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IVADAS

Darbo aktualumas

Siuo metu nanomedicina yra sparéiai besivystanti medicinos mokslo sritis.
Tai sietina su naujai atrandamomis ir jvairiose technologijose pritaikomomis,
nanometrinio dydzio dalelémis, kurios pasizymi iSskirtinémis cheminémis,
fizinémis ir optinémis savybémis. Nanomedicinos tikslas — Zmogaus
biologiniy sistemy visapusiSskas monitoringas, kontrol¢, gydymas, apsauga ir
stiprinimas molekuliniame lygmenyje naudojant inzinerinius prietaisus ir
nanostruktiiras. Sios naujos idéjos apjungia savyje optines, magnetines,
elektronines bei struktiirines daleliy savybes.

Teranostika - nauja nanomedicinos sritis, dazniausiai siejama su
nanotechnologijomis, kadangi jas pasitelkiant, galima sukurti nanodaleles,
kurios patobulinty naviky diagnostika, uztikrinty tikslesnj ligos eigos
stebéjimg bei kartu turéty terapinj poveikj. Atsizvelgiant | dabartinius
diagnostikos ir terapijos metody trikumus, ypatingas mokslininky démesys
yra skiriamas Dbiologiskai suderintoms bei tikslingai veikianc¢ioms
nanometrinio  dydzio magnetinéms nanodaleléms ir  intensyvia
liuminescencija pasiZymintiems aukso nanoklasteriams, kuriy savybiy
sujungimas leisty sukurti dvigubo funkcionalumo kompozitus, pasizyminé¢ius
ir magnetinémis ir liuminescencinémis savybémis.

Dél mazo dydzio bei biosuderinamumo MeFe,Os@Au Nd léCiau
Salinamos i§ organizmo. Taigi mokslininkai tiki, kad biosuderinamos, mazos,
NIR srityje fluorescuojancios, auksu dengtos magnetinés nanodalelés yra
daug zadantys kompozitai in vivo augliy vaizdinimo ir tikslinés terapijos
plétrai.

Darbo tikslas

Efektyviy magnetiniy nanodaleliy auksavimo ir aukso klasteriy sintezés
metody paieSka, gauty produkty charakterizavimas ir taikymas
nanomedicinoje.
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Darbo uzdaviniai

e Optimizuoti magnetiniy nanodaleliy hidroterming sintezg jy
stabilizavimui pasitelkiant aminortgstis.

e [stirti magnetiniy Nd efektyvaus pavirSiaus padengimo auksu
galimybes panaudojant aminortigstis kaip bioreduktorius.

e [stirti raudonai fluorescuojanciy aukso klasteriy sintez¢ naudojant
naujus bioreduktorius ir vandenilio tetrachlorauratg (HAuCly).

¢ Nustatyti sintezés produkty sudétj, struktiira, apsupt; ir susidarymo
mechanizma.

e Istirti Au%Au’ Nd antibankterines savybes

e [stirti gauty Au klasteriy panaudojimo lasteliy vaizdinimui
galimybes.

Disertacijos praktiné verté

e Parinktos ir optimizuotos vandeniniy tirpaly sudétys 2, 5, ir 15 nm
dydzio CoFe;Os Nd sintezei ko-nusodinimo buadu bei
kontroliuojamam jy pavisiaus padengimui aukso luobele.

e Pateiktas magnetiniy CoFe;O4@Au Nd auksavimo mechanizmas.

e IStirta dopamino hidrochlorido adsorbcija ant CoFe;Os ir
CoFe;04@Au Nd pavirsiaus.

e Parinktos ir optimizuotos vandeniniy tirpaly sudétys Fe;Os Nd
sintezei ir perspektyviam jy paviSiaus padengimui Au’/Au’ aukso
nanokristalais.

e Pasilllytas efektyvus Au%Au’ ultra smulkiy nanokristaly
,,nukabinimas® nuo Fe;O4 Nd pavirSiaus.

e [3tirtos Au’/Au’ nanokristaly baktericidinés savybeés itin auksto
atsparumo antibiotikams patogeny atzvilgiu.

e Parinktas naujas ir pigus bioreduktorius AuNKI sintezei.

o I[stirtos sukurty aukso klasteriy sudétis, struktiira ir
liuminescencinés savybés parodant, kad Sie unikaliis klasteriai
pasizymi stabilumu ir intensyvia raudonos Sviesos emisija.

