fluorescent hybrid nanostructures based on the
combination of quaternary carbon quantum dots (QCDs) and bMNPs (m—QCDs composite).
This hybrid is applicable for a dual MRI/fluorescent imaging in biomedicine as it has been
demonstrated by “in vitro” imaging of rabit stem cells for instance. The preparation procedure
was subsequently generalized and exploited in the other systems: Ag—QCDs and carbon
nanotubes-QCDs.

Furthermore, the hybrid nanostructure mCH (bMNPs—chitosan) was applied for
a preparation of the antimicrobial composite mCH—-Ag. Chitosan is a bifunctional polymer
(possessing hydroxyl and amine groups) which plays an important role for anchoring
magnetic nanoparticles, and simultaneously represents a linker between magnetic particles
and AgNPs. Moreover, chitosan is able to adsorb silver ions and reduces them to AgNPs
provided that particular conditions (pH, temperature) are met. Composite mCH—Ag exhibited

excellent antimicrobial properties and due of its magnetic behavior; it is applicable for an
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antimicrobial disinfection of water sources with the possibility of a subsequent magnetic
separation.

Hybrid system mCH was also used as a magnetic carrier for the immobilization of
proteolytic enzyme trypsin (composite mCH-Trypsin). The immobilization of trypsin was
achieved via the covalent conjugation of carboxyl (protein) and amine (chitosan) groups. This
modification enables a magnetic separation of the enzyme, its reusability, and improves its
properties important for proteomics (thermostability, long—time stability, elimination of
autolysis)

Nanoscale zero—valent iron (nZVI) was used for a preparation of antimicrobial
bimetallic nanoparticles Fe—Ag. In the preparation procedure both, reduction as well as
adsorption properties of nZVI, have been employed for the sorption and reduction of silver
ions in aqueous environment to silver nanoparticles on nZVI surface. The bimetallic
nanoparticles Fe-Ag were thoroughly characterized and their significant antimicrobial
properties against a wide range of pathogenic microorganisms were evidenced. Moreover,
a somewhat retained magnetic core, which was still partially composed of nZVI, was able to
reduce and degrade phosphate in an aqueous environment. Hence, the composite is a very
prospective one in phosphate degradation and disinfection technologies of contaminated water

clean-up with the possibility of a subsequent magnetic separation.
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Abstract:

Superparamagnetic iron oxide nanoparticles with appropriate surface modification can be widely used in
various applications including magnetic resonance imaging (MRI) diagnostic contrast agents, anticancer
therapy using hyperthermia, magnetic drug targeting, protein and enzyme immobilization, cell labeling and
separation or RNA and DNA purification. All these biochemical and biomedical applications require
nanoparticles exhibiting a high magnetization and narrow size distribution and possessing non-toxicity and
biocompatibility.

As a result of biologically controlled preparation, biogenic magnetite (Fe;O,4) nanoparticles have properties
that make them intrinsically distinct from their synthetic counterparts. Magnetotactic bacteria are
microorganisms that are able to biomineralize the membrane-enveloped crystals of magnetite called
magnetosomes. Magnetospirillum gryphiswaldense, well laboratory cultured organism, produces
cubooctahedral magnetite crystals ranging in size between 20 and 50 nm . The fermentor cultivation under
microaerobic conditions, commonly performed in our lab, leads to the sufficiently high cell yield (ODsgspm ~
1.5) and to the suitable values of the parameter describing the cell magnetism (Cnag ~ 1). Magnetosomes are
consequently isolated from bacteria by method using a neodynium boron (Nd-B) magnet. In the present
work, we coated biogenic magnetite with substances that make them biocompatible, biodegradable, stable,
non-toxic and accessible for binding with various active biocomponents depending on particular
bioapplication. The natural polymers such as chitosan, N-trimethylchitosan, carboxymethylchitosan or
dextran have been used in a coating procedure and the properties of the core-shell systems have been
analyzed by TEM, SEM and SQUID magnetic measurements. The magnetite nanoparticles modified by
chitosan exhibit the most perfect and complete surface stabilization as evidenced by the narrow and well
defined shell. These nanoparticles were successfully tested in the trypsin immobilization for applications in
proteomics, where they revealed the superior properties compared to the synthetic counterparts.

1. INTRODUCTION

Techniques based on using magnetisable solid-phase support have found application in numerous biological
fields viz. diagnostics, drug targeting, molecular biology, cell isolation and purification, radio immuno assay,
immobilization of pretiens and enzymes, hyperthermia causing agents for cancer therapy, nucleic acid
purification etc [1-3]. While a number of suitable methods have been developed for the synthesis of the
magnetic particles of various compositions, for example nano-sizes magnetite particles have been
synthesized by coprepitation of Fe(ll) and Fe(lll) in alkaline solution, some magnetic bacteria could
synthesize more uniform magnetic particles, which consist of magnetite (FezO4) or greigite (Fe;S,) in size

and shape compared with artificial magnetite particles.
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The increasing effort in this research is reflecting the need for new biomarkers facing the requirements of
today’s fast growing biotechnological and pharmaceutical industry [4, 5].

1.1 Magnetotactic bacteria

Magnetotactic bacteria, a special kind of bacteria, were discovered by Blakemore in 1975 [6]. Thus
magnetotactic bacteria do not represent a single, defined, taxonomic group. Morphotypes include coccoid to
ovoid cells; rods, vibrios, and spirilla of various dimensions; and even multicellular forms. All that have been
examined are members of the domain Bacteria and possess cell walls that are characteristic of gram-
negative bacteria. [7] These bacteria synthesize intracellular magnetic nano-particles (also called
magnetosomes or bacterial magnetic particles (BMPs)), which are enveloped by cytoplasmatic membrane
and made of Fe;04, FesS,, Fe,O3 or FeS, etc [8-10]. Several strains of magnetotactic bacteria, including
Magnetospirillum gryphiswaldense MSR-1, M. magnetotacticum MS-1 and M. magneticum AMB-1, have
been isolated and identified so far [11-13]. A magnetotactic spirillum (strain MSR-1) was isolated from the
mud of the entropic river Ryck near Greifswald by Schleifer in 1991. The research of phylogenetic taxonomy
demonstrated that MSR-1 is related and belongs to alpha subclass of proteobacteria [14].

1.2 Bacterial magnetic particles; magnetosomes

Single domain bacterial magnetic particles, known as magnetosomes occur in rows 10-20 particles with a
defined size of 35-120 nm and are surrounded by a phospholipids’ membrane approximately 2-4 nm in
thickness [15]. Each BMP has a single domain of magnetite and are well-dispersed in aqueous solutions
because of the enclosing membrane [16]. The magnetite particles are aligned in chains parallel to the cell
axis. Each particle possesses a magnetic dipole moment and magnetic interactions between magnetic
particles in a chain are oriented parallel to each other along the Earth’'s geomagnetic fieldlines and to
maintain its position within the boundary of oxic-anoxic zone [17]. This is used by bacteria for navigation,
known as magnetotaxis. While magnetotaxis is clearly an important function for magnetosomes, it may not
be their only function. Bazylinski and Frankel suggest that the magnetosomes also have unknown

physiological function [18].

The molecular mechanism of magnetite biomineralization in bacteria is poorly understood although this
process occurs widely in many other organism such as insect [19], birds [20] or migratory fishes [21].0ne of
the models of the crystallization process have been proposed where ferric iron is reduced on the cell surface,
taken into the cytoplasm, transferred into vesicles (magnetosome) and finally oxidized to produce magnetite
[22].

The morphology of BMP is varied and species-dependent. Three general morphologies of magnetite have
been observed in bagnetotactic bacteria using TEM. They include: roughly cuboidal [23]; parallelepipedal
[24.25] and tooth-, bullet- or arrowhead-shaped [26, 27]. M. gryphiswaldense produces a chain of cubo-
octahedral magnetosome particles. The strain has been used as a model organism in a number of studies
addressing the physiology and molecular genetics of magnetosome biomineralization and for the

development of applications of magnetosomes [13].
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Fig. 1. Cell of Magnetospirillum gryphiswaldense obtain a chain of magnetosome

2. MAGNETOSOME PRODUCTION

2.1 Culture

Pure cultivation of magnetotactic bacteria is one of the most important biotechnological processes in the
application of BMPs. A magnetic bacterium, Magnetospirillum gryphiswaldense, capable of growing
aerobically has been successfully isolated [14]. In our initial work, laboratory scale cultivation of these
bacteria in 10 | fermentor has been done for the production of BMPs from which approximately 1.5
OD565nm or 0.35 g dry weights of BMPs was yielded per litre of culture. MSR-14 was cultured for 35-40 h in
the reported medium [13] using 10 | auto-fermentor under low oxygen concentration conditions.

2.2 Collection of cells and purification of magnetosomes

Bacterial magnetite particles are easily separated and purified from disrupted magnetic bacteria by magnetic
separation using a magnet. MSR-1 cell cultures were pelleted by centrifugation and disrupted by several
passes through a French pressure cell. Bacterial magnetite from disrupted cells was collected magnetically
using a neodynium boron (Nd-B) magnet. Collected bacterial magnetite was washed and used for additional
modification.

3. SURFACE MODIFICATION OF BMPs

Generally, naked nano-sized particles tend to form agglomerates to reduce the energy associated with the
high surface area to volume ratio. For many applications it is crucial to develop protection strategies to
chemically stabilize the naked nanoparticles against degradation and agglomeration. These strategies
comprise grafting of or coating with organic species, including surfactants or polymers, or coating with an
inorganic layer, such as silica or polysaccharides. In many cases the protecting shells not only stabilize the
nanoparticles, but can also be used for further functionalization depending on the desired application. We
have modified several methods [28-30] to assemble these functional molecules over the BMPs surface using
chemical techniques. Coating experiments in our laboratory were carried out with biogenic nanoparticles of
magnetite. As biocompatible coating materials chitosan, O-carboxymethyl chitosan (CMC), dextrans, N-
substituted trimethyl chitosan chloride (TMC) and Tween 20 were used. Before all experiments the
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membrane of BMPs was removed and substituted by positive detergent agents Cetyltrimethylammonium
chloride (CTAC).

3.2. Examination of purified and modified magnetosomes by TEM

The purified and modified magnetosomes were observed by transmission electron microscopy (TEM, JEOL,
Japan).

Fig. 2 Determination of surface modification of biogenic nanoparticles of magnetite by TEM (magnetite was
modified by chitosan (A), dextran (B), N-substituted trimethyl chitosan (C) and TWEEN 20 (D)).

4. USE OF MODIFICATED BMPs AS ENZYME CARRIERS

The use of functional magnetic particles in bioassays facilitates the separation of bound and free analytes by
the application of a magnetic field. Magnetic iron oxide nanoparticles are widely used in the development of
medical and diagnostic applications such as magnetic resonance imaging (MRI) [33], cell separation [34],
drug delivery [35] and hyperthermia [36]. To use these particles for the biotechnological applications, it is
important to consider surface modification of magnetic particles with functional molecules such as proteins,
antibodies, peptides and DNA. Because of their unique characteristics (narrow-size distribution, a large
surface area for reaction, the single magnetic domain size range, etc.) [37] ompared to synthetic particles,
isolated resp. also modified magnetosome crystals are superior for applications that rely on small amounts of
highly functionalized magnetic material with extraordinary magnetic and biochemical characteristics.
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The use of BMPs as stable platform for immobilization of proteins resp. enzymes was tried with trypsin.
Trypsin (EC 3.4.21.4) is a serine protease found in the digestive system of many vertebrates, where it
hydrolyses proteins [38]. Trypsin predominantly cleaves peptide chains at the carboxyl side of the amino
acids lysine or arginine, except when either is followed by proline. This enzyme has been used widely in
various biotechnological processes and it is commonly used in biological research during proteomics
experiments to digest proteins into peptides for mass spectrometry analysis, e.g. in-gel digestion.

In our experiments bovine trypsin (BT) was chemically modified with a-cyclodextrine (ACD-BT) and B-
cyclodextrine (BCD-BT) and all were activated by EDC.HCI (N-(3-dimethylaminopropyl)-N'-ethylkarbodiimid
hydrochloride). Then enzymes were covalently immobilized on surface of biogenic magnetite modified by
chitosan. For comparison the activities of free and immobilized enzyme were measured under different
conditions. The activity of trypsin was determined with artificial substrate BAPNA (N« -benzoyl-DL-arginine-

4-nitroanilide) spectroscopically (r =405 nm) (Fig. 3).
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Fig. 3 The schema of trypsin hydrolysis of artificial substrate Na -benzoyl-DL-arginine-4-nitroanilide.

All enzymes (free and immobilized forms) were characterized in activities, Michaelis’s constants, temperature
stabilities Tsg [°C] (temperature, in which the enzyme had loose half of activity in comparison whit room
temperature) and time-degradation stabilities (time, after which the enzyme had loose half of its activity)
(tab.1).

Tab.1 Comparison the activities of free and immobilized enzyme

Free Immobilized
Enzyme
BT ACD-BT | BCD-BT BT ACD-BT BCD-BT
Km [mM] 2.5 1.7 1.2 1,7 1,3 1,1
Ts0 [°C] 41 55 56 46 60 64
tso [h] 0,8 21 >24 3,9 >24 >24

(BT — bovine trypsin, ACD-BT - trypsin modified with a-cyclodextrine and BCD-BT - trypsin
modified with B- cyclodextrine) in Michaelis's constants K., [mM], temperature stabilities Tso [°C]
and time-degradation stabilities t5o [h]. All characteristics were measured with artificial substrate

BAPNA (N« -benzoyl-DL-arginine-4-nitroanilide) spectroscopically (i = 405 nm).
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The positive improve of characteristic by immobilization of trypsin on bacterial nanoparticles of magnetite

was determined in all experiments. Additionally we will focus on usage of immobilized enzyme in MALDI-

TOF peptide mass fingerprinting.
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Fluorescent core-shell nanohybrids with the shells derived from
carbon dots and cores differing in the chemical nature and
morphology were synthesized. Hybrid nanoparticles combine fluo-
rescence with other functionalities such as magnetic response on a
single platform. These hybrids can be used in various bioapplications
as demonstrated with labeling of stem cells.

Carbon dots define a new class of functional nanocarbons combining
unique photoluminescent properties with low toxicity."* As such,
carbon dots hold great promise as fluorescent imaging agents in
biomedical and other applications in place of traditional metal-con-
taining quantum dots. More recently, efforts have focused on the
preparation of novel hybrids comprised of carbon dots and inorganic
nanoparticle cores (e.g., iron oxide, zinc oxide, silica, titania). The
resulting hybrids combine the fluorescence properties of the carbon
dots with the magnetic, optical or mechanical properties of the oxide
cores.* Such hybrids hold great promise as magneto-optical
biomarkers or efficient photocatalysts. In all cases, discrete carbon
dots were used to decorate the oxide cores leading to a raspberry-type
morphology. Here we demonstrate for the first time a series of
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photographs of MagQCD systems, TEM images of MagQCDs
prepared at pH = 11, TEM images of MagQCDs prepared at pH = 12
with different QCDs loading, HRTEM images combined with EDX
chemical mapping of the MagQCD hybrid nanoparticles prepared at
pH = 12, absorption and wavelength-dependent emission spectra, in
vitro stem cell labeling and ion exchange properties of MagQCDs. See
DOI: 10.1039/c2jm33414¢

core-shell hybrid morphologies including raspberry-type using
C-dots as precursors and exploiting their stability/dissolution at
different pHs. Using this approach we have been able to synthesize
core-shell nanoparticles with shells comprised of a uniform carbo-
naceous layer, distinct carbon dots or mixtures of the two. The
thickness of the shell is readily controllable and a range of nano-
particle cores (biogenic magnetite, silver and carbon nanotubes) has
been demonstrated. In addition to its simplicity, the approach pre-
sented here is quite general and can be easily adapted to a variety of
nanoparticle systems.

Magnetic iron oxide nanoparticles have attracted widespread
attention in biomedical applications. Of particular interest are cell
labeling and magnetic separation, drug delivery via magnetic target-
ing, catabolism of tumors by hyperthermia or MRI contrast agents.®
In this context, magnetofluorescent nanoparticles based on a
magnetic iron oxide core and a fluorescent shell are particularly
attractive since they combine magnetic and optical responses on a
single platform.® Thanks to their dual character, these hybrid systems
are very attractive as biomarkers for magnetic targeting and direct
optical imaging of stem cells. On the other hand, silver nanoparticles
are considered an important antimicrobial or plasmonic agent”
whereas CNTs show a growing interest in biomedical applications.?®

Biogenic magnetite nanoparticles (40-50 nm) called magnetosomes
were obtained by cultivation of magnetotactic bacteria (Magneto-
spirillum  gryphiswaldense MSR-1) as described previously.” The
magnetosomes were isolated according to the protocol previously
described by Grunberg er al'® The magnetosome phospholipid
membrane and associated organic debris from the magnetic cores
were removed with NaOH (see Experimental details in the ESIT).
Citrate-stabilized silver nanoparticles were prepared by an established
method based on the borohydride reduction of silver nitrate in the
presence of sodium citrate." Commercial multiwall CNTs were
oxidized with HNOs in order to create surface -COOH groups.’?
Quaternary carbon dots (QCDs) were used as a feedstock material.**
QCDs were prepared by thermal treatment of a molecular precursor
made from tris(hydroxymethyl)aminomethane and betaine hydro-
chloride, with the former providing the carbon source and the latter
the surface modifier.”* The modifier is attached on the carbon surface
through amide bonds.i These water-dispersible dots are decorated
with pending quaternary ammonium groups [i.e., -N(CH3)3"] from
the betaine ligand, which enables their immobilization on anionic
substrates via electrostatic interactions (see Scheme 1). In addition,
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Scheme 1 Illustrative synthesis scheme of the core-shell fluorescent

hybrids starting from QCDs and spherical nanoparticles (NPs).

they show a uniform size/surface charge distribution with an average
particle size of 6 nm and a spherical morphology, as well as, bright
photoluminescence (see Fig. S1 in the ESIT). For the preparation of
all samples, the substrates (biogenic magnetite, silver nanoparticles or
CNTs) were reacted with QCDs at pHs between 8 and 12 for 1 hour
using mass ratios of QCDs/substrate = 1 or 5. The hybrid materials
were separated by centrifugation, washed with deionized water and
re-suspended in water. The samples are thereafter denoted as
MagQCDs, AgQCDs, and CNTQCDs, respectively. Below, we
discuss in detail the case of the MagQCDs system and in parallel
those of AgQCDs and CNTQCD:s to demonstrate the wider appli-
cability of the method.