Disertacijg sudaro 8 skyriai, i§ kuriy trys tiriamieji: literattiros apzvalga,
metodai ir medziagos bei rezultatai, o likusieji, t.y. jvadas, iSvados, literatiiros
Saltiniai, autorés moksliniy straipsniy sgrasas $io darbo tematika, praneSimai
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konferencijose ir dalyvavimas tarptautiniuose mainuose, tiksliniy moksliniy
igidziy plétimas tarptautinése mokyklose ir padéka mokslininkams bei
visiems prisidéjusiems, apibendrina viso tiriamojo darbo aktualuma,
svarbumg bei naujuma.

Ivadiniame skyriuje pateikiamas temos aktualumas, suformuluotas darbo
tikslas bei uzdaviniai ir gauty rezultaty naujumas. Literatiros apzvalgos
pirmoje dalyje apzvelgta gelezies oksido magnetiniy nanodaleliy struktiira ir
savybés. Glaustai pristatomi MeFe>O4ir AUNKI Nd sintezés metodai pateikiant
ju trikumus ir unikalumg. Antroje dalyje apraSyta magnetiniy Nd pavir§iaus
auksavimo bei dekoravimo auksu zinomi biidai bei jy trikumai. Skyriaus
pabaigoje pristatomos tiriamyjy objekty panaudojimo galimybés Siuolaikinéje
teranostikoje ir antibakteriniuose tyrimuose.

Antrajame skyriuje apraSomi darbe tirti ir naudoti CoFe>O4, Fe;O4 Nd ir
AuUNKI sintezés, bei CoFe;Os ir FesOs Nd pavirSiaus padengimo auksu
metodai, hidroterminiy ir terminiy sinteziy salygos ir reagentai. Gauty
produkty strukttros, sudéties bei magnetiniy ir antimikrobiniy tyrimy
metodikos ir jranga pateikti skyrelio gale.

TreCiajame skyriuje detaliai pristatomi vykdyty tyrimy rezultatai, jy
naujumas ir praktinio taikymo galimybés.

Disertacijos darbo pabaigoje pateiktos iSvados, cituojama literatiira ir
autoriaus publikuoti darbai Sio darbo tema.

Ginamieji teiginiai:

1. D,L-metionino aminorfigSties imobilizavimas magnetiniy Nd
pavirSiuje jgalina padengti jy pavir$iy aukso nanokristalais bei aukso
luobele.

2. Au’Au’ nanokristalus galima ,,nukabinti“ nuo CoFe;Os@Au ir
Fe;04@Au Nd pavir§iaus D,L-metionino pertekliumi.

3. Au%Au" nanokristalams biidingos baktericidinés savybés prie§
antibiotikams itin atsparius patogenus.

4. Raudonai liuminescuojanc¢ius aukso klasterius galima susintetinti
maisto papildy, turin¢iy Sakotyjy aminoriig§¢iy, pagalba.
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1. LITERATUROS APZVALGA

1.1. Magnetiniy gelezies oksido nanodaleliy (MNd) sintezé,
savybiy, sudéties ir struktiiros valdymas

1.1.1. MNd struktiira ir charakteristika

Standartiné magnetity formulé yra AB,O4, kur A Fe(Ill), o B Fe(Ill).
Ferituose Fe(Il) kei¢ia Mn, Co, Ni ir kt. metaly katijonai (1.1 pav.).

Maghemity ir magnetity kristalinés gardelés yra panasSios. Jos turi tankiai
supakuotg kubing struktiirg (deguonies atzvilgiu) (1.1 lentelé). Skiriasi tik Fe?*
ir Fe** jony padétys, kurios uzima tetraedrines arba oktaedrines tustumas [1].

Zemoje temperatiiroje susintetinti magnetito (Fe3Oy) kristalai jprastai yra
mazi (<100 nm) ir turi buti apsaugoti nuo tolimesnés oksidacijos, nes
oksiduojantis magnetitui susidaro maghemitas (y-Fe,Os3). Maghemitas yra
pilnai oksiduotos formos magnetitas. Oksidacija siekia 11% iSstumiant Fe*" i3
oktaedriniy ir Fe’* — i§ tetraedriniy kristalo viety jas padarant laisvas.
Magnetito | maghemita peréjimo metu medziagos spalvos gama keiciasi nuo
juodos iki raudonai rudos. Magnetito ir maghemito formuojamos struktiiros
turi kubing gardele (1.1 lentelé ). Ji vadinama kubine atvirkstine Spineline
struktira (1.1 pav.), susidarancia deguoniui formuojant tankiai supakuotg
kubine gardele, kurioje gelezies katijonai uzpildo tetraedrines ir oktaedrines
tustumy vietas. Fe (III) katijonai uzpildo laisvas tetraedrines, o
Fe (II) — oktaedrines struktiiry vietas. Priklausomai nuo gelezies uzimty viety,
maghemitas gali turéti skirtingos simetrijos struktiirg. VisiSkai uZzlipdytos
struktiiros maghemitas yra kubinés formos kristalas. Jj galima charakterizuoti
rentgeno spinduliy strukttriniais tyrimais [2].
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AB:0y4 $pineliné struktiira

O O - atomai

® A _atomai

@ B _ atomai

1.1 pav. Kubiné atvirkstiné Spineliné struktiira, kurioje A Zzymi Fe(Il) jonus
uzimancéius 1/4 oktaedriniy tuStumy, o B - Fe(lll) jonus lygiomis dalimis
pasiskirs¢iusius 1/4 oktaedrinése ir 1/8 tetraedrinése tuStumose. Redaguota i§ [3]

literattiros Saltinio.

1 lentelé. MNd klasifikacija, struktiira ir charakteristika.

Kii Fizikinés Bidingos smailiy
Gelezies . rist. Krist. charakteristikos charakteristikos
L sistema, -
oksidai strukt.  Tankis . XRD, IR,
nm 4 Tipas B
g-cm 20 cm
=S|
a
g 30,12; 35,45;
Magnetitas Kubiné Pata &) 43,06; 53,44; 400;
_ KA 518 3 : .
(Fe304) a=0,8396 q & 56,99; 62,57; 590
z 74,04
g 23,86:2621; 400;
Q
, . 24 3 30,29; 35,72;  450;
Magh K
(alfe%m;tas af‘(l)’;nsew | 4,87 T 4338 53, 570;
e : 2 90; 5745 590;
8 63,07, 74,61 630
>
5 574-
. g 30,26; 35,74;
Heksagoni a 530;
. ) 2 43,28; 53,95,
Hematitas ne 5 57 42- 63.27- 478-
(0-Fe;03) a=0,5035 <§ ; 4’ 68’ 456
c=1,375 % ’ 352-
& 314
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Yra zinoma, jog kobalto ferito (CoFe,O4) sudétis stambiakristalinéje
buisenoje yra stechiometriné, taCiau susidarant nanodaleléms yra stebimas
nezymus kationy i§simétymas Spinelinéje struktiiroje.

1.1.2. MNd magnetinés savybés

Gelezies oksido nanodaleliy svarbiausia savybé yra magnetizmas.
Gebéjimas jsimagnetinti ir biiti valdomoms iSoriniu magnetiniu lauku (H)
daro jas patrauklias jvairiems tyrimams. MeFe,Os Nd turi nuolatinius
magnetinius momentus ir pasizymi stipriomis magnetinémis savybémis, tad
priskiriamos feromagnetiky (u >> 1), o kai yra mazesnés nei
20 nm - paramagnetiky (u > 1), medziagy grupéms. Feromagnetiniy
medziagy magnetiniai momentai iSoriniame magnetiniame lauke iSsidésto
vienas kito atzvilgiu tvarkingai ir lygiagreCiai, o nebeveikiant H,
jmagnetéjimas lieka (B;) (1.2 pav.). Feromagnetikams yra budingas histerezés
kilpos reiskinys: taSke 0 domenai yra orientuoti netvarkingai, o medziaga
nejmagnetinta; jos sukeltas vidinis magnetinis laukas B = 0. ISorinis
magnetinis laukas H, veikdamas feromagnetika, orientuoja magnetinius
momentus savo kryptimi ir magnetinj medziagos jsisotinima (Mjs).

Histerézés kilpa
AMagneting
(B arba M) n fesotingmas Ms | —pr —pr —p
- > >
-+ > >
B, _
== ] .
He He [SorThie magnetinig fauko
stipris, H
Br
o+ — 4
<+ 4
— — -«