Comparative transmission electron microscopy (TEM) analysis of
the biogenic magnetite nanoparticles before and after purification
shows that the outer organic membrane is removed after exposure to
NaOH resulting in monodisperse. crystalline, and highly magnetic
nanoparticles (see Fig. la and b). Since the synthesis of MagQCDs
proceeds under alkaline conditions, we have investigated the effect of
pH on the morphology of QCDs. The size and morphology of the
pristine QCDs are seriously affected at pH > 10 possibly due to
hydrolysis and dissolution (see Fig. lc and d). Since QCDs contain

Fig. 1 TEM images of (a) magnetosomes isolated from magnetotactic
bacteria showing the phospholipid membrane on the surface of biogenic
magnetite, (b) biogenic magnetite after the phospholipid membrane
removal, (¢) pristine QCDs, and (d) QCDs after treatment at pH = 12
showing the formation of a fused particle network. The insets show
higher magnification images of biogenic magnetite nanoparticles after the
membrane removal and pristine QCDs.

considerable amounts of amide and ester bonds, alkaline hydrolysis is
expected to cause bond-breaking leading to particle dissolution and
degradation into complex oligomeric fragments. Based on TEM
analysis, the changes on freshly prepared samples are mild at pH <
10, moderate at pH = 10-11 and severe at pH = 12 resulting in severe
necking and deformation of the nanoparticles caused by dissolution
from concave into convex nanoparticle surfaces. The effect of pH on
QCDs was also studied by means of capillary electrophoresis (CE)
with laser-induced fluorescence detection, which is a powerful tool for
monitoring changes in overall charge, size, and dispersion of nano-
particles™ (see Experimental details in the ESIT). Two electrolytes
with the same ionic strength and pH of 7 and 12 were used. At pH 7
the nanoparticles migrate in a relatively tight zone (see Fig. 2b). In
contrast, a sharp peak followed by a much broader band can be seen
for the particles at pH = 12 (see Fig. 2a). Importantly the eluent time
for the particles at pH 12 is much shorter. Both of these observations
suggest that there is a severe dissolution/degradation of QCDs at pH
= 12 into carbonaceous oligomeric fragments. These findings are
crucial in explaining the formation of uniform fluorescent shells over
the underlying magnetite cores at pH = 12 (vide infra).

The pH also affects the mechanism of interaction of magnetite with
QCDs. At pH < 10, poorly interacting systems are formed because of
the low surface charge density of the magnetite particles at these pH
values.”® In contrast, strongly interacting systems are obtained at
higher pH values (11 and 12). The hybrid nanoparticles can be
magnetically separated from the aqueous phase and re-dispersed in
water at pH suitable for bioapplications (pH = 7) (see Fig. S2 in the
ESIF). In this case, the magnetic separation results in complete
discoloration of the aqueous phase suggesting the formation of
strongly interacting hybrids.

Mixing a suspension of QCDs with biogenic magnetite nano-
particles at high pHs leads to hybrid (core—shell) nanoparticles with a
varying morphology. At pH = 11, MagQCDs adopt a raspberry-like
morphology with the shell being composed of tiny dots embedded in
a continuous organic layer (see Fig. S3 in the ESIT). The observed
organic layer is the result of partial alkaline hydrolysis of the dots into
complex organic fragments. As mentioned earlier, the degradation of
QCDs is moderate at pH of 10-11. Thus, some dots can be still
observed on the outer shell in addition to the carbonaceous layer. At
pH 12, however, MagQCDs display uniform core-shell
morphologies with quite homogeneous organic shells (see Fig. 3). In
this instance, the organic shell is void of any dots. The shell thickness
can be further controlled at pH = 12 by adjusting the QCDs/Mag
ratio: the higher the amount of QCDs, the thicker the shell (see
Fig. S4 in the ESIt). High-resolution transmission electron micros-
copy (HRTEM) images combined with EDX (energy-dispersive
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Fig. 2 CE characterization of QCDs (a) at pH = 12 and (b) pH = 7.
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Fig. 3 TEM images of magnetite (a) before and (b) after exposure to
QCDs at pH 12 (QCDs/Mag = 1). MagQCDs in a fluorescence micro-
scope: phase contrast (c) combined with fluorescence mode (d).

X-ray spectroscopy) chemical mapping of the MagQCD hybrid
nanoparticles prepared at pH = 12 (see Experimental details in the
ESIT) demonstrates the presence of carbon-based coverage on the
surface of magnetite (red image in Fig. S5 in the ESIY).

The MagQCD hybrid nanoparticles combine fluorescent and
magnetic properties in one simple platform. The MagQCD:s are easily
seen in a fluorescence microscope thanks to their bright photo-
luminescence (see Fig. 3). The absorption and fluorescence spectra of
MagQCDs and QCDs before and after alkaline treatment are shown
in Fig. S6 in the ESL.+ The absorption spectra show no distinct peaks
characteristic of any specific chromophore. The fluorescence spectra
show an excitation depended emission with a peak centered near
450 nm for excitations between 375 and 400 nm characteristic of
carbon-based nanoparticles (C-dots). Additionally, the magnetic
response can be fine-tuned by controlling the QCDs/Mag ratio (see
Fig. 4). For QCDs/Mag = 1, the saturation magnetization (=6.7 A
m® kg ') is three times higher compared to that for QCDs/Mag = 5
(=22 A m? kg!). These results correspond well with the approxi-
mately three times higher weight content of the magnetic phase in the
former sample (50% vs. 17%). The same figure shows also the
hysteresis loop of the pristine biogenic magnetite, which reveals lower
saturation magnetization compared to common magnetite, evidently
due to the alkaline treatment used to remove the cell membrane. In
spite of this reduction, the saturation magnetizations of both hybrids
are still sufficiently high evidenced by the strong attraction of the
core-shell particles to a simple hand magnet (see Fig. S2 in the ESI+).
Moreover, both magnetic systems reach a maximum magnetization
at very low external fields of 0.3 T (see inset in Fig. 4), which is
advantageous for various applications. The small decrease in
magnetization at higher applied magnetic fields is attributed to a
diamagnetic response due to the organic shell.

The bioapplicability of MagQCDs was tested in labeling of rat
mesenchymal stem cells (MSCs), which were isolated from a bone
marrow of femurs and cultured as described by Gallo er al '™ (see
Experimental details in the ESIT). The MagQCD nanoparticles did
not reveal any negative effect on the growth of the MSCs. In a few
hours, the particles adhered on the cell surface. After 24 h, they
started to be internalized gradually into the body cell mainly via
nonspecific endocytosis. A large uptake of MagQCDs by MSCs can
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Fig. 4 300 K hysteresis loops recorded for biogenic magnetite and
MagQCDs (QCDs/Mag = 1 and 5) prepared at pH = 12. The inset shows
the profile of samples’ hysteresis loops under small applied magnetic
fields.

be seen after 72 h as evidenced by a clear intracellular fluorescence
signal (see Fig. S7 in the ESIT). Importantly, the labeled stem cells still
show the same morphology and keep their viability and proliferation
profile as the non-labeled ones. In recent years, several quantum-dot-
based systems have been developed for stem cell labeling, although
some of them were found to be cytotoxic.' In our case, the carbon-
based QCDs are non-toxic and provide the necessary biocompati-
bility for possible applications in MRI and optical imaging.

We believe that the hybrid nanoparticles are formed by electro-
static interactions between the positively charged QCDs and the
negatively charged magnetite nanoparticles. The point of zero charge
(PZC) for magnetite is at pH = 8; below this value, magnetite has a
positive while above it a negative surface charge.!s In addition, the
surface charge density increases as we move from PZC. At high pH
(11 or 12), the hydroxyl groups on the magnetite surface are fully
hydrolyzed (ie., Fe-OH — Fe-O~ + H"). When mixed with the
positively charged carbonaceous oligomeric fragments produced
after dissolution of the QCDs at high pH (vide supra), core-shell
nanoparticles are formed via electrostatic interactions: Fe-O~ +
*N(CH3); — Fe-O "N(CHy)s. It is worth noting that the magnetic
nanoparticles are negatively charged after treatment with 5 M NaOH
at 98 °C to remove the cell membrane as evidenced by their negative
zeta potential value of —22 mV. The hybrid MagQCD nanoparticles
exhibit a positive zeta potential (+33.5 mV) and can undergo ion-
exchange reactions with negatively charged compounds (dyes, drugs
or biopolymers) (see Fig. S8 in the ESI+ for the case of a porphyrin
dye), further supporting that the outer layer is composed of a
carbonaceous layer composed of positively charged oligomeric
fragments produced after exposure to alkaline pH.

The process is general and the principles demonstrated for the
MagQCDs system can be easily extended to other nanomaterials.
Thus, the solution-processable fluorescent species (carbonaceous
fragments) formed by the alkaline treatment of the QCDs can be used
to synthesize core-shell fluorescent hybrids based on citrate-stabilized
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Fig. 5 (a and b) TEM images of citrate stabilized silver nanoparticles
and AgQCDs (QCDs/silver = 1) prepared at pH = 12 and (c and d)
AgQCDs under the fluorescence microscope.

silver nanoparticles and oxidized CNTs (see Fig. 5 and 6). In both
cases, the surface carboxylate groups (-COO~) from the citrate
ligands present on the silver nanoparticles or from the oxidized CNTs
serve as the binding sites for the electrostatic immobilization of the
carbon dot-derived fluorescent species at pH 12 [eg,
—COO*N(CH3)3). Before coating, the citrate-stabilized silver nano-
particles and oxidized CNTs show zeta potential values of —33 mV
and —26 mV. respectively. After coating, the corresponding values
become +27.1 mV for silver nanoparticles and +13.4 mV for CNTs,
respectively. These dramatic changes in zeta potential values are
consistent with the presence of positively charged carbonaceous
species in the shell In line with MagQCDs, AgQCDs and
CNTQCDs also display a bright photoluminescence under the
fluorescence microscope (see Fig. 5 and 6).

In summary, we presented a new approach for core-shell hybrid
morphologies using C-dots. Using this approach we have been able
to synthesize core—shell fluorescent nanoparticles with shells
comprised of uniform carbonaceous layer, distinct carbon dots or

Fig. 6 (a and b) TEM images of uncoated CNTs and CNTQCDs
(QCDs/CNTs = 1) prepared at pH = 12 and (c and d) CNTQCDs under
the fluorescence microscope.

mixtures of the two. A range of nanoparticle cores (biogenic
magnetite, silver and carbon nanotubes) has been demonstrated.
Compared to other labeling procedures exploiting organic
compounds, the thickness of the shell is readily controllable. Due to
their core-shell nature the hybrid nanoparticles combine fluores-
cence with other functionalities, for example, magnetic response on
a single platform. Compared to labeling techniques employing
inorganic quantum dots (e.g., CdSe), the developed hybrid nano-
particles are biocompatible, show low toxicity and can be used for
labeling of stem cells.
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i Experimental data: Magnetite hybrids: to synthesize magnetic nano-
particles surface functionalized with QCDs (MagQCDs, with QCDs/Mag
= 1), 100 puL of an aqueous dispersion of magnetite nanoparticles (1 mg
mL~") was washed twice with buffer (deionized water adjusted to a
particular pH by addition of NaOH) and then diluted in 0.5 mL of this
buffer (pH = 8.9, 10, 11 or 12). 100 uL of QCDs (diluted to concentration
of I mg mL~" by the same buffer) were added to the above suspension and
mixed using a probe sonicator (30 W). The reaction mixture was shaken
using a mini-rotator for 1 h at 10 rpm at room temperature. The hybrid
nanoparticles were magnetically separated and diluted in 1 mL of
deionized water. MagQCDs with different carbonaceous loadings (up to
QCDs/Mag = 5) were obtained in a similar manner and pH range using
100 pL of higher concentration QCDs dispersion (5 mg mL™").Silver
hybrids: citrate-stabilized silver nanoparticles were prepared according to
an established protocol."* Specifically, 3.4 mg of NaBH,4 was dissolved in
75 mL of deionized water which had been previously purged with N, and
cooled in an ice bath to 4 °C. During the whole procedure, the solution
was magnetically stirred at 700 rpm. Then, 1 mL of 1% solution of tri-
sodium citrate was added. Finally, 9 mL of 0.0022 M AgNO; was slowly
(within 5 min) injected into the cooled solution. The reduction to
colloidal silver was performed at 4 °C under constant stirring at 700 rpm
for 45 min. The colloidal silver was used for the preparation of the silver
hybrids with QCDs (AgQCDs) as described above for the MagQCDs
under alkaline pH. Carbon nanotube hybrids: 200 mg of CNTs (multiwall,
Aldrich 99%) were suspended in 50 mL of HNO; (67%) and the mixture
was refluxed for 24 h. The oxidized CNTs were isolated by centrifugation
and washing with deionized water prior to drying. The oxidized CNTs
were mixed with QCDs at alkaline pH as above to form the CNTQCD
hybrids.
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Purification of the biogenic magnetite nanoparticles: The magnetosome phospholipid
membrane and associated organic debris from the magnetic cores was removed with NaOH.
More specifically, magnetosomes dispersed in water (approximately 1 mg mL™") were
magnetically collected, re-dispersed in the same volume of SM NaOH and incubated at 98 °C
for 30 minutes. Then, the magnetic fraction was collected with an external magnet and

washed three times with deionized water.
Capillary electrophoresis (CE): All of the measurements were performed on the capillary

electrophoresis system Agilent HP 3DCE with diode array detector (Agilent Technologies,

Waldbronn, Germany) and laser-induced fluorescence detector (Picometrics, Toulouse,
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France) operating at an excitation wavelength of 488 nm. Uncoated fused silica capillaries
(MicroSolv Technology, Eatontown, NJ, USA) with 50 pm i.d., total capillary length of 75
cm, and effective length of 60 cm were used 1n these experiments. The capillary cassette was
thermostated at 25 °C. The capillary was rinsed with 0.5 M NaOH (2 min), deionized water (3
min), and buffer (5 min) before each analysis by a pressure drop of 925 mbar. Applied voltage
was + 20 kV. All of the measurements were performed in triplicates. Electrolytes were
prepared as follows: appropriate amount of 3-(N-morpholino)propanesulfonic acid (MOPS)
were dissolved in deionized water (18 MQ cm, Millipore, Billerica, MA, USA) and the pH

was adjusted using sodium hydroxide. Ionic strength of both buffers was 10 mM.

TEM: TEM images were obtained using a JEM2010 microscope operated at 200 kV with a
point-to-point resolution of 1.9 A. Before measurements, samples were dispersed in ethanol
and the suspension was treated in ultrasound for 10 minutes. A drop of a very dilute
suspension was placed on a carbon-coated grid and allowed to dry by evaporation at room

temperature.

Magnetic characterization: A superconducting quantum interference device (SQUID,
MPMS XL-7 type Quantum Design) was used for magnetic measurements. The hysteresis
loops of all samples were collected at a temperature of 300 K in external magnetic fields

ranging from — 70 to + 70 kOe.

HRTEM (EDS): HRTEM images were recorded on a Titan G2 80-200 transmission electron
microscope with a ChemiSTEM Technology (X-FEG, accelerating voltage of 200 kV). A
drop of the sample, dispersed in deionized water, was place onto the copper grid with holey

carbon film and air-dried at room temperature. EDX chemical maps were recorded at 200 kV

for 180 s with 0.6 nA beam current, 50 dwell time and M = 910 k.
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Stem cell cultures and their labeling: Rat mesenchymal stem cells were isolated from a
bone marrow of femurs. The cell suspension was filtered through a 40-um nylon filter
(Falcon) and plated 1n plastic chambers. Cells were grown 1n Iscove's Moditied Dulbecco's
Medium (IMDM; Invitrogen) with 10% fetal bovine serum (FBS) and 2%
penicilin/streptomyein (PS) at 37 °C under 5% CO,. After 24 hours, the medium was replaced
to remove non-adhered cells. The cells were grown to obtain 80 % of confluence. Cells were
incubated with 100 pLL of MagQCDs suspension containing 400 ng of MagQCDs per mlL.
After 72 hours of incubation, the cells were imaged by optical and fluorescence microscopy.
All animal experiments were performed in accordance with the Czech Guide for the Care and
Use of Laboratory Animals and were approved by the Committee for the Use of Experimental

Animals at the Masaryk University in Brno in the Czech Republic.
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Supporting Figures

Fig. S1. Pristine QCDs under the fluorescence microscope.

pH 11 pH 12 pH 11 pH 12

magnetic
_—
. separation
? 1 1

Fig. S2. The MagQCDs (QCDs/Mag = 1) prepared at pH of 11 and 12 in the absence (left)

and presence (right) of an external magnet. The complete discoloration of the aqueous phase

on the right suggests a strong magnetic response.
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(@) 50 nm

Fig. S4. TEM images of MagQCDs prepared at pH = 12 with different QCDs loading, which

1s reflected in different shell thicknesses: (a) QCDs/Mag = 1 and (b) QCDs/Mag = 5.
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Fig. S5. HRTEM images combined with EDX chemical mapping of the MagQCDs hybrid
nanoparticles prepared at pH = 12 demonstrating the presence of carbon-based species

coverage on the surface of magnetite (red image).
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Fig. S6. Absorption and wavelength-dependent emission spectra of pristine QCDs (top),
QCDs treated at pH = 12 (middle) and MagQCDs (QCDs/Mag = 1) synthesized at pH = 12

and re-dispersed in water at pH = 7 (bottom).
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Fig. S7. In-vitro stem cell labeling (original magnification x400): (a) unlabeled MSCs and (b)
MSCs labeled with MagQCDs. QCDs/Mag = 1; time of incubation 72 hours (phase contrast

combined with fluorescence mode).
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Fig. S8. Ton exchange properties of MagQCDs. The Eppendorf tube on the left-side of the
photo shows a yellow aqueous solution of the anionic porphyrin (10~ M). The Eppendorf
tube on the right-side of the photo shows the same solution in the presence of MagQCDs after

applying an external magnetic field.
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We report a new procedure, exploiting “green” chemistry, resulting in biocompatible magnetically-driven
nanocomposites with high antibacterial and antifungal activities against ten tested bacterial strains and
four Candida species. The nanocomposites consist of silver nanoparticles (NPs), biogenic magnetite NPs

isolated from magnetotactic bacteria, and an environmentally friendly polymer

chitosan. These hybrids

were prepared using an acidified chitosan suspension to cover biogenic magnetite NPs by a cross-linking
method, followed by employing the NH, groups of chitosan for the reduction of silver salt in an alkaline
medium. Thus, in the procedure, chitosan acts as (i) a biocompatible matrix surrounding the magnetite
NPs, (ii) a reducing agent for the silver ions, and (iii) a linker between magnetic and silver NPs. The size
of the resulting silver NPs and the total amount of silver involved in the nanocomposites can be simply
controlled by the initial concentration of the silver salt used in the reaction mixture. The as-prepared
nanocomposites reveal increased bactericidal and antifungal activity when compared to previously
reported magnetic silver NPs systems which were not prepared by green synthetic routes. The use of
biogenic magnetite with an uniform shape and size, the absence of any other reducing agent during
synthesis, the simple control of silver NPs size and loading, the biocompatible character of chitosan
matrix, and a high antimicrobial effect predetermine the developed nanocomposites for targeted

applications in biomedicine.