1.2 pav. Histerézes kilpos schema veikiant feromagnetika iSoriniu magnetiniu lauku
(H). Redaguota i§ [4] literattiros Saltinio.
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Paramagnetinés medZziagos turi maza, bet teigiama magnetinj jautrj ( z m).
Tokiy medziagy atomai turi tam tikra nuolatinj magnetinj momenta. Kai
paramagnetikas jneSamas ] iSorinj magnetinj lauka, jo atomy magnetiniai
momentai yra orientuojami to lauko kryptimi. Taciau Siai orientacijai trukdo
Siluminis judéjimas, galintis ja suardyti. Tam tikruose temperatiiry
intervaluose paramagnetiky jmagnetéjimas (J) yra proporcingas iSorinio
magnetinio lauko indukcijai ir atvirk§¢iai proporcingas absoliutinei
temperatirai. Kai temperatira zemesné uz T, jmagnetéjimas pasiekia
jsotinima, ir tai reiSkia, kad atomy magnetiniai momentai yra tvarkingai
orientuoti iSorinio magnetinio lauko kryptimi. Aukstesnéje negu Kiuri
temperatiroje Siluminis judéjimas yra pakankamai intensyvus, kas sglygoja
netvarkingg magnetiniy momenty orientacija - tada feromagnetikai virsta
paramagnetikais (5.14 pav.).

Esant aukstai temperattirai, kuri vadinama blokuojancia temperattra (Ts),
kiekviena nanodalelé tampa atskira magnetine sfera ir pasizymi
supermagnetinémis savybémis. Sios nanodalelés turi didZiule magnetinio
momento konstantg ir veikia kaip gigantiS$kas paramagnetinis atomas, greitai
reaguojantis ] magnetinj lauka. Tokiomis savybémis pasizymincios
magnetinés nanodalelés yra perspektyvios biomedicinoje, nes aglomeraty
susidarymo galimybés kambario temperatiiroje yra visiskai nezymios [4].

1.1.3. MNd formavimas

Magnetiniy nanodaleliy formavimasj ir augima galima apraSyti remiantis
LaMer ir Dinegar suformuota diagrama. Grafiskai ji pavaizduota
1.3 paveiksle. Diagramoje vaizduojamas atomy supakavimas prasideda
pirmoje stadijoje persitvarkant reakcijoje dalyvaujan¢ioms prekursoriy
molekuléms. Pastaroji priklauso nuo aplinkos temperatiiros bei mikrobangy,
ultragarso ar kity naudojamy sintezei energijos $altiniy parametry. Sios fazés
metu susiformavusiy metaliniy atomy koncentracija didéja iki kritinio
branduoliy kiekio (Cmin). Pasiekus §ig ribg, procesas pereina j kitg fazg, kurios
metu pradeda formuotis kristaly uzuomazgos. Branduoliy augimas vyksta iki
jsisotinimo  (super-saturation) ribos. Laipsniskai sumaz&jus atomy
koncentracijai, véliau 1étéja ir kristaly uZuomazgy susidarymo bei branduliy
augimo procesai. Jdomu tai, jog pasiekus persotinimo biliseng, toliau
branduoliy augimas yra neskatinamas. Tik nuolat tiekiant atomus per
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prekursoriy skaidymag, branduoliai gali augti vis didesni, kol vél yra
pasiekiama sugeneruoty branduoliy pavir§iaus atomy ir tirpale esanciy atomy
pusiausvyra. Nanokristaly augimas ir jy forma priklauso nuo termodinamiskai
arba kinetiskai kontroliuojamo rezimo. [valdZius §j branduoliy augimo
mechanizma, atsiranda galimybé kontroliuoti Nd formg ir nanokristaly dydj.
Paskutinés, III fazés (Ostwaldo brandinimas), metu vyksta didesniy
nanodaleliy brandinimas mazesniyjy saskaita. Jo metu vidutinis daleliy dydis
auga, o esantis tirpale nanodaleliy skaic¢ius mazéja.

W Kriting riba virs-jsisotinimo

Greitas branduoliy augimas

Augimas jnicijuotas difuzijos

[ faze

1
i
i
i
! Tirpumas
1

e s s ke s wmw

Prekursoriy koncentracija (av.)

L T——
i i
i i
0 ° & i "
s o I BB .
e

=] :OG ! a:. e ! o e OO

°egge =2 ! ®
1 o ®

Atonay ; Branduoliy ;

generacija . formavimasis ; Nanodaleliy augimas

Laikas

1.3 pav. LaMer diagrama, rodanti atomy koncentracijos kitimg inicijuojant augima,
suformuojant, brandinant bei siekiant tolimesnio augimo remiantis ,,Ostwald
principu. Redaguota is [5] literattiros Saltinio.