Introduction

Exploitation of nanoparticles (NPs) in various biotechnological,
biochemical, and medical applications represents one of the most
extensively investigated areas of current materials science.
Nowadays, multicomponent hybrid nanostructures that contain
two or more nanometer-scale components constitute a new and
very attractive direction of material research. Among the nano-
particles of interest, magnetic iron oxides and silver ones are
ranked among the most frequently used inorganic NPs thanks to
their unique properties.

Magnetic NPs of an iron oxide nature (maghemite and/or
magnetite) are at the forefront of current research owing to their
application-convenient magnetic and biochemical (e.g., non-toxi-
city, biocompatibility, and biodegradability) properties.'™ When
exposed to an external magnetic field of various values of mag-
netic induction and gradient, the magnetic nanocomposites can

“Regional Centre of Advanced Technologies and Materials, Department
of Physical Chemistry, Faculty of Science, Palacky University in
Olomouc, 17. listopadu 1192/12, 771 46 Olomouc, Czech Republic.
E-mail: karolina.siskova@upol.cz, zboril@prfaw.upol.cz;
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bInstitute of Molecular and Translational Medicine, Department of
Microbiology, Faculty of Medicine and Dentistry, Palacky University in
Olomouc, Hnévotinska 5, 775 15 Olomouc, Czech Republic

be intentionally transported to a certain location in the human
body. representing thus a suitable vehicle for the efficient deli-
very of drugs. Other biomedical applications include MRI con-
trast enhancement,"® anticancer-therapy based on magnetic
hyperthermia,”® cell labelling,” and separation or magnetic
immobilization of enzymes and other biosubstances.'*!!

Silver nanoparticles (AgNPs) represent another important
branch of nanotechnologists’ interest. The enormous attractive-
ness of AgNPs is caused by their extraordinary electric,'*"
optical,'" catalytic,">'® and antibacterial'” " properties. Nowa-
days, antimicrobial effects of newly prepared compounds are
intensively studied because of an increasing bacterial resistance
against excessively and repeatedly used classical antibiotics.
Elemental silver and silver salts have been used as antimicrobial
agents for centuries,”’ long before the invention of synthetically
manufactured organic antibiotics. Recent studies have brought
new findings concerning (i) the effect of AgNPs size and surface
modification on the antibacterial action,'”*>* (ii) the evaluation
of AgNPs antifungal activity,”*** and (iii) their toxicity against
higher organisms26 Silver-based materials effectively eliminate
bacteria at relatively low concentrations which are not toxic for
human cells.”” In addition, bacterial resistance against AgNPs
has not been documented so far.

The combination of the above mentioned magnetic iron oxide
and silver NPs in nanocomposites can be expected to possess
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unique properties. Magnetic silver-based composites have been
already prepared by different methods such as (i) the reduction
of silver salts by an extra reducing agent like glucose,”®*? (ii)
laser-based fabrication,* (iii) photoreduction in the presence of
magnetic NPs,*' or (iv) the immobilization of AgNPs by an acti-
vated polymer which can stabilize the  magnetic
nemoparticle&3 2734 These binary systems, combining the character-
istics of both kinds of NPs, have been found to be applicable in
surface-enhanced Raman scattering,>> in catalytic degradation
of Rhodamine B,37 as electrochemical sensors,>> or as inducers of
apoptosis in cancer cells.*® Moreover, antibacterial and antifungal
properties of this type of composite has been demonstrated.'”2”

Practical applications of both, iron oxides and silver NPs, typi-
cally require NP stabilization in various substrates which should
hinder their aggregation induced by magnetic and/or electrostatic
interactions, respectively. Several kinds of matrices have been
used for the stabilization of NPs so far, i.e., inorganic materials
(e.g., silica, gold), monomeric stabilizers (e.g., surfactants, car-
boxylates), dendrimers or polymers (e.g., dextran, alginate, poly-
saccharides, polyethylenimines).>*” From the above mentioned
matrices, polymers are of a particular interest because of many
available functional groups in their structure, thus providing the
platform for the immobilization of active compounds. In this
regard, the potential of chitosan for developing biocompatible
carriers of conventional anticancer drugs, DNA, and other thera-
peutically important molecules has been already well estab-
lished.** Chitosan is a biopolymer resulting from the
deacetylation of chitin, which is the second (after cellulose) most
abundant natural polymer in the world. Moreover, chitosan is an
environmentally friendly polyelectrolyte, which shows biocom-
patibility and antibacterial properties which make it appealing
for several applications.“’44 In addition, this polymer not only
serves as a stabilizer of NPs, but can also act as a reducing agent
for silver ions.**>7

Here, we report a green synthesis of magnetite(@chitosan
silver (mCH-Ag) nanocomposites under relatively mild con-
ditions. Special attention is given to green synthetic routes
exploiting the biopolymeric matrix and the methods allowing the
preparation of magnetically controllable antimicrobial polymer
for targeting to an active place. As a magnetic unit of the nano-
composite, biogenic magnetite nanoparticles (bMNPs) produced
by magnetotactic bacteria of Magnetospirillum gryphisvaldense
MSR-1 strain were chosen due to their well defined crystallogra-
phy, morphology, and narrow particle size distribution.*® The
bMNPs are produced by these bacteria as intracellular structures
enveloped by an organic membrane called magnetosomes. Mag-
netosome membranes contain several proteins which can act as
antigens and pyrogens. However, recent studies have revealed
relatively high biocompatibility of this material by the determi-
nation of their acute toxicity, immunotoxicity, and cytotoxicity.**
The bMNPs synthesis is achieved under carefully-controlled
conditions over the whole process of biomineralization, ensuring
the uniform shape and narrow particle size distribution of mag-
netite crystals.**>° The resulting bMNPs have a single magnetic
domain of magnetite exhibiting a strong ferrimagnetism.**>' In
the next step of our synthesis, chitosan (an environmentally
friendly polymer) was used as a bMNPs stabilizer and, simul-
taneously, its presence was exploited for the reduction of silver
cations towards AgNPs.

The as-prepared NPs and nanocomposites were characterized
by several techniques including X-ray powder diffraction
(XRD), atomic absorption spectroscopy (AAS), transmission
electron microscopy (TEM), scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDS), and
Fourier-transform infrared absorption spectroscopy (FT-IR).
Finally, we also demonstrate the antimicrobial and antifungal
activity of this new mCH-Ag nanocomposite against ten differ-
ent bacterial strains and four Candida species.

Experimental section
Materials

All chemicals including silver nitrate (Sigma-Aldrich in p.a.
quality), chitosan of low molecular weight (chitosan LW, Sigma-
Aldrich in p.a. quality), sodium hydroxide (p-Lab), and acetic
acid (p-Lab) were used without further purification. All solutions
were prepared with deionized water. Magnetospirillum gryphis-
waldense MSR-1 (DSM 6361) was purchased from Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH
(Brunswick, Germany).

Preparation of biogenic magnetite nanoparticles (bMNPs)

Biogenic magnetite was obtained by an isolation of magneto-
somes from Magnetospirillum gryphiswaldense MSR-1 (DSM
6361) strain and subsequent removal of natural phospholipids
magnetosome membrane. The strain was cultivated under micro-
aerobic conditions in a 10-L oxystat laboratory fermentor (R’ Alf
Plus System, Bioengineering AG, Switzerland) as described pre-
viously by Heyen and Schiiler.>? The isolation of magnetosomes
was performed according to the protocol previously described by
Grunberg er al.>® with minor modifications. The removal of
magnetosome membrane and associated organic debris from
magnetic cores was achieved using a treatment with NaOH.
Magnetosomes kept in water dispersion (approximately 1 mg
mL™") were magnetically collected, resuspended in the same
volume of 5 M NaOH solution and incubated at 98 °C for
30 min. Then, the magnetic part was magnetically collected and
three times washed with deionised water. The concentration of
the solution was adjusted to 1 mg of magnetite per mL.

Synthesis of magnetite@chitosan hybrid (mCH hybrid)

20 mL of the solution of bMNPs were magnetically collected
and subsequently resuspended in 19 mL of 1% acetic acid solu-
tion. Then, 1 mL of 1% solution of chitosan LW in 1% acetic
acid was added and the suspension was sonicated by a probe
sonicator (Sonopuls HD3200, sonotrode MS 73, 30W, 10x S5s
pulses). The reaction mixture was shaken for additional 1 hour at
300 rpm at room temperature (Minishaker MS3, IKA) in order to
allow the adsorption of polymer on the bMNPs surface. Sub-
sequently, the suspension was dropwise added into a well-stirred
50 mL solution of 1 M NaOH. Finally, the as-prepared mCH
hybrid was magnetically collected and resuspended in 15 mL of
deionized water.
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Synthesis of magnetic(@chitosan—silver nanocomposites
(mCH-Ag nanocomposites)

The pH value of a 5 mL solution of mCH hybrid (0.75 mg of
magnetite per mL) was adjusted to 12 by 10 M NaOH. A freshly
prepared 5 mL solution of AgNO; (0.25 mg mL™") was then
added. The reaction mixture was sonicated by a probe sonicator
(Sonopuls HD3200, sonotrode MS 73, 30W, 5x 5s pulses) and
placed in a vial to a water bath tempered at 80 °C. The reduction
of silver ions was performed for additional 15 min. The vial was
then taken out from the water bath and cooled down to room
temperature. Finally, the nanocomposite was magnetically col-
lected and washed with deionized water five times. In order to
prepare mCH-Ag composites with different amounts of Ag, the
concentration of AgNOsz was appropriately varied, e.g., AgNO;
solutions of 0.25, 0.5, 1 and 2 mg mL™" were used for the prep-
aration of samples labeled as mCH-Agl to mCH-Ag4, respecti-
vely, keeping all the other conditions identical.

Characterization techniques

Transmission electron microscopy (TEM) images were obtained
using a transmission electron microscope (JEOL JEM-2010)
operating at 160 kV with a point-to-point resolution of 1.9 A.
Scanning electron microscopic (SEM) images were acquired
using a Hitachi SU 6600 FEG microscope equipped with the
Schottky cathode (maximum accelerating voltage of 30 kV:
point-to-point resolution in secondary electrons mode (SE)
1.3 nm) and working at accelerating voltage of 15 kV. Energy
dispersive X-ray spectroscopy (EDS) measurements were per-
formed on NORAN System 7 X-ray Microanalysis system
(Thermo Scientific), where for X-ray elemental mapping images,
accelerating voltage of 15 kV, working distance of 15 mm and
life time 4000 s were used. For all microscopic techniques, the
samples dispersed in deionized water were sonicated for ~1 min.
Then, a drop of very diluted dispersion was placed on a holey
carbon-coated copper grid and allowed to dry at ambient
temperature.

Fourier transform infrared (FT-IR) absorption spectra were
measured on an FT-IR spectrometer iS5 Thermo Nicolet employ-
ing attenuated total reflection (ATR) on a ZnSe crystal, using 64
scans with the resolution of 2 ¢cm™'. Air-dried samples were
placed directly on a ZnSe crystal and slightly pressed in order to
remove any residual air containing humidity and CO,. The IR
absorption spectra are presented in transmittance after the calcu-
lation from ATR to absorbance and baseline correction. X-ray
powder diffraction (XRD) patterns of all solid samples were
recorded on X'Pert PRO (PANalytical, The Netherlands) instru-
ment in Bragg-Brentano geometry with iron-filtered CoK,, radi-
ation (40 kV, 30 mA) equipped with an X’Celerator detector,
programmable divergence and diffracted beam anti-scatter slits.
Magnetically pre-concentrated suspensions were dropped on a
zero-background single-crystal Si slides, allowed to dry by evap-
oration at ambient temperature and scanned in the 20 range of
20-105° under ambient conditions. The SRM640 (Si) and
SRM660 (LaBg) commercial standards from NIST were used for
the evaluation of line positions and instrumental line broadening,
respectively. The acquired patterns were processed (i.e., phase
analysis and Rietveld refinement) using X'Pert HighScore Plus

software (PANalytical, The Netherlands), PDF-4+ and ICSD
databases. Iron and silver concentrations were determined by the
AAS technique with flame ionization using a ContrAA 300
(Analytik Jena AG, Germany) 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).
The absorption lines used for these analyses were 248.327 nm
for iron and 328.068 nm for silver. The calibration standards
were prepared using an Iron Standard for AAS (1001 mg L™,
Fluka) and using AgNO; (Sigma-Aldrich, 99.8%). For AAS
measurements, an aliquot of 10 uL of each sample dispersed in
deionized water was added to the concentrated nitric acid in a
ratio of 1:9, boiled for 1 hour and appropriately diluted in deio-
nized water.

Antibacterial and antifungal assays

Antibacterial and antifungal activities of mCH hybrid and
mCH-Ag composites were assessed using a standard microdilu-
tion method having been previously described in detail else-
where. 2> This method enables the determination of the
minimum inhibitory concentrations (MICs) of magnetic silver
nanocomposites inhibiting the growth of tested microorganisms.
For the tests of the ability of nanocomposites to inhibit bacterial
and yeast growth, concentrated aqueous dispersions of nanocom-
posites at concentrations of 400 mg L™ for mCH and mCH

Agl, and 900 mg L™' for mCH-Ag4 were prepared. For the
determination of the MIC values, the concentrations of nano-
composites were adjusted by 2 to 128 times dilution using geo-
metrical progression. The testing of our nanocomposites and
determination of MIC values were independently repeated at
least twice. Since the MIC values revealed exactly the same
values based on the aforementioned microdilution method, we
present the results, clearly summarized in graphs, without error
bars. Bacterial strains, obtained from the Czech Collection of
Microorganisms (Masaryk University in Brno, Czech Republic),
were used as standards: Enterococcus faecalis CCM 4224,
Staphylococcus aureus CCM 3953, Escherichia coli CCM 3954,
and Pseudomonas aeruginosa CCM 3955. For testing purposes,
we also used bacterial strains isolated from the clinical material
of patients of the University Hospital in Olomouc, Czech Repub-
lic. These strains included Pseudomonas aeruginosa, Staphylo-
epidermidis,  methicillin-resistant ~ Staphylococcus
epidermidis, — methicillin-resistant  Staphvlococcus — aureus
(MRSA), vancomycin-resistant Enterococcus faecium (VRE),
and ESBL-positive Klebsiella pneumoniae. Antimycotic activity
was tested using Candida albicans (1 and 1), Candida tropicalis,
and Candida parapsilosis strains isolated from the blood of
patients of the University Hospital in Olomouc, Czech Republic.

coccus

Results and discussion
Preparation and characterization of bMNPs and mCH hybrid

Highly uniform magnetite NPs, used as nanocarriers of chitosan,
were obtained by the isolation of magnetosomes from magneto-
tactic bacterium of Magnetospirillum gryphiswaldense MSR-1
strain. In a nutshell, this bacterial strain is able to produce nano-
crystals of magnetite arranged into chain-like structures.>* It is
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Fig. 1 TEM images of (a) bMNPs after the removal of the phospho-
lipid membrane, (b) bMNPs covered by the chitosan-mCH hybrid, (c)
nanocomposites mCH-Agl, and (d) mCH-Ag4.

generally known that the crystals of magnetosomes have cubooc-
tahedral shapes with an average diameter around 40 nm>>>°
covered with a phospholipid membrane. In our procedure, this
phospholipid and protein containing membrane was removed by
treatment with NaOH. The efficiency of membrane removal was
checked by TEM (see Fig. la), evidencing that no organic layer
and no chain-like structure is observed after alkaline hydrolysis.
These isolated biogenic magnetite particles are very uniform
with sizes around 35-40 nm.

The magnetite@chitosan hybrid, mCH hybrid, was prepared
by modified cross-linking methods.””->* Chitosan is a biocompa-
tible and biodegradable polymer with the presence of free amino
groups which ensure its solubility. Chitosan-conjugated magne-
tite was obtained by the neutralization of an acidified magnetite-
chitosan suspension which induced the precipitation of polymer
on the NPs surface. TEM images confirmed an organic layer
covering the bMNPs surface (see Fig. 1b). Chitosan thus served
as a biocompatible matrix and, simultaneously, as a stabilizer of
bMNPs. It can be envisaged that any kind of magnetic nanopar-
ticle can be used instead of bMNPs due to a universal approach
of the cross-linking method based on chitosan. However, we
focused on the nanocomposites employing bMNPs in order to
stay in green synthetic approach.

Immobilization of AgNPs by mCH hybrid, characterization of
magnetic nanosilver (mCH-Ag) composites

Environmentally friendly biodegradable mCH hybrid was used
for the formation and immobilization of AgNPs. Similarly, as
described above in the procedure of mCH hybrid preparation,
free amino groups played a key role in the reduction and immo-
bilization of AgNPs. The alkaline medium, presence of the free
amino groups of chitosan, and a temperature of 80 °C were
found to be necessary for the AgNPs formation. The reduction
of silver ions to AgNPs was performed by chitosan directly on
the magnetite surface. It is assumed that AgNPs were immedi-
ately immobilized on the surface of the mCH hybrid because
there was no significant release of AgNPs into the reaction

Fig. 2 The schematic representation of the synthetic procedure result-
ing in magnetite/chitosan/nanoAg (mCH-Ag) composite (left) and a
TEM image of magnetotactic bacterium used for isolation of biogenic
magnetite (right).

solution, nor during washing of the products by magnetic separ-
ation (i.e., supematants were colorless). Therefore, chitosan
acted not only as a reducing agent, but also as an efficient stabil-
izer and linker between AgNPs and bMNPs. The schematic rep-
resentation of the synthetic procedure resulting in the final
biocompatible magnetite—chitosan-nanoAg (mCH-Ag) compo-
site is depicted in Fig. 2 together with a TEM image of magneto-
tactic bacterium used for isolation of biogenic magnetite.

The superior aspect of the present green synthetic procedure is
the possibility to control the size of silver nanoparticles simply
by the concentration of AgNO;. Four nanocomposites, labeled
as mCH-Agl — mCH-Ag4, were prepared by varying the initial
concentration of silver salt (0.25, 0.5, 1, and 2 mg mL~!,
respectively). TEM images of composites showed the depen-
dence of AgNPs size on the concentration of silver salt in the
reaction mixture with the average size increasing from 6 nm for
mCH-Agl (see Fig. 1¢) to 20 nm for mCH-Ag4 (see Fig. 1d).

This AgNPs size control was also confirmed by XRD data. In
the XRD pattern of the as-prepared bMNPs, we have identified
exclusively a crystalline magnetite, represented by narrow and
symmetric diffraction peaks (see Fig. 3). The mean X-ray diffrac-
tion coherence lengths (MCL) calculated from the Rietveld
refinement is equal to 32 nm. Compared to the average particle
size derived from TEM images (~40 nm), it indicates that the
magnetite NPs are formed by twinned crystals; i.e., as previously
reported by Devouard et al® The control AgNPs prepared by
the reduction of AgNOs, exploiting chitosan, manifested them-
selves by having extremely broad and asymmetric diffractions in
the XRD pattern (see Fig. 3). The calculated MCL value is lower
than 5 nm. However, the non-Gaussian shape of the diffraction
peaks indicates a rather polydisperse character of particle size
distribution with some particles >10 nm. Accordingly, the dif-
fractions of magnetite and metallic silver were also identified in
the XRD patterns of all studied magnetic nanocomposites
(mCH-Agl, mCH-Ag2, mCH-Ag3, and mCH-Ag4 in Fig. 3).
The four nanocomposites differ mainly in the proportion of both
phases. The increasing weight content of Ag nanoparticles,
varying from 18 wt% for mCH-Agl to 60 wt% for mCH-Ag4,
is consistent with the increased amount of AgNO; used for
nanocomposite synthesis. This is also in full accordance with the
result of AAS (see Table 1). The MCL values calculated for
AgNPs were found to be equal to 7, 10, 14, and 17 nm for
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Fig. 3 X-ray powder diffraction patterns of all studied magnetite@
chitosan—silver nanocomposites (mCH-Agl, mCH-Ag2, mCH-Ag3,
and mCH-Ag4) compared with reference samples of pure biogenic mag-
netite (b(MNPs) and nanocrystalline metallic Ag (AgNPs). Theoretical
positions of diffraction lines of magnetite (m) and metallic Ag (a) are

also shown (PDF cards no. 01-088-0315 and 01-089-3722,
respectively).
Table 1 Mutual contents of magnetite and Ag in the nanocomposites

determined by AAS

Sample Silver content (wt%) Magnetite content (Wt%)
mCH-Agl 18 82
mCH-Ag2 29 71
mCH-Ag3 45 55
mCH-Ag4 60 40

samples mCH-Agl, mCH-Ag2, mCH-Ag3, and mCH-Ag4,
respectively.

The IR absorption spectra of pure chitosan, mCH hybrid and
mCH-Ag4 hybrid have been measured and are shown in Fig. 4.
The assignment of particular bands in the spectrum of chitosan
can be performed on the basis of the literature data.®®" There
are only slight differences in the spectrum of chitosan presented
in this work and that in the work by Shameli e al.° It should be
noted that all our IR absorption spectra have been recorded on a
spectrometer enabling attenuated total reflection mode and, thus,

chitosan

mCH

Transmittance

S S

mCH-Ag4

7L
T T T 7/ T T T T
3600 3300 3000 1600 1400 1200 1000 800

Wavenumber / cm™

Fig. 4 FT-IR absorption spectra of chitosan, magnetite@chitosan
hybrid (mCH), and magnetite@chitosan—silver nanocomposite with the
highest Ag concentration (mCH-Ag4).

we can avoid any additional bands stemming from a possible
interaction of chitosan with KBr and/or water molecules being
absorbed by KBr during the preparation of pressed pellets.
Obviously, the presence of any contaminants is also excluded by
this approach. The IR absorption spectrum of mCH hybrid (see
Fig. 4, mCH spectrum) reveals characteristic bands of both
species, ie., magnetite (~670 em™ .99 as well as chitosan
(CH, CO, CN, NH, and OH stretching and deformation
vibrations).®® In comparison to the spectrum of pure chitosan,
the relative intensities of the CH stretching vibrations
(2900-2800 ¢cm™") is increased in the spectrum of the mCH
hybrid. On the contrary, the OH and/or NH (3600-3000 cm™")
and C-O (1100-1000 ¢cm™") stretching vibrations relatively
decreased in intensity. This can be related to the fact that chito-
san preferentially interacts with the bMNP surface via its OH
and/or NH groups. Upon the adsorption on bMNPs, several
chitosan bands shift to lower wavenumbers as is seen in the
spectrum of the mCH hybrid. Moreover, a new band occurs at
~1520 cm™'. This can be attributed to a shifted deformation
vibration either of OH, or NH groups upon adsorption on the
surface of bMNPs. A very similar shift has been observed by
Shameli et al.®" when they adsorbed chitosan on montmorillo-
nite, which they assigned it to the NH deformation band. The
last band, which deserves our attention even if it is rather weak,
is positioned at 1730 em™!in the spectrum of mCH hybrid (see
Fig. 4, mCH spectrum). This band is completely missing in the
spectrum of pure chitosan (see Fig. 4, chitosan spectrum).
Usually, the IR absorption in this region is related to the presence
of a C=0 vibration.** Therefore, it can be assumed that at least
some of the ends of chitosan polymeric chains have opened their
hemi-acetal structure upon adsorption on magnetite bMNP
surface (possibly for energy gain reasons). The results derived
from the IR absorption spectrum of mCH hybrid thus confirms
the fact that chitosan serves as a matrix covering bMNPs.

The IR absorption spectrum of the final mCH-Ag4 nanocom-
posite (see Fig. 4, spectrum mCH-Ag4) reveals a very similar
spectral pattern to that of the mCH hybrid (see Fig. 4, spectrum
mCH) at first glance. However, there are at least three distinct
differences which will be further discussed in details. First, the
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relative intensity of the magnetite band in the spectrum of mCH
Ag4 is lower than that observed in the spectrum of the mCH
hybrid; the other vibrations stemming from chitosan molecules
adsorbed on the surface of bMNPs are increased in relative inten-
sities in mCH-Ag4. This can be explained by the presence of
AgNPs in mCH-Ag4, as AgNPs are known to be responsible for
enhanced optical processes, such as absorption and sczlttering.65
Taking into account that chitosan molecules, acting as reducing
agents and consequently as linkers between AgNPs and bMNPs,
are in close contact with the AgNPs, their vibrations will be
more enhanced than those of magnetite.

The second distinct difference between the mCH-Ag4 compo-
site and mCH hybrid IR absorption spectra includes the appear-
ance of two new bands, positioned at 1610 and 1450 cm™" and
increased absorption in the regions of 1550-1500 and
1400-1200 cm™" for mCH-Ag4. The former could be attributed
to carboxyl asymmetric and symmetric stretching vibrations,
respectively,® while the latter may correspond to asymmetric
and symmetric stretching vibrations of ~NO, group on aliphatic
chains.®* Considering the results of TEM and XRD, which pro-
vides evidence that silver ions are reduced by chitosan resulting
in the formation of AgNPs, it can be assumed that the reduction
of silver cations leads to a simultaneous partial oxidation of the
available amino and carbonyl groups of chitosan adsorbed on
the surface of the bMNPs. Therefore, nitro and carboxyl groups
are detected in the IR absorption spectrum of mCH-Ag4. Inter-
estingly, the oxidation of carbonyls to carboxyl groups of
adsorbed chitosan is, to a certain extent, similar to that of
glucose in the course of Ag nanoparticles preparation as spectro-
scopically evidenced in the electronic supplementary information
(ESI) of Siskova et al.%” The last significant difference in the IR
absorption spectrum of mCH-Ag4 when compared to that of
mCH hybrid (see Fig. 4) mainly lies in the splitting of CH
stretching vibrations. The splitting is most probably induced by
the cancellation of CH vibrational state degeneration, which
implicitly corroborates the vicinity of another species interacting
with chitosan, i.e., AgNPs.

In order to check the uniformity of the AgNP distribution in
the mCH-Ag composites, and on special request of a referee, we
have performed elemental mapping for Fe, O, Ag together with
SEM imaging. The resulting distribution of elements is shown
for the mCH-Ag4 sample as an example in Fig. 5.

In summary, the above-mentioned TEM, SEM, EDS, XRD,
AAS, and FT-IR data show that the developed green synthetic
procedure leads to well defined magnetic silver nanocomposite
with a superior possibility to control the size and content of
silver nanoparticles through the concentration of AgNOs;. The
strong magnetic response of all nanocomposites is demonstrated
on photographs in Fig. 6.

Antibacterial and antifungal testing of mCH hybrid and
mCH-Ag nanocomposites

Antibacterial and antifungal activities of the synthesized mCH
hybrid, mCH-Agl and mCH-Ag4 nanocomposites were investi-
gated by using the standard microdilution method, determining
minimum inhibitory concentrations (MIC) of the magnetic silver
nanocomposites leading to a growth inhibition of tested bacterial

Fig. 5 SEM image and X-ray elemental mapping of mCH-Ag4 nano-
composite; (a) SEM image and elemental mapping of (b) iron (Fe),
(c) oxygen (O), and (d) silver (Ag).

2 ol

Fig. 6 Demonstration of magnetic response of mCH-Ag nanocompo-
sites on an external magnetic field: mCH-Agl, mCH-Ag2, mCH-Ag3,
and mCH-Ag4 nanocomposites (labeled as 1 to 4, respectively)
(a) without applied external magnetic field and (b) in the presence of an
external magnet.

strains and Candida species. The ability of the nanocomposites
to inhibit the growth of the tested strains is shown in Fig. 7.
From the MIC values, it is evident that both nanocomposites
(mCH-Agl as well as mCH-Ag4) significantly inhibited the
growth of the tested microorganisms. On the contrary, the mCH
hybrid does not show any antibacterial and antifungal activity
for any microorganisms at the highest tested concentration
(400 mg | P

The low values of MIC (see Fig. 7a) which corresponds to the
total mass of nanocomposites, range between 7.0 and 50 mg L™
depending on the bacterial strain, and manifests a high anti-
microbial effect against the selected strains. The mutual comparison
of both nanocomposites revealed that the slightly lower values of
MIC for mCHAg-4 could be caused by a higher concentration of
silver in the composite. However, the MIC value was
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Fig. 7 (a) Minimum inhibitory concentrations (MIC) and (b) Ag-
related MIC values of magnetite@chitosan—silver nanocomposites
(mCH-Agl and mCH-Ag4) determined against selected bacteria and
yeasts.

recalculated exclusively to the Ag content in the respective nano-
composite (see Fig. 7b), and was found to be twice as low as
that observed for mCH-Agl compared to mCH-Ag4. It is evi-
dently due to the smaller AgNP sizes in this composite (7 nm) in
comparison with mCH-Ag4 (17 nm). Thus, it turns out that the
antibacterial activity of AgNPs in the nanocomposites can be
dependent on their size, which is similar to what has observed
previously,?"*®% while the total MIC values of composites are
dependent both on the silver size and loading. The MIC values
of the two nanocomposites determined for yeast fall into the
range from 0.9 mg L™ to 12.6 mg L7 (see Fig. 7a). The higher
antifungal activity of mCH-Ag4 in comparison with mCH-Ag]
was also observed and could be caused by a higher concentration
of silver in this sample, as explained in the case of the antibacter-
ial activity. Regarding Ag-related MIC values of these two nano-
composites (see Fig. 7b), their antifungal activities were
comparable and no differences, which were dependent on the
size of the particles, were observed. This observation is in direct
contrast to the antibacterial activity of nanocomposites consider-
ing Ag-related MIC values. The discrepancy in the trends of Ag-

related MIC values in tests of antibacterial and antifungal activi-
ties can be caused by (i) the differences in cell membranes of
bacteria and yeasts, and (ii) the mode of action of AgNPs as
described earlier."”

The above discussed data reflects the high antimicrobial and
antifungal effects of both nanocomposites. It should be empha-
sized that the antimicrobial effects of our nanocomposites are
even comparable to those of colloidal silver dispersions.>” Only
a few magnetic nanocomposites with such a high antibacterial
activity have been reported in the literature so far.'”?” However,
it should be remembered that Prucek er al.?’ described a syn-
thetic procedure for magnetic nanocomposites based on AgNPs
prepared from silver salt by the reduction with maltose in the
presence of magnetic NPs, namely y-Fe,O5 and Fe;04. The MIC
values acquired for both nanocomposites fall into the range
between 15.6-125 mg L' in the case of bacteria and
1.9-31.3 mg L~ in the case of yeasts, which are higher than the
MIC values of the nanocomposites prepared by the totally green
synthesis as presented in this work. Furthermore, Dallas et al."
described the preparation, antibacterial and antifungal activity of
nanocomposites consisting of maghemite NPs (y-Fe,O3) and
AgNPs incorporated into a multifunctional phosphotriazine
matrix (which also acts as a reduction agent). The range of MIC
values of this nanocomposite is between 78-150 mg L7,
depending on the strain.'” Also in this case, the magnetic com-
posite prepared using non-biocompatible linker,'” gave MIC
values several times higher than those found for the mCH-Ag
nanocomposites prepared by the procedure described in the
present work.

To sum up this section, our mCH-Ag nanocomposites are the
first magnetically-driven chitosan-based silver nanocomposites
which are prepared by a green synthesis with controllable silver
NPs size and content and, at the same time, were highly active
against bacteria and yeasts.

Conclusions

The simple and well-controllable method exploiting green syn-
thesis has been developed for the formation of bifunctional anti-
microbial nanocomposites consisting of biogenic magnetite,
silver NPs, and a chitosan-based biopolymeric matrix. The main
advantages of the new preparation procedure are as follows: (i)
the use of biogenic magnetite with uniform shape and size; (ii)
absence of any additional agents required for Ag reduction; (iii)
relatively mild conditions of the reduction; and (iv) targeted syn-
thesis of silver nanoparticles that results in their size and content
control realized simply by adjusting the initial concentration of
silver salt in the reaction mixture. Chitosan plays a triple role in
the developed green synthesis of the nanocomposites, i.e., it
creates a biocompatible matrix around the biogenic magnetite
NPs, acts as an in situ reducing agent and a template for anchor-
ing both, magnetite and silver NPs. As a result, the prepared
nanocomposites reveal very high efficiencies (even comparable
with dispersions of AgNPs) against a wide range of bacterial
strains and Candida species, thus representing that the materials
are applicable for magnetically-driven targeted antimicrobial
treatment in biomedicine.
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ABSTRACT: We report on new magnetic bimetallic Fe—Ag
nanoparticles (NPs) which exhibit significant antibacterial and
antifungal activities against a variety of microorganisms including
disease causing pathogens, as well as prolonged action and high
efficiency of phosphorus removal. The preparation of these
multifunctional hybrids, based on direct reduction of silver ions by
commercially available zerovalent iron nanoparticles (nZVI) is
fast, simple, feasible in a large scale with a controllable silver NP
content and size. The microscopic observations (transmission
electron microscopy, scanning electron microscopy/electron
diffraction spectroscopy) and phase analyses (X-ray diffraction,
Massbauer spectroscopy) reveal the formation of Fe;O,/y-
FeOOH double shell on a “redox” active nZVI surface. This

Ag® Fe(ll)/

Fe(lll)

y-FeOOH/
Fe,0,
shell

shell is probably responsible for high stability of magnetic bimetallic Fe—Ag NPs during storage in air. Silver NPs, ranging
between 10 and 30 nm depending on the initial concentration of AgNOj, are firmly bound to Fe NPs, which prevents their
release even during a long-term sonication. Taking into account the possibility of easy magnetic separation of the novel bimetallic
Fe—Ag NPs, they represent a highly promising material for advanced antimicrobial and reductive water treatment technologies.

B INTRODUCTION

Contamination of the environment is one of the most
threatening problems afflicting people.' Besides the pollutants
such as heavy metals, halogenated organics, and pesticides
which are not biodegradable and exhibit toxicological and
carcinogenic effects, a large variety of microorganisms including
disease causing pathogens as, for example, bacteria (Salmonella
enterica, Staphylococcus aureus, Pseudomonas aeruginosa), proto-
zoa (Giardia lambia), fungi (Candida spp.), and viruses
(hepatitis A virus) pose a great threat.” Over the past ten
years, numerous studies have been undertaken to investigate
methods and techniques for inactivation and removal of
hazardous compounds. New materials containing active metal
nanoparticles (NPs) (e.g, Fe, Ni, Pd, and Ag) exhibiting special
properties have been employed as well.'