1.1.4. MNd sintezés metodai

Gelezies oksidy nanodaleliy sintezés metodas atlicka svarby vaidmenj jy
dydziui, formai, dydziy dispersijai, pavir§iaus energetinei bisenai ir
savybéms. Norimo dydzio, sudéties ir magnetiniy savybiy mnanodaleliy
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sintezei pasitlyta visa eilé metody. Trys svarbiausi sintezés metodai parodyti
1.4 pav. Cheminé Nd sintezé yra naudojama dazniausiai, todél beveik 90%
paskelbty moksliniy darby yra sietini su $iuo sintezés metodu. Populiariausi
yra mikroemulsinis, temperatiirinio skaldymo, hydroterminis, solvoterminis,
sonocheminis, mikrobangy iniciavimo, ko-nusodinimo, nusodinimo i§ gary
fazés bei zolio-gelio. Sintezei gali biiti naudojami tiek vandeniniai, tiek
nevandeniniai tirpalai bei tiek neorganinés, tiek organinés kilmés druskos. Dél
mazesnés kainos ir tvarumo sintezé vandeniniuose tirpaluose laikoma
patrauklesne. Taciau dazniausiai pagrindiné problema ir i§§ukis tyréjams yra
monodispersiniy Nd suformavimas ir aglomeracija dél jy magnetinés

sgveikos.
100

Publikacijy skaitius (%)

Fizikiniai Cheminiai Biologiniai
12% l 68%
37%
9
14% 24% 3%
15%
5% . %
395 19% 20% 10% 21% 1%
Wl Skilimo dujineje fazéje W Gryby inicijucjama
W Elektrony litografijos 27% MBakterijy inicijuojama
Impulsinis lazerinis nusodinimas | Ko-nusodinimo Baltimy inicijucjama
Bl Lazerio inicijucjama pirolizé W Mikroemulsijos
Mechaninio malimo Hidroterminis
M Aerozolinio B Elektrocheminio nusodinimo

Ultragarsinis
B Terminio skilimo

1.4 pav. Magnetiniy nanodaleliy sintezés metody, naudoty iki Siol publikuotuose
straipsniuose, diagrama. Redaguota i§ [6] literatiiros Saltinio.
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1.1.5. MNd sintezé ko-nusodinimo metodu

Siuo metodu geleZies hidroksido branduoliai formuojami ir auginami
vandeniniuose tirpaluose. Sintezés metu Me(Il) ir Fe(Ill) su deguonimi
junginiy nuosédos susidaro kai j tirpalg, turintj Fe(Ill) ir Fe(Il) ar Me(Il)
drusky, pridedama Sarmo (NH4OH arba NaOH). Susidariusios drebuciy
pavidalo gelezies oksido nuosédos yra surenkamos magnetu ar
centrifugavimo biidu. Magnetinio skyscCio stabilizavimui nuo magnetinés
sgveikos papildomai pridedama koncentruoto Sarmo, rigsties, pavirSiaus
aktyviy medziagy ar polimeriniy dariniy [7].

Ko-nusodinimo sintezés cheminé reakcijos lygtis yra:

Me?" + 2Fe*" + 80OH — MeFe04 + 4H,0

Iki 8iol ko-nusodinimo sintezés metodas yra naudojamas tada, kai siekiama
suformuoti norimo dydZio ir magnetiniy savybiy Nd [8].

Zinoma, kad Fe;O4 bei kity ferity Nd dydis, pavirSiaus ir magnetinés
savybés priklauso nuo jy sintezei naudoty dvivalenciy metaly ir trivalentés
gelezies drusky prigimties (chloridy, sulfaty, nitraty, perchloraty ir kt.), tirpalo
ruosimo salygy, terpés pH, temperatiiros, maiSymo intensyvumo, trukmés,
aplinkos ir tirpalo koncentracijos [9, 10].

Nd branduoliy susidarymas ko-nusodinimo reakcijos metu vyksta dviem
stadijomis (1.3 pav.) [11, 2]. Pirmosios (staigios ir nekontroliuojamos) metu
pradeda formuotis kristaly uZuomazgos, o reagenty koncentracija pasiekia
kritine, vadinama ,,vir§ jsisotinimo’’ (super-saturation) biiseng. Antroji
stadija dél sulétéjusios reakcijos komponenty difuzijos uzsimezgusios
nanodalelés pavirSiaus link yra léta, todél Sioje stadijoje reakcija galima
kontroliuoti lengviau [12].