Zero-valent iron nanoparticles (nZVI) belong to the most
extensively studied nanomaterials concerning pollutant removal
because they serve as cost-effective and environmentally
friendly active agents."*”” Several studies have shown that
nZVI particles enable reduction, sorption, and/or both
processes simultaneously when applied against a broad range
of common environmental contaminants.>® However, with
respect to an extremely high reactivity and large specific surface
area, nZVI particles tend to react with surrounding media and

ACS Publications © 2013 American Chemical Society
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spontaneously aggregate, resulting thus in a significant loss of
their reactivity.® One of the strategies on how to eliminate these
processes and preserve high reactivity of nZVI has been based
on the preparation of bimetallic NPs. Particularly, a partial
coverage of nZVI by metals like Pd, Pt, Ni, Cu, or Ag (hence
metals often used for catalysis) can lead to an increase of nZVI1
efficiency in various applications, such as removal of inorganic
pollutants and/or anthropogenic organics.”>* However, to
date, only a very few papers have focused on bactericidal and
fungicidal activities of bimetallic NPs.***% Moreover, the NPs
investigated in recent studies™® do not possess magnetic
properties. Therefore, we have dealt with this topic of research
and here present our results for Fe—Ag bimetallic NPs.
Intentionally, we have chosen the bimetallic NPs containing Ag
and nZVI because each of them, however separately, is known
for its antimicrobial activity at least to some extent. We
hypothesize that the conjunction of Ag and nZVI particles in
bimetallic ones could induce similar or even better antibacterial
and antifungal properties than each of them when used
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separately. Moreover, due to the presence of nZVI which has
been proven to possess high magnetization values,® bimetallic
NPs can be easily targeted and afterward separated by a simple
magnet, i.e,, they can be removed from the place of their action
against bacteria and fungi. Namely, this property of magnetic
bimetallic NPs enables us to better control or to completely
minimize their possible side effects on the environment.

Silver nanoparticles (AgNPs) belonging to the most popular
antibacterial and antifungal agents are currently employed in
cosmetics, fabrics, or medical uses (e.g., coating of medical tools
such as catheters, infusion systems, or medical textiles).27'28
There are serious concerns about their release into the
environment.>** 7" Although the precise bactericidal and
fungicidal mode of their action is still not fully understood,
several possible mechanisms have been suggested so far as
reviewed by Rai at al.** According to those mechanisms, AgNPs
(i) are adsorbed onto the cell membrane surface leading thus to
its permeability and respiration malfunctions,® (ii) induce the
formation of free radicals which cause membrane damage,34 or
(iii) can penetrate inside the bacteria and subsequently release
silver ions.*** If silver ions are released, they can inactivate
proteins and/or intercalate between the purine and pyrimidine
bases of DNA.>

In comparison to a rather vast amount of literature
concerning bactericidal and fungicidal activities of AgNPs,
only a few papers have reported on antibacterial activity and
toxicity of nZVI particles. Up to the current date, a strong
bactericidal effect and toxicity of nZVI against both Gram-
positive (Bacillus subtilis) and Gram-negative (Escherichia coli,
Pseudomonas  fluorescens) bacteria have been proven”*
Recent studies concerning nZVI action on cyanobacteria
(Gram-negative species), which pose a serious threat to water
resources over the world, have revealed that nZVI particles are
highly selective agents against bacteria with minimal toxicity
effects on algae, daphnia, water plants, and fishes.** Similarly,
no inactivation of fungi (Aspergillus versicolor) by nZVI has been
reported by Diao et al.*® The toxicity of nZVI is supposed to be
based on both physical disruption of cell membranes and
oxidative stress caused by reactive oxygen species which are the
products of reaction of Fe(Il) with oxygen and/or hydrogen
peroxide.”” Freshly synthesized bare nZVI is of bactericidal
character at low mg/L concentrations, but surface modifiers
and aging (ie., namely, partial surface oxidation) crucially
influence (decrease) this nZV1 Eroperty as has been evidenced
many times in the literature.*”*>*

In our effort to prepare magnetic bimetallic Fe—Ag NPs, we
exploited the ability of nZVI to reduce Ag® ions from solution
which are then deposited in the form of Ag” on the surface of
nZVL*® In the present work, we tested various ratios of Fe:Ag
and compared characteristics and properties of the prepared
bimetallic NPs. The as-prepared magnetic bimetallic Fe—Ag
NPs were thoroughly characterized by means of transmission
electron microscopy (TEM), scanning electron microscopy
(SEM), X-ray diffraction (XRD), atomic absorption spectros-
copy (AAS), Mbssbauer spectroscopy, and magnetization
measurements. Aging of the magnetic bimetallic NPs stored
under dry conditions and/or in aqueous dispersions was
evaluated as well. Moreover, their stability and possible release
of Ag under sonication were determined. Presumed anti-
bacterial and antifungal properties of bimetallic NPs were tested
on ten different bacterial strains and four Candida species.
Finally, the ability and efficiency of bimetallic Fe—Ag NPs in
removal of phosphates, which are one of nutrient sources for
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growth and occurrence of cyanobacteria,* were investigated. It
turns out that these novel large-scale accessible and air-stable
bimetallic NPs act simultaneously as highly efficient anti-
bacterial and antifungal agents as well as phosphate sorbents.
Taking into account the possibility of their magnetic separation,
these bimetallic Fe—Ag NPs are highly promising in advanced
technologies of antimicrobial water treatment including waste
and drinking waters.

H MATERIALS AND METHODS

Chemicals. Silver nitrate (p.a. quality) was purchased from
Sigma-Aldrich, nanoscale zerovalent iron (nZVI) particles were
obtained from NANOIRON, Ltd. (available as nanopowder
NANOFER 25N stored under nitrogen atmosphere). All of the
used suspensions were prepared with ultrapure deionized water
(0.05 uS cm™', AquaOsmotic). All chemicals were used without
any further purification.

For the preparation of magnetic bimetallic NPs, we have
intentionally chosen the commercially available nZVI which can
be prepared in a large scale. The starting nZVI particles (stored
under nitrogen as delivered by the producer) were charac-
terized by Méssbauer spectroscopy (measured under inert
atmosphere in a glovebox; see the Supporting Information).
The average size of nZVI particles is ~70 nm (based on TEM
images), their specific surface area is ~18 m*/g (calculated from
the nitrogen adsorption/desorption curve employing Bruna-
uer—Emmett—Teller method), and the content of metallic iron
is higher than 90 wt % (from the phase analysis based on the
combination of X-ray powder diffraction (XRD) technique and
Maéssbauer spectroscopy).

Preparation of Magnetic Bimetallic NPs. Magnetic
bimetallic NPs of four different Fe:Ag ratios were prepared
by the following procedure: 12.5, 25, 50, or 100 mg of AgNO;
was dissolved in 50 mL deionized water and injected into 60
mL vials covered with septum and containing 100 mg nZVI
which was stored under nitrogen atmosphere before the
addition of AgNOj solutions. The reaction mixtures were
immediately sonicated by a probe sonicator (HD3200,
sonotrode MS 73, SO W, 5 X 2 s pulses), followed by shaking
at 150 rpm for 15 min. The reaction between nZVI and AgNO;
was terminated by magnetic separation and subsequent washing
(5 times) by deionized water. The samples were labeled as Fe—
Agl, Fe—Ag2, Fe—Ag3, and Fe—Ag4 according to the
increasing AgNO; concentration in reaction mixtures. For the
sake of a direct comparison, the reaction of nZVI in deionized
water was also performed, i.e., without the presence of AgNO,,
under otherwise the same experimental conditions; this sample
served as a reference.

Characterization Techniques. TEM images were ob-
tained using an electron microscope of JEOL JEM-2010 type,
SEM images were obtained on a Hitachi SU6600 FEG, XRD
patterns of all magnetic bimetallic NPs were recorded on a
PANalytical X'Pert PRO diffractometer, and iron and silver
concentrations were determined by AAS technique with flame
ionization using a ContrAA 300 instrument (Analytik Jena AG,
Germany) equipped with a high-resolution Echelle double
monochromator (see the Supporting Information for more
details). A superconducting quantum interference device
(SQUID, MPMS XL-7, Quantum Design) has been used for
the magnetic measurements. The hysteresis loops were
collected at a temperature of 300 K in external magnetic fields
from —5 to +5 T. *’Fe Mossbauer spectra were measured with
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$7Co(Rh) source at RT. Isomer shift values are referred to the
metallic iron at room temperature.

Aging of Magnetic Bimetallic NPs When Stored as
Powders and/or in Aqueous Dispersions. All prepared
Fe—Ag NPs were stored as both air-dried powders and aqueous
dispersions under ambient atmosphere in order to determine
their corrosion (oxidation) and aging. The changes of phase
composition of Fe—Ag NPs induced by corrosion and aging
were observed by a direct comparison of XRD results of the
samples measured before and after storage for 20 days.

Stability of Magnetic Bimetallic NPs When Exposed to
Sonication. The stability of the Fe—Ag NPs treated by
sonication was determined by the comparison of their phase
composition (namely the content of silver was checked) prior
to and after the exposure to sonication for different time
intervals (10—300 min). Temperature of the sample bath was
not adjusted during the sonication process; thus, heating up to
80 °C was observed in the samples which were sonicated for
prolonged times (above 30 min). For the sake of a direct
comparison, initial ratios of Ag/Fe of all four Fe—Ag NPs are
expressed in the graph as values for the sonication time equal to
0 min.

Antibacterial and Antifungal Activity. Antimicrobial
activities of Fe—Ag NPs were assessed using a standard
microdilution method.*® The microdilution method enables to
determine the minimum inhibitory concentrations (MIC) of
the NPs inhibiting growth of tested microorganisms under
aerobic conditions. For the tests of the ability of the synthesized
bimetallic NPs to inhibit bacterial and yeasts growth, aqueous
dispersions of Fe—Ag NPs at concentrations of 4 g/L were
prepared. For the determination of MIC values, magnetic
bimetallic NPs concentrations were adjusted by 2 to 128 times
dilution using geometrical progression in disposable micro-
titration plates. The microtitration plates were then inoculated
with the tested bacteria and/or yeasts at concentrations ranging
from 10° to 10° CFU/mL. The MIC values were determined
after 24 h of incubation at 37 °C. Bacterial strains obtained
from the Czech Collection of Microorganisms (Masaryk
University in Brno, Czech Republic) were used as standards:
Enterococcus faecalis CCM 4224, Staphylococcus aureus CCM
3953, Escherichia coli CCM 3954, and Pseudomonas aeruginosa
CCM 3955. For testing purposes, we also used bacterial strains
isolated from the clinical material of patients of the University
Hospital in Olomouc, Czech Republic. These strains included
Pseudomonas aeruginosa, Staphylococcus epidermidis, methicillin-
resistant Staphylococcus epidermidis, methicillin-resistant Staph-
ylococcus aureus (MRSA), vancomycin-resistant Enterococcus
faecium (VRE), and ESBL-positive Klebsiella pneumoniae.
Antimycotic activity was tested using Candida albicans (I and
11), Candida tropicalis, and Candida parapsilosis strains isolated
from the blood of patients of the University Hospital in
Olomouc, Czech Republic.

Phosphate Removal Using Magnetic Bimetallic NPs.
For the determination of phosphate removal, batch experiments
were carried out with 10 mg of magnetic bimetallic NPs or
reference mixed with 25 mL phosphate solution (10 mg PO,>/
L) in 60 mL vials. The samples were then sonicated for 1 min,
immediately followed by thermostat shaking at 80 rpm and 25
°C for up to 5 days. Two milliliter aliquots were collected from
each sample at the beginning of the batch experiments and also
in the following intervals counted from the moment of mixing:
0.25, 05, 1, 2, §, 24, 48, 72, 96, and 120 h. In each particular
time interval, solid phases were magnetically removed and only
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supernatant solutions were used to determine phosphate
concentrations exploiting the spectrophotometric method at A
= 880 nm (UV—vis spectrophotometer Lightwave II), which is
based on ascorbic acid reaction.”” Deionized water served as a
blank sample in UV—vis absorption measurements in 1 cm
cuvettes.

B RESULTS AND DISCUSSION

Characterization of Fe—Ag NPs. It is well-known that
nZVI particles represent a strong reductant with a very high
removal efficiency (>99%) of metal ions (e.g., Cu, Ag, and Hg)
possessing standard electrode ls:yotentials E° substantially higher
than that of iron (—=0.41 V).* In our case, we reduced silver
ions dissolved in aqueous solution by commercially available
nZVI particles. As a reference sample, we used nZVI particles
dispersed simply in water (i.e., in the absence of silver ions)
under otherwise the same conditions. During the reduction of
Ag" ions in aqueous solution, nZV1 is at least partially oxidized
and iron oxides and/or oxyhydroxides are produced.>*®

For the sake of darity, in Figure 1, we show cake-graphs
(based on XRD measurements) together with morphologies
(visualized by TEM) of the as-prepared samples. In XRD
patterns (Figure S1 in the Supporting Information), we have
identified four crystalline phases in the prepared bimetallic Fe—
Ag samples as summarized in Table S1 in the Supporting
Information: metallic silver (Ag®), zerovalent iron (a-Fe),
lepidocrocite (y-FeOOH), and maghemite or magnetite
(Fe,04/Fe;0,). The last mentioned phase is difficult to be
distinguished using XRD alone. Therefore, Mossbauer spec-
troscopy has been used to confirm the presence of a-Fe, y-
FeOOH, and magnetite in selected Fe—Ag samples as well as in
the reference (Figure S2, Table S2, and Table S3 in the
Supporting Information). Interestingly, comparing the results
based on XRD analysis (Figure S1 and Table Sl in the
Supporting Information) with those obtained by Mdssbauer
spectroscopy (Figure S2, Table S2, and Table S3 in the
Supporting Information), there is a distinct difference in the
absence and/or presence of FeOOH, respectively. It is certainly
caused by nearly amorphous character of this iron-bearing
phase, which is detectable by XRD with difficulties.*® The
occurrence of an amorphous (in the reference) and/or
crystalline (in the Fe—Ag samples) FeOOH may be induced
by changes in ionic strength and pH value when AgNOj;
(employed as silver ions source) is present in the aqueous
solution into which nZVI particles are introduced from an inert
atmosphere. According to the quantitative XRD analysis, the
content of Ag’ rises with the increasing concentration of
AgNOj;. Simultaneously, with an increasing content of silver
(going from Fe—Agl to Fe—Ag4), the contents of iron-bearing
phases decrease as it can be clearly seen in Figure 1a and results
from XRD and AAS analyses. The values of mean XRD
coherence lengths (MCL) calculated from the Rietveld
refinement for Ag’ in particular samples are given in Table
S4 in the Supporting Information. Obviously, the size of AgNPs
increases with an increasing concentration of silver ion source
in the reaction mixture (Table S4 in the Supporting
Information). The same result is corroborated by a direct
observation of AgNPs by TEM (Figure 1b). Moreover, TEM
images (Figure 1b) reveal different morphologies and spatial
arrangements of iron- and silver-bearing phases in the Fe—Ag
samples in comparison to the reference. While the morphology
of the reference manifests itself by a thin iron oxide shell
(formed by nZVI oxidation in water) on metallic Fe’ core; a
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(a) XRD
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(b) TEM
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a-Fe 1% y-FeOOH

Figure 1. (a) Cake-graphs illustrating the phase composition based on
XRD analysis: metallic silver (Ag®), zerovalent iron (a-Fe),
lepidocrocite (y-FeOOH), and magnetite (Fe;O4); and (b) TEM
images of reference (partially oxidized nZV1) and Fe—Ag bimetallic
NPs.

needle-shaped ferric oxy-hydroxides and almost spherical
metallic AgNPs can be clearly distinguished on the surface of
nZVI of Fe—Ag samples (Figure 1b). Schematic illustration of
the bimetallic NPs structure based on the above-mentioned
results is shown in Figure 2a. The uniformity of AgNPs
distribution on Fe surface was confirmed by elemental mapping
for Fe, O, and Ag. The resulting distribution of elements was
found to be uniform as shown in Figure 2b.

Last, but not least, we have measured macroscopic magnetic
properties of the as-prepared Fe—Ag NPs. At this place, it
should be pointed out that saturation magnetization of the
nZVI particles is typically reached at a magnetic field of ~1 T,
exhibiting a strong magnetic response at low applied magnetic
fields (Figure S3 and Table SS in the Supporting Information).
Indeed, saturation magnetization of nZVI particles is three
times higher than that of magnetite of a comparable particle
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(a)
Fe(lly/
Fe(lll)
y-FeOOH/
Fe;0,
shell

Figure 2. (a) Schematic illustration of bimetallic Fe—Ag NPs and (b)
SEM image and X-ray elemental mapping (iron (Fe), oxygen (O), and
silver (Ag)) of Fe—Agl.

size. Thus, a simple hand magnet can be employed in order to
magnetically separate nZVI particles from a solution. Since the
as-prepared Fe—Ag NPs contain diamagnetic parts (AgNPs),
the saturation magnetization is expected to be of a lower value
than that of starting nZVI particles. This assumption has been
confirmed (Figure S3 in the Supporting Information) and
saturation magnetization of Fe—Agl and Fe—Ag4 revealed the
values of 123.5 and 107.6 emu.g™', respectively. The reference
has also been measured and its saturation magnetization
reached a value of 142.9 emu.g™, which is slightly lower than
that of starting nZVI particles. The lowering of saturation
magnetization in the reference can be induced by the presence
of (super)paramagnetic shell formed by ferric oxyhydroxide (as
detected by Mossbauer spectroscopy).

Aging of Fe—Ag NPs Stored as Dry Powders and/or
Aqueous Dispersions. In order to quantify the changes of
phase composition of all studied magnetic bimetallic NPs upon
storage under two different conditions, ie, (i) kept in a dry
state in air or (ii) dispersed in deionized water, we have
characterized the series of aged samples by XRD technique
(Figure S1 and Table S1 in the Supporting Information).

The phase composition of the Fe—Ag NPs as well as the
reference stored as dry powders in air for 21 days remained
unchanged when compared to the freshly prepared ones (Table
S1 in the Supporting Information). It indicates that the oxide/
oxyhydroxide (Fe;0,/y-FeOOH) shell and AgNPs generated
on Fe” core cause its effective passivation and protection against
a further oxidation when stored in air. Interestingly, no
oxidation of AgNPs has been observed since the mean particle
size determined from the Rietveld refinement is maintained on
the same value (Table S4 in the Supporting Information).

On the other hand, the samples stored in water for the same
period of time were significantly oxidized (Table S1 in the
Supporting Information); the content of metallic iron
decreased with a simultaneous increase of the iron oxides
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content. The content of Ag’ also slightly lowered, particularly
for the Fe—Ag3 and Fe—Ag4 samples (Table S1 in the
Supporting Information); however, this is most probably
caused by an increase in the total mass of bimetallic NPs due
to oxidation. The mean particle size (based on the Rietveld
refinement) of metallic silver remained constant (Table S4 in
the Supporting Information).

It can be thus summed up that the magnetic bimetallic NPs
are stable when stored as dry powders in air; however, they
remain reactive in water environment. This fact is of a
paramount importance for water treatment applications of
bimetallic NPs.

Stability of Fe—Ag NPs when Exposed to Sonication.
Presumably, the reaction of silver ions with nZVI in water
involves two processes: reduction and adsorption.*® To
determine a possible silver release from magnetic bimetallic
NPs, we have exposed the samples to intensive sonication. The
time-dependence of mutual Ag:Fe ratio for Fe—Ag NPs is
shown in Figure 3a. From a direct comparison of untreated and
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Figure 3. (a) Determination of Ag release from Fe—Ag NPs exposed
to sonication expressed as dependence of Ag/Fe ratio on sonication
time and (b) phosphate removing by bimetallic Fe—Ag NPs and/or
reference sample (partially oxidized nZVI) from solutions with the
initial phosphate concentration of 10 mg/L determined as residual
PO,* concentrations in time.

sonication-treated variants of the same sample (Figure 3a), the
strong adsorption of silver onto nZVI surface and almost no
release of Ag are evidenced for all four samples. Even in the
case of Fe—Ag4 where the silver content is extremely high
(53% of dry weight), the changes of mutual Ag:Fe ratio
expressed as a function of sonication time are within the
experimental error (Figure 3a). Moreover, it should be
emphasized that a spontaneous heating of the samples during
the sonication procedure had no effect on a possible Ag release.
These results confirm a rather strong sorption capacity of nZVI
for silver and, in other words, a high stability of magnetic
bimetallic Fe—Ag NPs against sonication. This indicates a
suppressed release of silver from Fe—Ag NPs during their
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application and consequent magnetic separation, which is very
important from an environmental viewpoint.

Phosphate Removal Using Magnetic Bimetallic NPs.
The ability of bimetallic Fe—Ag NPs to eliminate phosphorus
from the aquatic environment was investigated for all magnetic
bimetallic NPs under study in comparison to the reference
(partially oxidized nZVI) (Figure 3b). Phosphorus is necessary
for the growth of organisms and plants, but its extensive
presence in natural waters is known to cause eutrophication
which results in the depletion of oxygen and adverse effects
toward aquatic life of higher forms of orgamisrns.49 The nZV1 is
able to remove more than 95% of available phosphate in 30 min
when a particular protocol is employed.® Using the same
protocol, our bimetallic Fe—Ag NPs revealed a long-time ability
to remove phosphate as spectrophotometrically determined
and shown in Figure 3b. According to our results, a prolonged
action of bimetallic NPs as well as of the reference sample was
confirmed. Moreover, the efliciency of phosphorus removal was
considerably higher for Fe—Agl sample compared to the
reference. Generally, there may be three processes contributing
to the phosphate removal: (i) direct adsorption of phosphate
on the large NPs surface; (i) aging of bimetallic Fe—Ag NPs in
water leading to increased phosphate removal as a consequence
of a partial oxidation of Fe” cores; (iii) precipitation of iron
phosphates due to the production of iron ions during reaction
of nZVI with water. Removal ability of bimetallic NPs for
phosphates decreases with the increase of silver content on
their surface. This is caused by the presence of silver NPs on
the iron surface which induced its passivation because silver
itself does not play a significant role in phosphate removal.
Reactivity of iron core is thus suppressed in Fe—Ag3 and Fe—
Ag4 bimetallic NPs, which consist of more than 30% Ag phase.
Moreover, Fe—Agl NPs represent the most effective bimetallic
NPs also when compared with the reference. This is caused by
a presence (up to 19%) of ferric oxyhydroxides on Fe—Agl
surface which represent here a strong adsorbent, while the
surface of the reference is formed mostly by a magnetite layer
(Figure la). We believe that the prolonged action of Fe—Agl
bimetallic NPs and their higher efficiency of phosphorus
removal compared to the reference nZVI sample is just due to
the combination of all three above-mentioned processes. In
summary, nZVI phase plays a key role in the phosphate
degradation process which is further enhanced by the presence
of ferric oxyhydroxides on the nanoparticle surfaces. On the
contrary, silver and magnetite phases form passivation layers on
nanoparticle surfaces and thus negatively influence phosphorus
removal.

Antibacterial and Antifungal Activities of Magnetic
Bimetallic NPs. It has been demonstrated already that both
nZVI and AgNDPs are effective antimicrobial agents.?’g"“)_“z""é’Sl
It can be thus expected that bimetallic Fe—Ag NPs, synthesized
by a reductive deposition of Ag” on nZVI surface, could show at
least a similar toxicity as the single stand-alone NPs. To
determine these properties, antibacterial and antifungal
activities of the Fe—Ag samples and reference have been tested
under aerobic conditions. The standard dilution method was
used in order to determine the minimum inhibition
concentrations (MIC values) of the as-prepared samples
leading to a growth inhibition of tested bacterial strains and
Candida species. These tests (whose detailed description is
presented in Supporting Information) enabled us to determine
a broad spectrum of microbial toxicity of the as-prepared Fe—
Ag NPs as shown in Figure 4.
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Figure 4. Antibacterial and antifungal activities of Fe—Ag NPs against
tested bacteria and yeast: (a) MIC and (b) Ag-related MIC values. The
reference MIC values were also tested; however, even at the highest
concentration employed (ie, 3.5 g/L), there was no antibacterial or
antifungal activity against all microorganisms included in the study.

The antimicrobial activity of the reference (nZVI particles
dispersed in water, i.e,, in the absence of silver ions) was also
tested, however, even at the highest concentration employed
(ie, 3.5 g/L), the test did not show any antibacterial or
antifungal activity against all microorganisms under study (data
not shown). This is most probably caused by the formation of a
passivation layer consisting of iron oxides on Fe® core (see well-
defined magnetite layer on the surface of the reference sample
in Figure 1b). Correspondingly, Lee and co- -workers*?
described a dramatic decrease in nZVI efhiciency on the
inactivation of Escherichia coli due to corrosion and surface
oxidation. They also confirmed that the antimicrobial effect was
the unique property of Fe® and was not observed for any other
types of iron oxide compounds.*

From the MIC values related to the total mass of magnetic
bimetallic NPs (Figure 4a), ranging between 100 and 540 mg/
L, it is evidenced that all Fe—Ag NPs significantly inhibited the
growth of the tested bacteria. From the direct comparison of
reference (partially oxidized nZVI) and bimetallic nanoparticles
Fe—Ag, where both have a similar content of a-Fe phase
(~60%), it can be concluded that bimetallic nanoparticles
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inhibit microorganisms mainly due to the presence and
antimicrobial action of silver NPs. Although the MIC values
of the reference (partially oxidized nZVI) were not determined
even at the highest concentration (i.e., 3.5 g/L), the MIC values
of bimetallic NPs were one order of magnitude lower. Thus, the
lowering of MIC values was most probably induced by the
presence of silver NPs. Silver nanoparticles are well known for
their antibacterial and antifungal properties.”” It is thus
reasonable to relate the increased antimicrobial properties of
magnetic bimetallic NPs to the presence and antimicrobial
action of silver NPs.

Furthermore, from Figure 4a, it is obvious that MIC values of
the magnetic bimetallic NPs slightly varied depending on both
the particular bimetallic sample and microbial strain. In fact, for
some bacterial strains, namely, Pseudomonas aeruginosa
CCM3955 and Staphylococcus epidermidis, there is no significant
difference in MIC values for the Fe—Ag NPs (i.e, FeAgl to
FeAg4; Figure 4a) although their quantitative phase composi-
tions differ significantly (Table S1 in the Supporting
Information). This observation may be explained by the fact
that there is up to 19% of lepidocrocite (y-FeOOH) in FeAgl,
while its content decreases for the other Fe—Ag NPs with a
simultaneous increase in the AgNPs content (Table S1 in the
Supporting Information). It is known from the literature®” that
ferric oxyhydroxides can play an important role (due to
electrostatic attraction) in surface inactivation of viruses.
Therefore, we believe that not only silver NPs, but also
lepidocrocite nanostructures contribute to the antibacterial and
antifungal activity of the magnetic bimetallic NPs.

As mentioned above, the Fe—Ag NPs differ mainly in the Ag
content (FeAgl < FeAg2 < FeAg3 < FeAg4) (Figure la) and
AgNPs size (Table S4 in the Supporting Information).
Therefore, to separate these two factors and to eliminate the
contribution of weight of magnetic parts, we have recalculated
microbial toxicity of our magnetic bimetallic NPs for the Ag
content and express the Ag-related MIC values (Figure 4b).
The comparison in Figure 4b gives evidence that FeAgl is the
most effective antibacterial agent in our study. This is in a good
accordance with the literature since the smaller the AgNPs, the
higher bactericidal impact.****** In addition, a large amount of
needle-shaped lepidocrocite nanostructures on the NP surface
of Fe—Agl (19%) has probably improved the interaction of
microbial cells with the magnetic bimetallic NP surface leading
thus to an increased effect of small AgNPs on the cells.

The MIC values of the Fe—Ag NPs determined for yeasts fall
into the range from 3.3 mg/L to 270 mg/L (Figure 4a). They
are several times lower than those determined for bacteria in
the present work. A very similar phenomenon has been
observed and published recently.** Our reference sample has
manifested itself by no antifungal activity at all. This is in a full
accordance with the literature where the inactivity of nZVI
against yeasts has been reported.*® The antifungal activity of the
prepared magnetic bimetallic NPs increases with increasing
content of AgNPs (Figure 4a); hence, Fe—Ag4 reveals the
lowest MIC values (between 4.2 mg/L and 67 mg/L) for
almost all Candida species under study. These results clearly
evidence the importance of the AGNP amount on magnetic
bimetallic NP surfaces. Similarly as in the case of the results of
antibacterial testing in the present work, we have recalculated
the antifungal MIC values for Ag content and demonstrate the
Ag-related antifungal MIC values (Figure 4b). After this
recalculation, Fe—Agl and Fe—Ag2 bimetallic NPs reveal very
high antifungal activities against all four tested yeasts.
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Considering the dual (ie, magnetic and antimicrobial)
character of our magnetic bimetallic NPs and taking into
account the presence of iron oxides/oxyhydroxides (although
less than ~30%; Table SI in the Supporting Information), the
results of antibacterial and antifungal testing can be, in
principle, compared with magnetic nanocomposites where
AgNPs are reduced either using an additional reducing agent™
or employing one part of a particular nanocomposite as a
reductant.>>® For instance, the MIC values acquired for the
magnetic nanocomposites prepared according to Prucek et al.**
fall into the range 15.6—125 mg/L in the case of bacteria and
1.9-31.3 mg/L in the case of yeasts. Furthermore, the
antibacterial and antifungal activity testing of the magnetic
nanocomposites described by Dallas et al.*> revealed the MIC
values between 78 and 150 mg/L, depending on the strain.
Obviously, the published MIC values of the magnetic
nanocomposites are 1.3 to 4 times lower than those obtained
for our magnetic bimetallic NPs. The reason for it may lie in at
least two factors. First, there can be a great influence of the iron
oxyhydroxide content, which enables the interaction between
microbial cells and nanocomposite and/or NP surface, as has
been stated above. Second, the ferromagnetic character of the
Fe® core in the magnetic bimetallic NPs can induce rather
strong interactions among individual Fe—Ag NPs resulting in a
rapid decrease of NP active surface area, which could be
otherwise exposed to solution containing microbial cells. In
several studies reporting on magnetic namocomposites,s‘ﬂ”ss’56
NPs of maghemite or magnetite decorated by AgNPs
(providing strong antimicrobial properties) were exploited as
magnetic carriers.

Hence, we present the preparation and testing of a
multifunctional material which can be exploited for advanced
antimicrobial and reductive water treatment. Besides a feasible,
controllable, large-scalable and relatively cheap synthesis, the
other advantages of this material include (i) antimicrobial
action against a wide variety of bacteria and yeasts (mainly due
to the presence and antimicrobial properties of silver
nanoparticles the size of which can be adjusted very simply
by the initial silver ions concentration), (ii) effective
phosphorus removal in a long time scale (induced mainly by
Fe® and FeOOH), (iii) stability in air (maintained due to the
passivation of nZVI surface by Ag nanoparticles and ferric
oxide/oxyhydroxides), together with (iv) the possibility of
magnetic separation which provides a control over its action in
the environment and thus a safer application of this material in
advanced antimicrobial and reductive water treatment tech-
nologies. According to our best knowledge, there is no system
in the literature and/or on the market available which shows all
the above-mentioned properties at once.
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Details concerning characterization techniques, XRD patterns
of all studied Fe—Ag bimetallic nanoparticles and reference
samples, room-temperature Mdssbauer spectra of nZVI,
reference, and bimetallic NPs, room-temperature hysteresis
loops of reference and bimetallic NPs, results of quantitative
phase analysis of Fe—Ag bimetallic NPs from Rietveld
refinement analysis of XRD patterns, values of mean XRD
coherence lengths (MCL) of AgNPs in Fe—Ag bimetallic NPs,
values of Méssbauer hyperfine parameters derived from the
measured room-temperature Mossbauer spectra, values of
hysteresis parameters derived from the measured room-
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temperature hysteresis loops, and example of MIC value
determination based on absorption values for nine concen-
trations of the same nanoparticle solution when repeated four
times. This material is available free of charge via the Internet at
http://pubs.acs.org.
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Supporting Text

Characterization of bimetallic Fe-Ag NPs was achieved by several analytical methods. Mutual
contents of silver- and iron-bearing phases and values of mean X-ray diffraction coherence lengths
(MCL) of AgNPs are quantitatively evaluated by means of XRD (Figure S1, Table S1, Table S2).
Iron-containing phases are unambiguously determined by Mdssbauer spectroscopy (Figure S2, Table
S3, and Table S4). Moreover, the macroscopic magnetic properties of the samples were determined
by a superconducting quantum interference device (SQUID) (Figure S3, Table S5).
Characterization techniques. Electron Microscopy. Transmission electron microscope (TEM)
images were obtained using electron microscope JEOL JEM-2010 operating at 160 kV with a point-
to-point resolution of 1.9 A. Scanning electron microscope (SEM) images were obtained on a
Hitachi SU6600 FEG (with the resolution in SE mode of 1.3 nm at 30 kV). The micrographs were
collected with the accelerating voltage of 15 kV at a working distance of 6.8 mm. Energy dispersive
X-ray spectrometry (EDS) measurements were employed on NORAN System 7 X-ray Microanalysis
system (Thermo Scientific), where for X-ray elemental mapping images, accelerating voltage of 15
kV, working distance of 15 mm and life time 4000 s were used. For all microscopic techniques, the
aqueous dispersions of the samples were sonicated for approximately 1 min, and then a drop of a
very dilute dispersion was placed on the copper grid with holey carbon film and subsequently
allowed to dry at room temperature.

X-ray powder diffraction (XRD). XRD patterns of all magnetic bimetallic NPs were recorded on
PANalytical X Pert PRO diffractometer (iron-filtered CoK,, radiation: 2 = 0.178901 nm, 40 kV and
30 mA) in Bragg-Brentano geometry, equipped with an X'Celerator detector, programmable
divergence and diffracted beam anti-scatter slits. Magnetically pre-concentrated suspensions were
dropped on a zero-background single-crystal Si slides, allowed to dry by evaporation at RT and
scanned in continuous mode (resolution of 0.017° 2 Theta, scan speed of 0.008° 2 Theta per second,
2 Theta range of 20-105°) under ambient conditions. The SRM640 (Si) and SRM660 (LaBg)
commercial standards from NIST were used for the evaluation of line positions and instrumental line
broadening, respectively. The acquired patterns were processed (i.e., phase analysis and Rietveld
refinement) using X Pert HighScore Plus software (PANalytical, The Netherlands), in combination
with PDF-4+ and ICSD databases (ICSD collection codes are: a-Fe - 631729, Ag - 044387, Fe;04 -
084611, y-FeOOH - 093948).

Atomic absorption spectroscopy (AAS). Iron and silver concentrations were determined by AAS

technique with flame 1onization using a ContrAA 300 instrument (Analytik Jena AG, Germany)
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equipped with a high-resolution Echelle double monochromator (the spectral band width of 2 pm at
200 nm) and with a continuum radiation source (xenon lamp). The absorption lines used for these
analyses were 248.327 nm for iron and 328.068 nm for silver. The calibration standards were
prepared using an Iron Standard for AAS (1001 mg/L, Fluka) and AgNOj; (Sigma-Aldrich, 99.8%).
For measurements, an aliquot of the sample dispersed in deionized water was added to concentrated
nitric acid in a ratio of 1:9, boiled for 1 hour and appropriately diluted in deionized water.

Antibacterial and Antifungal Activity Testing. Bacteria are cultivated with nanoparticles (NPs) in
a 96-well plate overnight (16 hours). As a reference sample, bacteria without nanoparticles in the
cultivation medium are wused. The wviability of bacterial cells 1s then measured
spectrophotometrically. As an example, Table S6 summarizes resulting absorption values for nine
concentrations of the same nanoparticle solution when repeated four times. Each test has its own
reference sample as it can be clearly seen from Table S6. The MIC value for a particular
nanoparticle solution is then determined from Table S6 as the NPs concentration where the lowest
repeatable absorption value observed. Considering the absorption value corresponding to the MIC of
particular NPs (approx. 0.10 in Table S6) and taking into account the reference sample absorption
value (approx. 1.43 in Table S6), it can be calculated that less than 7% of bacterial cells survived at
MIC value of NPs (= 100% * 0.10 / 1.43). In other words, the inactivation rate of more than 93%

was observed when MIC value of magnetic bimetallic NPs used.
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Supporting Figures
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Figure S1. XRD patterns of all studied Fe-Ag bimetallic nanoparticles and reference samples: (a)
reference (partially oxidized nZVI), (b) Fe-Agl, (c) Fe-Ag2, (d) Fe-Ag3, and (e) Fe-Agd. Samples
measured before (A) and after storage for 20 days: (B) kept in a dry state in air or (C) dispersed in
deionized water. Theoretical positions of diffraction lines of zero-valent iron (f), metallic silver (a),

magnetite (m) and lepidocrocite (g) are also shown (PDF cards No. 01-088-0315 and 01-089-3722,

respectively).

118



~

O

e
—
=)
S

T 994
I g
% 98- g
2 £
E 2
% 97 - §
= £
Fe3 96+ ) 45 50
T rrrrrrrrerm A0
108-6-4-2024 6 810 108-6-4-202 4 6 810
Velocity (mm/s) Velocity (mm/s)
(C) - (d) - ()
100 [ ) 100 B (2
98] - (3) 1 - o)
- @ " e @
£ H 5 98-
% 97 £ - B
E ool 17
5 % § 96
P 95- Lpeanenty : h i Eopesnerts E
94_' Sorts Fe-Ag1 35 wB.' s 95__ 2, Fe-Agd 35 408'. e »
108-64-202 46 810 1086420246 810
Velocity (mm/s) Velocity (mm/s)

Figure S2. Zero-field Méssbauer spectra recorded at room temperature of (a) nZVI, (b) reference
(partially oxidized nZVI), and (¢) Fe-Agl and (d) Fe-Ag4 bimetallic NPs. Where sub-spectrum (1)
corresponds to iron in tetragonal and (2) octahedral coordination in the magnetite (inserted figures
show fitting sextet of octahedral coordination by means of distribution of hyperfine magnetic filed

(Bug)), (3) referred to nano zero-valent Iron (nZVI), and (4) 1s high-spin ferric oxides or hydroxide

phase.
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Figure S3. Hysteresis loops at (a) 5 K and (b) room temperature of (1) reference (partially oxidized
nZVI) and (2) Fe-Agl and (3) Fe-Ag4 bimetallic NPs.
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Supporting Tables

Table S1. Results of quantitative phase analysis of reference (partially oxidized nZVI) and Fe-Ag
bimetallic NPs from Rietveld refinement analysis of XRD patterns: metallic silver (Ag"), zero-valent
iron (a-Fe), lepidocrocite (y-FeOOH), and magnetite (Fe;0O4). The values with stars are for the

samples stored as dry powders* and as aqueous dispersions**.

Composition [wt.%]

Sample
a-Fe Ag"  Fe;0y y-FeOOH
Reference 58 42
/58% /42%
[26%* - [74%% -
Fe-Agl 64 7 10 19
/64% [T* /10% /19%
/38%* [7** [37** /18%*
Fe-Ag2 66 17 7 10
/66% /18% ok /9%
/20%%* /15%% /64%* [1%*
Fe-Ag3 56 32 6 6
/56% /33% /5% /6%
/13%% /28%% /56%* [3%*
Fe-Ag4 44 53 2 1
/43% /54% /2% /1%
[11%* /48%% /38%** [3%*
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Table S2. Hyperfine parameters of zero-field Mossbauer spectra of our studied samples at room
temperature, where 7 is the temperature of measurement, o is the center shift, AEy is the quadrupole

splitting, By 1s the magnetic hyperfine field, and I 1s the linewidth.

+ / + + +
Sample Component 0 £0.01 AEg+0.01 By £0.3 I'+0.01

(mm/s) (mm/s) (T) (mm/s)
nZVIl - 0.00 0.00 33.18 0.32
Reference | 0.33 0.03 46.4 0.38
2 0:52 0.02 41.6 0.45
3 0.00 0.00 32.5 0.28
4 0.35 075 - 0.58
Fe-Agl | 0.33 -0.02 47.4 0.41
2 0.59 0.08 424 0.44
3 0.00 -0.02 327 0.41
4 0.35 0.75 - 0.58
Fe-Ag4 | 0.35 0.00 49.0 0.47
2 0.59 0.00 41.7 0.52
3 0.00 0.00 32.6 0.26
4 0.35 0.75  —---- 0.58

Table S3. Iron-bearing phases of the reference (partially oxidized nZVI), Fe-Agl and Fe-Ag4 NPs

determined by Mdossbauer analysis.

Composition [wt.%)]

Sample
o-Fe Fe;O4y FeOOH
Reference 92.3 25 S5:2
Fe-Agl 90.9 4.1 5.0

Fe-Agd4 91.4 2.1 6.5
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Table S4. Values of mean X-ray diffraction coherence lengths (MCL) of AgNPs in Fe-Ag bimetallic

NPs obtained from Rietveld refinement analysis of X-ray powder diffraction patterns.

Ag0 size [nm]

Sample
not-aged  “dry” aged “wet” aged
Fe-Agl 11 11 11
Fe-Ag2 13 13 14
Fe-Ag3 20 21 21
Fe-Ag4 29 29 29

Table S5. Derived hysteresis parameters at 5 K and room temperature of reference (partially
oxidized nZVI), Fe-Agl, and Fe-Ag4 sample, where M+ (7 T) 1s the maximum magnetization at 7
T, Myax— (— 7 T) 1s the maximum magnetization at — 7 T, B¢+ is the positive coercivity, Be- the

negative coercivity, Mg- is the positive remanent magnetization, and Mg_ is the negative remanent

magnetization.
— T Mpu: £0.01 Mpay £0.01 He,+1 He +1 Mg, £0.01 Mg +0.01

P (K) (emu/g) (emu/g) (Oe) (Oe) (emu/g) (emu/g)
Reference 5 148.48 —148.61 258 —280 27.35 —26.18
300 142.86 —142.84 214 -216 18.45 —18.53

Fe-Agl 5 128.89 —128.87 339 —370 2542 —23.56
300 123.57 —123.52 195 — 195 14.06 —14.09

Fe-Ag4 S5 111.84 —111.90 345 — 382 20.31 —18.96
300 107.62 —107.61 239 —239 13.53 —13.53
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Table S6. Example of MIC value determination based on absorption values for nine concentrations

of the same nanoparticle solution when repeated four times.

Concentration of NPs Test 1 Test 2 Test 3 Test 4

_mg/L. Absorption Absorption Absorption Absorption
540.00 0.113 0.114 0.120 0.125
MIC Value 270.00 0.103 0.104 0.103 0.107
135.00 0.078 0.554 0.078 0.768
67.50 0.841 0.051 0.581 0.947
33.75 1.024 1.147 1.005 1.132
16.88 1.174 1:321 1.284 1.226
8.44 1.308 1.323 1.258 1.321
4.22 1.322 1.365 1.307 1.428
2.11 1.292 1.344 1.314 1.369
Bacteria + medium (no NPs)
reference sample 1.427 1.394 1.492 1.462
10
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Abstract

In this work, magnetosomes produced by microorganisms were chosen as a suitable magnetic
carrier for covalent immobilization of thermostable trypsin conjugates with an expected
applicability for efficient and rapid digestion of proteins at elevated temperatures. First, a
biogenic magnetite was isolated from Magnetospirillum gryphiswaldense and its free surface
was coated with the natural polysaccharide chitosan containing free amino and hydroxy
groups. Prior to covalent immobilization, bovine trypsin was modified by conjugating with «-,
B- and y-cyclodextrin. Modified trypsin was bound to the magnetic carriers via amino groups
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hydroxysulfosuccinimide as
coupling reagents. The magnetic biomaterial was characterized by magnetometric analysis and
electron microscopy. With regard to their biochemical properties, the immobilized trypsin
conjugates showed an increased resistance to elevated temperatures, eliminated autolysis, had
an unchanged pH optimum and a significant storage stability and reusability. Considering
these parameters, the presented enzymatic system exhibits properties that are superior to those
of trypsin forms obtained by other frequently used approaches. The proteolytic performance
was demonstrated during in-solution digestion of model proteins (horseradish peroxidase,
bovine serum albumin and hen egg white lysozyme) followed by mass spectrometry. It is
shown that both magnetic immobilization and chemical modification enhance the
characteristics of trypsin making it a promising tool for protein digestion.

(Some figures may appear in colour only in the online journal)

1. Introduction and technology [I, 2]. When suitably surface modified,

iron-containing nanoparticles may find various applications
Iron oxides nanoparticles, especially of magnetite (Fe304) as carriers for the immobilization of biomolecules as
or maghemite (y-Fe;03) type, and magnetic ferrofluids are  well as mediators in therapy and diagnostics [3-7]. For
widely studied for potential applications in science, medicine  such purposes, they are usually coated with appropriate

0957-4484/13/125102+4-11$33.00 1 © 2013 10P Publishing Ltd Printed in the UK & the USA
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for 15 min. The biogenic MNPs were finally resuspended in
deionized water.

2.3. Coating of biogenic magnetite with chitosan

The biogenic magnetite was surface-coated following an
adopted protocol proposed by Belessi er al [27]. Biogenic
MNPs were magnetically collected from 20 ml of their
suspension in water and resuspended in 19 ml of 1% (v/v)
acetic acid. Then, 1 ml of 1% (w/v) solution of chitosan
LMW in 1% (v/v) acetic acid was added and the suspension
was sonicated for 15 min. It was then subjected to shaking
(300 rpm) at room temperature for 1 h (Minishaker MS3,
IKA) to achieve adsorption of the polymer at the surface
of the MNPs. Finally, the suspension was slowly dripped
into 1 M NaOH under stirring. The coated MNPs were
magnetically separated and resuspended in 20 ml of deionized
water. The chemical structure of the same magnetite—chitosan
system was studied by Fourier transform infrared (FT-IR)
spectroscopy where electrostatic interactions of biogenic
MNPs and chitosan via its hydroxyl and/or amino groups were
confirmed [28].

2.4. Experimental techniques employed for the
characterization of MNPs

The size and morphology of the biogenic magnetite prior
to and after functionalization by chitosan and trypsin were
determined by transmission electron microscopy (TEM). The
microscope used was a JEM-2010 (JEOL Ltd, Tokyo, Japan)
model operated at 200 kV with a point to point resolution
of 1.9 A. Before measurements, the samples were dispersed
in water. Then, a drop of the suspension was placed on
a carbon-coated grid and dried by evaporation at 85°C.
Scanning electron microscopy (SEM) was performed on
a Hitachi SU-6600 microscope (Hitachi High-Technologies
Corporation, Tokyo, Japan) with an image resolution of
1.2 nm and an accelerating voltage of 30 kV. The
magnetic properties of the nanosystem were measured using
a superconducting quantum interference device (SQUID)
magnetometer, model MPMS XL-7 (Quantum Design, USA).
Hysteresis loops were recorded at a temperature of 5 and
300 K in external magnetic fields ranging from —7 to +7 T.

2.5. Chemical modification of trypsin by cyclodextrins

Bovine trypsin conjugates with periodate-oxidized «-, B-
and y-cyclodextrins (ACD-BT, BCD-BT and GCD-BT,
respectively) were prepared following a previous protocol for
«a-amylase [29]. Both the conjugating reaction and subsequent
cyanoborohydride reduction (figure 1(a)) proceeded in 0.25 M
potassium phosphate buffer, pH 7.8, containing 10 mM
benzamidine (an inhibitor of trypsin activity). The conjugates
were finally dialyzed against 0.1% (v/v) formic acid,
concentrated by ultrafiltration through a 10 kDa cut-off filter,
lyophilized and stored at —80°C [19].

2.6. Protein electrophoresis

SDS-polyacrylamide gel electrophoresis (PAGE) was per-
formed using 4% stacking and 12% running polyacrylamide
gels according to a standard procedure [30]. The separated
proteins were visualized by staining with Coomassie Brilliant
Blue R-250, molecular mass markers ranged from 14.4 to
97.0 kDa.

2.7. Immobilization of trypsin on the chitosan magnetic
nanoparticles

BT and its conjugates were immobilized on the chitosan-
coated biogenic MNPs using EDC and sulfo-NHS as coupling
agents (figure 1(b)). EDC hydrochloride (2.5 mg) and
sulfo-NHS (3 mg) were dissolved in 1.5 ml of 0.05 M
phosphate buffer, pH 7.0. Then 10 mg of the MNPs coated
with chitosan were added followed by 2.5 mg of trypsin.
The resulting mixture was gently shaken at 4°C for 12 h.
After immobilization, the nanoparticles were collected by
a magnetic separator (NdFeB) and washed five times with
the coupling buffer. Finally, the immobilized trypsin was
resuspended in 0.1% formic acid and stored at 4 °C. Protein
concentration was assayed using Bradford’s method [31].

2.8. Trypsin assays

Trypsin activity was assayed spectrophotometrically using the
artificial chromogenic substrate BAPNA [19]. In the case of
the immobilized enzyme, an aliquot (20 p1) of the suspension
in diluted formic acid was used as a sample. The reaction
was carried out at 37 °C for 5 min. In 1 min cycles, trypsin
immobilized on the MNPs was collected magnetically at the
bottom of the cuvette and the absorbance at 405 nm of the
reaction mixture was read. Thermostability was evaluated by
activity assays after incubating enzyme aliquots in 20 mM
sodium acetate buffer, pH 5.25, at temperatures from 20 to
75°C for 30 min followed by rapid cooling in a water—ice
bath. To determine pH optimum. the activity of free and
immobilized trypsin was assayed in the pH range of 4.5-10.4
(Britton—-Robinson buffers). For testing storage stability, both
trypsin forms were kept in 0.1% formic acid at 4°C. Then
residual activity was determined once a week. For checking
stability in the assay buffer (0.15 M Tris-HCI, pH 8.5), free
and immobilized trypsin were incubated at 23 °C for different
times (0.5, 1, 1.5, 2, 4, 6 and 24 h). Then residual activity was
determined. The immobilized trypsin was also tested for the
possibility of repeated use. After each activity measurement,
it was separated using a magnet (NdFeB) and washed three
times with 0.05 M phosphate buffer, pH 7.0. The measurement
was performed in eight cycles.

2.9. Protein digestion using trypsin immobilized on the
biogenic magnetite

At first, trypsin immobilized on the MNPs (10 mg) was
suspended in 4 ml of 0.05 M NHyHCO;. Individual
standard proteins were dissolved in 1 ml of the same
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Figure 1. Scheme showing the reaction of trypsin with polyaldehydes derived from cyclodextrins by periodate oxidation in the first step.
(a) By a reductive amination in the presence of sodium cyanoborohydride, the oxidized oligosaccharide moieties are bound covalently to
trypsin via its primary amino groups. (b) The resulting trypsin conjugate is attached to primary amino groups in chitosan-coated magnetite
nanoparticles via its carboxylate residues using the carbodiimide reaction with EDC and sulfo-NHS as coupling agents.

buffer: lysozyme (LYS: 1.4 mg ml~"), horseradish peroxidase
(HRP; 4 mg ml*l) and bovine serum albumin (BSA;
6.6 mg ml~!). In-solution digestion of protein samples
was performed using a common protocol. For reduction of
disulfides, 20 pl of 100 mM 2-mercaptoethanol was pipetted
and the protein solution was kept at 70°C for 10 min.
Then, after cooling down, 20 ul of 200 mM iodoacetamide
was added for alkylation. The mixture was incubated in the
dark at ambient temperature for 30 min. Then 30 wul of
100 mM 2-mercaptoethanol was added for scavenging the
unreacted iodoacetamide followed by a 10 min incubation.
Later on, an aliquot (100 ul) of the working suspension of
immobilized trypsin (~100 pmol of the enzyme) was added
to 1 ml of 0.05 M NH;HCO3 containing the standard protein
(1000 pmol). The reaction mixture was incubated in a water

bath at 50°C for 1-2 h. After digestion, the immobilized
trypsin was separated by an external permanent magnet
and the obtained supernatant was transferred to another
tube. The digests were finally analyzed by matrix-assisted
laser desorption/ionization—time of flight mass spectrometry
(MALDI-TOF MS).

2.10. MALDI-TOF MS

Both peptide mass fingerprinting and intact protein mass
determination were performed on a Microflex MALDI-TOF
LRF20 mass spectrometer (Bruker Daltonik) essentially as
described previously [32]. Intact BT and its conjugates in
0.1% formic acid were used at a concentration of 10 mg ml~.
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3. Results and discussion
3.1. Chemical modification of trypsin by cyclodextrins

Prior to immobilization experiments, BT was modified by
conjugating amino groups with polyaldehyde chains derived
from «-, - and y-cyclodextrin via periodate oxidation. The
molecular mass of BT and its conjugates was estimated by
SDS-PAGE [30] (figure 2) and more accurately determined
by MALDI-TOF MS. Considering the total number of lysine
residues in its sequence plus the N terminus, BT comprises 15
primary amino groups [19]. As a result of the conjugation, the
molecular mass of unmodified BT (23.2 kDa) was increased to
final values of 29.9, 30.1 and 31.1 kDa for ACD-BT, BCD-BT
and GCD-BT, respectively. Calculations of mass differences
revealed that the conjugates contained six or seven sites of
glycation.

3.2. Characterization of MNPs

The bacterial strain M. gryphiswaldense MSR-1 is able
to produce magnetite nanocrystals with sizes of around
45 nm and covered by a phospholipidic membrane [33]
as demonstrated by TEM (see figure 3(a)). Both size
and morphological properties of all MNP variants with or
without the phospholipidic membrane coated by chitosan only
or with immobilized trypsin were characterized by TEM.
The efficiency of the membrane removal was checked by
TEM imaging (see figure 3(b)). While the native biogenic
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Figure 2. SDS-PAGE of BT and its conjugates with «-, 8- and
y-cyclodextrin. From the left: protein marker (] 97, 66, 45, 30, 20.1
and 14.4 kDa), BT (10 pg), I—ACD-BT (3 ng). llI—-BCD-BT
(3 png), IV—GCD-BT (3 jug), V—BT (15 pug), VI—ACD-BT

(5 ng), VII-BCD-BT (5 ng), VIII—GCD-BT (5 j1g). The BT
sample appears heterogeneous because of the presence of autolytic
fragments.

MNPs are surrounded by an organic layer and arranged
predominantly in a chain-like structure (see figure 3(a)), no
organic layer was determined for bare MNPs while their
aggregation was observed (see figure 3(b)). Synthesis of the
magnetite—chitosan composite was performed by a modified
cross-linking method [27, 34]. Chitosan-conjugated MNPs
were obtained by the neutralization of an acidified suspension

Figure 3. TEM images of (a) biogenic magnetite isolated from M. gryphiswaldense MSR-1 with their phospholipidic membrane:
(b) biogenic magnetite after removal of the phospholipidic membrane: (c) biogenic MNPs modified with chitosan; (d) biogenic MNPs
coated with chitosan and carrying modified trypsin. The black arrow shows the surface layer containing immobilized trypsin.
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Figure 4. SEM image of magnetic nanoparticles isolated from M.
gryphiswaldense MSR-1 after their coating with the biopolymer
chitosan.

of magnetite and chitosan, which induced precipitation of
the polysaccharide at the surface of magnetite nanoparticles.
TEM images confirmed the presence of a surface chitosan
layer (see figure 3(c)). The identical structure of such
magnetite @chitosan hybrid was studied before by FT-IR
spectroscopy where electrostatic interactions of biogenic
MNPs and chitosan via its OH and/or NH groups were
confirmed [28]. After attachment of modified trypsin, the
functionalized MNPs displayed a thicker organic surface
layer than those covered only by chitosan (see figure 3(d)).
Trypsin binding was also confirmed using other methods
(magnetization measurements, activity assay). The surface
morphology of MNPs with and without the biopolymer
chitosan was further evaluated using SEM (see figure 4).
Results of magnetometric studies performed on the
functionalized biogenic magnetite coated either by chitosan
or a chitosan shell with the immobilized trypsin (ACD-BT,

BCD-BT and GCD-BT) are shown in figure 5. Parameters
of the respective hysteresis loops measured at 5 and 300 K
are summarized in table 1. When measuring a system
of MNPs carrying immobilized trypsin, a decrease in
saturation magnetization (Ms) was observed in comparison
with magnetite modified only by chitosan (Fe3O4-chitosan,
table 1). This could be considered as an indirect proof of
trypsin binding to the chitosan shell of the magnetic carrier.
Interestingly, the Ms value for Fe3zOs-chitosan-ACD-BT
was reduced more than that for Fe3;Oy4-chitosan-BCD-BT
but was higher than for Fe3zOg4-chitosan-GCD-BT. This
may reflect the difference in molecular mass and/or
better magnetic shielding of ACD-BT over BCD-BT.
The Fe3Oy4-chitosan-GCD-BT magnetic system showed the
highest decrease in the value of saturation magnetization
in comparison with Fe3zOy4-chitosan. The studied systems
showed superparamagnetic behavior at 300 K and a blocking
state at 5 K in the time-measuring window of the SQUID
magnetometer. Magro et al [35] recently immobilized
glucose oxidase to rhodamine—maghemite nanoparticles. The
resulting system showed a decreased saturation magnetization
in comparison with bare maghemite nanoparticles. The same
effect was commonly observed after immobilization of other
enzymes [36, 37].

3.3. Activity assays with soluble and immobilized trypsin

The thermostability of free and immobilized trypsin was
compared by assaying activity towards the artificial substrate
BAPNA, which was performed after a 30 min incubation at
selected temperatures from the range of 20-75°C. During
incubation, the enzymes were kept in 20 mM sodium acetate
buffer, pH = 5.25, to prevent analysis. The thermal stability
of enzymes represents an important criterion to be considered

B)—+—1 ¢
_1,_2 E
—_—0=3
—_—y—4

T=300K

80 80 50 <0

H (kOe)

Figure 5. (A) Comparison of hysteresis loops measured at 5 K for magnetic systems: (1) FezO4-chitosan, (2) FezO4-chitosan-BCD-BT,
(3) Fe304-chitosan-ACD-BT and (4) Fe3Oy4-chitosan-GCD-BT. (B) Comparison of hysteresis loops measured at 300 K for magnetic
systems: (1) Fe3O4-chitosan, (2) FezO4-chitosan-BCD-BT, (3) Fe3O4-chitosan-ACD-BT and (4) Fe3O4-chitosan-GCD-BT.
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Table 1. Parameters of the hysteresis loops of FezOy4-chitosan, Fe304-chitosan-ACD-BT, Fe3O4-chitosan-BCD-BT and
Fe304-chitosan-GCD-BT at 5 and 300 K. (Note: Mg (+7 T) is the saturation magnetization at +7 T, Ms_ (—7 T) is the saturation
magnetization at —7 T, Hcy is the positive coercivity field, Hc_ is the negative coercivity field, Mg is the positive remanent magnetization

and Mg_ is the negative remanent magnetization.)

Msy (+7T) £ Ms_ (=7T)

T 0.01 +0.01 Hecy +20 He_ +20 Mgy + Mg_40.01
Sample (K) (emug™) (emu g~ 1) (Oe) (Oe) 0.01 emug1) (emu gy
Fe304-chitosan 5 80.84 —80.77 206 -207 18.45 —18.48

300 73.58 —-73.18 8 -9 1.49 —1.44
Fe304-chitosan-ACD-BT 5 5345 —53.40 190 —191 16.13 —16.12

300 48.92 —48.75 11 —-12 1.97 —1.87
Fe304-chitosan-BCD-BT 5 17543 —75.43 179 —180 16.59 —16.56

300  67.99 —68.01 7 -7 0.97 —1.02
Fe304-chitosan-GCD-BT 5 31.39 —31.40 214 -215 10.08 —10.09

300 28.60 —28.60 -9 16 1.92 —1.78

for evaluation of their applicability. Generally, chemically
stabilized and immobilized enzymes have better resistance
to higher temperatures than their soluble counterparts [38].
We determined a 75y constant, which is defined here as
a temperature at which 50% of trypsin activity is retained
upon 30 min incubation. The value of 75y for soluble BT
was 41°C, which increased to 44°C after immobilization.
All soluble trypsin conjugates (ACD-BT, BCD-BT, GCD-BT)
showed higher Tsg values (60-70°C) than unmodified BT
(table 2) as illustrated in figure 6, which has already
been described [19]. In accordance with expectations, the
thermostability of the conjugates was further increased
up to 67°C (T5p estimates) after their immobilization to
biogenic MNPs (table 2). The thermostability curves for the
immobilized trypsin conjugates are rather hyperbolic than
sigmoid. When there is a sigmoid curve, the measured protein
existed initially as a compact, well-folded structure and it
is subjected to a cooperative unfolding reaction at higher
temperatures. The non-cooperative melting reaction observed
for the immobilized conjugates (which is to some extent
also observable for the free conjugates in solution, where
the sigmoid shape of the curve is less pronounced than that
of the unmodified trypsin) indicates that the protein existed
initially as a very flexible, partially unfolded structure or as
a heterogeneous population of folded structures [39]. In this
case, we suspect the latter is true. It has been shown by
intact protein MALDI-TOF MS that the trypsin conjugates
with oligosaccharides are heterogeneous by the nature of
the glycation reaction (reductive amination) with a statistical
distribution of molecular masses reflecting the number of
modified amino groups [19]. The observed enhancement in
thermostability (see figure 6) was found promising for the
use of the functionalized MNPs in a rapid and effective
proteolysis at high temperatures. Previous reports describing
trypsin modification have usually demonstrated increased
thermostability of the modified enzyme [38, 40], which is
further improved by its immobilization [3].

The effect of pH on the activity of free and immobilized
trypsin was investigated in buffers covering the pH range
of 4.5-10.4. Covalent immobilizations may alter pH optima

Table 2. Comparison of the values of T, 750, pH optimum and
storage stability for free and immobilized trypsin.

Trypsin Tso pH tso  Residual activity after 6
form 0 optimum (h) weeks’ storage (%)
BT® 41 8.5 0.5 48.0

ACD-BT* 54 8.5 21 59.0

BCD-BT* 56 8.0 >24 575

GCD-BT* 59 9.0 24 59.0

BT® 44 8.0 4 80.0

ACD-BT® 60 8.5 >24 875

BCD-BT® 66 8.5 >24 885

GCD-BT® 66 9.0 >24  90.0

2 Free trypsin.
b Immobilized trypsin.

of enzymes [41]. However, in this study, there was no
significant change observed. In general, the determined pH
optimum values of the immobilized enzymes were found to
be the same or shifted by 0.5 pH unit (table 2). Neither
chemical modification of trypsin by glycation at surface lysine
residues nor the subsequent immobilization of the conjugates
to chitosan-covered MNPs significantly influenced the pH
optimum. This is a big advantage as it may happen that
the pH optimum is significantly altered upon immobilization,
for example in the case of glucose oxidase immobilized
to ultrafiltration membranes [42]. As has been shown in
the original work describing trypsin glycation by activated
oligosaccharides [19], this modification brings about a large
change not only in the molecular mass but also in the
isoelectric point of the enzyme, which is decreased from a
basic value (10.5) to slightly acidic or neutral values of 6-7.
Conversely, substrate binding at the active site is not affected:
the K, value for the artificial substrate BAPNA remains
unchanged upon the modification [ 19]. This is consistent with
the small change in the pH optimum which has been observed
in this study. Presumably, alterations in the charge distribution
arising from the modification concern only the surface of the
trypsin molecule.

Both free and immobilized trypsin were stored in 0.1%
v/v formic acid at 4°C. After a 6-week-long storage under
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Figure 6. Thermal stability of (a) free and (b) immobilized trypsin.
Trypsin aliquots were incubated in sodium acetate buffer (20 mM,
pH 5.25) on a water bath at temperatures from the range of

20-75 °C for 30 min. Then the residual activity was assayed
(explanation of the symbols is provided in the inset). The
corresponding 75y values are summarized in table 2. Microsoft
Excel 2007 was used for data processing and polynomial functions
(with degree values of 3-5 depending on the particular case) were
introduced to show trend lines. Intersection points of the trend lines
with a horizontal line denoting 50% residual activity were drawn to
get Tsp estimates (see dashed representation).

these conditions, free BT retained 48% of its original activity,
whereas ACD-BT, BCD-BT and GCD-BT kept almost 60% of
their original activity (table 2). After covalent immobilization
of trypsin and its conjugates, their storage stability was
improved. The immobilized BT kept 80% of its activity. For
ACD-BT, BCD-BT and GCD-BT, residual activity values of
around 90% were found (table 2). In accordance with previous
findings [20, 43], both acidic conditions and low temperature
guarantee higher stability of trypsin during its storage.
Chemical modification and immobilization then provide an
additional positive effect [44]. High storage stability has been
reported for trypsin immobilized via simple adsorption [20].
Similar positive results with respect to storage stability have
been found for other immobilized enzymes (lipase, glucose
oxidase) and magnetic nanoparticles as a carrier [45, 46].
Trypsin undergoes autolysis under basic pH. which is
accompanied by the loss of its activity [19, 38]. Stability
against autolysis was studied by incubating the enzyme in
the assay buffer for a time period of 24 h. In defined time
intervals within this time period, the hydrolytic activity of
free and immobilized trypsin was determined. Free BT was

100 ® *BT
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95 A BCD-BT
® GCD-BT
g
z
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Figure 7. Reusability of the immobilized trypsin measured during
repeated hydrolysis of BAPNA. The residual activity was assayed
after each cycle; an explanation of the symbols is provided in the
inset.

already inactive after 4 h of incubation. In contrast, the
immobilized enzyme retained 50% of its original activity
after 4 h of incubation at ambient temperature. The studied
trypsin conjugates were more stable than BT itself. After
24 h of incubation, they retained about 45% (ACD-BT),
52% (BCD-BT) and 50% (GCD-BT) of the original activity.
After immobilization, these values were increased. The
immobilized conjugates retained on average 75% of their
residual activity. All trypsin forms were evaluated by
determining their 50 constant (table 2), which is defined here
as a time of incubation at a basic pH after which 50% of the
original activity is retained.

The most important advantage of enzyme immobilization
from the point of view of a potential application is the
resulting possibility of repeatable use [47]. The residual
activity of immobilized BT and its conjugates with oxidized
cyclodextrins after repeated reactions with BAPNA in the
assay buffer is illustrated in figure 7. After eight cycles, the
immobilized BT, ACD-BT, BCD-BT and GCD-BT retained
71,74,77 and 73% of the original activity, respectively. In this
way, reusability was confirmed. Maciel er al [9] immobilized
trypsin on magnetic levan particles, and the enzyme lost about
10% of its original activity after 10 cyclic reactions. In another
study, immobilized trypsin retained only 43% of its activity
after seven cycles [48].

3.4. Digestion of protein samples with the immobilized
trypsin

Trypsin is frequently used in proteomic research as the
first-choice protease. However, this application is limited
by its low thermostability and rapid autolysis under typical
digestion conditions (pH 8.0, 37°C) [19]. The presence of
autolytic peptides can be useful for internal calibration [49].
On the other hand, the autolyzate may decrease the quality
of results with low-concentration protein digests and obscure
protein identification by database searching. It is shown here
that this drawback can be reduced or totally eliminated
by a chemical modification and/or immobilization to the
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Table 3. Comparison of present results with data from previous studies. ND stands for ‘no data available’.

Residual activity (6 weeks of

Residual activity after repeated  Typical digestion conditions:

Enzyme storage at acidic pH): in % use (eight cycles): in % temperature (°C)/time
Free trypsin® 48 — 37/16h
Immobilized conjugate 88.5 77 50/1h
(BCD-BT)*

Immobilized trypsin 1* 80 71 37/12h
Immobilized trypsin 2" 70 ND¢ 25/2h
Immobilized trypsin 34 ND¢ 50 ND¢
Immobilized trypsin 4¢ ND¢ 70 37/5 min
Immobilized trypsin 5 798 610 ND¢
Immobilized trypsin 6' g1 87" ND¢
Immobilized trypsin 7% 50! ND¢ ND¢
Immobilized trypsin 8™ 80; 78" 61;74° 37/15 min
 This work.

b Nanofibrous polymer grafted magnetic poly (GMA-MMA )-g-MAA beads [20].

¢ ND stands for "no data available’.

d Magnetite particles [9].

€ Detonation nanodiamond [52].

f Beads of cross-linking chitosan-coated silica gel (activated with glutaraldehyde) [53].

& After 30 days in 50 mM tris-HCI, pH 8.5.

h After four cycles only.

I Carboxylate-functionalized cation exchanger prepared from nanocellulose [54].

i After 3 weeks in 50 mM phosphate buffer, pH 7.5.

Kk Crosslinked thermosensitive carriers (type TH8) [55].

! After 30 days in 1 mM HCl.

™ Carboxymethyl chitosan nanoparticles treated with Cu (II) and Zn (II) ions [56].

" After 1 week, storage condition not shown.

@ After six cycles only.

biogenic magnetite. Parallel increases in thermostability 11

and resistance against autolysis were previously achieved 1.0 1803.8

by chemical modification of BT with periodate-oxidized 09

cyclodextrins [19]. Such conjugates were in the present study .

attached covalently to chitosan-modified MNPs using EDC ' 1675.7

hydrochloride and sulfo-NHS as coupling agents. Then three
model proteins were chosen covering a typical mass range
of protein separation in 12% polyacrylamide gels, which is
commonly used in SDS-PAGE: LYS, HRP and BSA. Their
corresponding molecular masses are 14, 40 and 67 kDa,
respectively. All model proteins were digested at 50°C for
I h (HRP, a glycoprotein, also additionally for 2 h) to
test the performance and effectiveness of the immobilized
BT conjugates. After digestion, the immobilized enzyme
was magnetically separated from the reaction mixture. The
resulting tryptic digests were analyzed by MALDI-TOF MS
(an illustrative spectrum is shown in figure 8). As there
were many peptide fragments generated by digestion, the
model proteins were identified unambiguously. The sequence
coverage values of 86.8, 45.1 and 32.0% were obtained for
LYS, HRP and BSA. respectively, using the immobilized
BCD-BT. The probability-based score values in protein
database search using the program Mascot were 228 (LYS),
141 (BSA) and 116 (HRP). All data were comparable with
the results of a common overnight digestion. Interestingly,
but not unexpectedly, the two major peaks of BT autolytic
peptides (m/z 2163.06 and 2273.18) were not observed at
all. A previous study describes covalent immobilization of
native trypsin to carboxyl- and amine-functionalized magnetic
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o
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Figure 8. MALDI-TOF peptide mass fingerprinting of lysozyme
from egg hen white. A lysozyme sample was subjected to
in-solution digestion by the immobilized BCD-BT at 50 °C for | h.
The measurement was performed in the reflectron mode for positive
ions using CHCA as a matrix with the following database search
outputs: sequence coverage = 86.8%:

probability-based score = 228.

microspheres using EDC, NHS and glutaraldehyde as
coupling reagents [50]. The immobilized enzyme was applied
for fast and efficient proteolysis. Digestion of BSA was
performed for 1 min at ambient temperature. When compared
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with a conventional digestion protocol (incubation at 37°C
for 12 h), the improved digestion resulted in a higher number
of peptides providing higher sequence coverage values for
protein identification. Similarly, trypsin immobilized onto
magnetic carbonaceous microspheres allowed us to obtain
a protein digestion efficacy comparable to that using the
traditional overnight method [S1].

4. Conclusions

In this work, magnetite nanoparticles were isolated from
the magnetotactic bacterium M. gryphiswaldense MSR-1.
The natural phospholipidic membrane was removed by SDS
and the surface of the biogenic magnetite was covered with
the natural biopolymer chitosan. The obtained magnetite
nanoparticles showed a unique magnetic responsivity, cubo-
octahedral shape and almost uniform size of 30-50 nm, thus
being suitable for immobilization of trypsin using EDC and
sulfo-NHS as coupling reagents. Native BT is characterized
by drawbacks emerging from its autolysis. For that reason,
it was modified by conjugation with cyclodextrins prior to
a covalent immobilization to chitosan-coated MNPs. The
immobilized trypsin conjugates exhibited largely improved
thermostability and storage stability when compared with the
soluble enzyme. After immobilization, the optimal pH value
was not altered, which is advantageous for keeping traditional
in-solution digestion protocols. The described enzymatic
system has proven itself applicable for a fast and efficient
protein digestion with economic reusability. Considering
these parameters, the presented enzymatic system exhibits
properties that are superior to those of trypsin forms obtained
by other frequently used approaches (table 3). When used,
the immobilized trypsin is separated magnetically for a
few seconds and the acquired digests are free of autolytic
peptides, which reduces autolysis-related background in mass
spectrometry of peptides for protein identification. All the
improvements in performance make the described trypsin
nanoparticles a promising tool for protein digestion.
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