Dar 1980 m. Sugimoto ir Matijevic panaudojo skirtingus oksiduojancius
agentus ir pastebéjo, jog kiekvienas jy veikia vis kitaip, susidarant skirtingy
dydziy sferinéms daleléms [13]. Toks pats rezultatas buvo gautas tada, kai
gelezies ir gelezies hidroksido vandeniniai tirpalai buvo brandinami
stecheometriskai [ 14]. Nustacius, kokig jtakg daro skirtingi faktoriai bandoma
susintetinti  sferines, kubines ir kt. formy vienodesnio dydzio
(monodispersines) magnetines Nd, nes vienodo dydzio nanodalelés yra itin
paklausios tolesniam jy panaudojimui nanomedicinoje bei katalizéje [15]. Be
to, kontrolivodami Nd dydi mokslininkai gali patikimiau atskleisti nuo
nanodaleliy dydZio priklausancdias fizikines, magnetines ir chemines kristalo
struktiirines savybes [16]. Kai geleZies oksido Nd dydis tampa maZesnis nei

19



20 nm, jos priskiriamos superparamagnetinéms medziagoms. Didesniosios po
Jmagnetéjimo turi savitg iSliekamajj jmagnetéjimg ir yra feri/feromagnetinés
medziagos [17].

Pastebéta, jog geleZies oksido magnetiniy Nd skersmuo mazéja, didéjant
sintezés terpés joninei jégai ir pH vertei. Abu Sie parametrai daro jtaka ir
susidariusiy magnetiniy Nd pavir§iaus elektrostatiniam kriiviui. Sios sintezés
metu daZniausiai naudojamas tirpaly pH intervalas yra nuo 8 iki 14, nes
deguonies aplinkoje ir esant Me?*/Fe** koncentracijoms santykiu 1:2 tik Siame
diapazone yra pilnai pasiekiamas drusky iSkritimas j nuosédas. Keiciant pH
verte buvo nustatyta, jog galima reguliuoti susidaranc¢iy sferiniy Nd dydj nuo
2 iki 15 nm [18, 19]. Taip pat yra atlikta tyrimy, parodanciy, kaip magnetito
Nd vidutinis dydis priklauso nuo nusodinimo terpés rigstingumo [20, 21]. Nd
dydis mazéja, kai padidéja reakcijos terpés temperatiira, nes reakcijos
temperatiros didinimas sumazina magnetinio branduolio aglomeracijos
laipsnj ir tuo padiu — Nd dydj. Taiau aukStoje temperatiiroje daleliy
polidispersiSkumas iSauga, kas grindziama Nd judrumo ir susidarimo
suintensyvéjimu karStuose tirpaluose bei aglomeracija [22, 23]. Ta pacia
iSvada padaré ir kiti tyr¢jai [11, 24, 25].

Ko-nusodinimo metodu susintetinty gelezies oksido Nd magnetinés
savybés priklausomai nuo jy dydzio bei stabilumo labai skiriasi. Tuo paciu
nepanasios ir jy panaudojimo galimybés. Todél 2 - 15 nm dydziy Nd siekiama
atrinkti j ultra-smulkiy (0.5 - 2 nm), smulkiy (2 - 5 nm) ir 5 - 15 nm dydziy
frakcijas. Siekiant sumazinti ir visiSkai ivengti Nd agregavimo ir padidinti jy
stabilumg sintezés metu, buvo pradéti naudoti papildomi augimo reguliatoriai.
Naudojantis jais buvo gautos monodispersinés ir stabilesnés Nd.

Norint i§vengti magnetiniy Nd agregavimo sickiama, kad reakcijos metu
pusiausviroji reakcijos pH verté nesikeisty. Tai pasiekiama didinant pradinj
sintezés tirpalo pH. Be to pusiausviroji pH verté turi bati artima tirpalo Nd
nulinio kriivio taskui (pHy.c). PavyzdZiui, maghemito nanodaleliy iSkritimas |
nuosédas esant pH=2. Siekiant iS§saugoti daleliy monodispersiskuma, $iuo
metu naudojami geliy tinklai ar ptslelés. Jos atskiria Nd viena nuo kitos.
Stabilumui padidinti, Nd dengiamos silicio kserogeliu, elastano, polistireno,
poliakrilo ir kitais kopolimery sluoksniais [25].

Mokslingje literattiroje sutinkama jvairiy pasitlymy, kaip biity galima
pasigaminti  superparamagnetiniy ferity nanodaleliy (SPIONs). Tai
nanometrinio dydzio magnetiniy gelezies oksido, maghemito (y-Fe,Os),
magnetito (Fe;0,) ir ferity (MeFe,04) Nd.
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1.1.6. MNd sintezé terminio skaldymo metodu

Placiai naudojamas magnetiniy bei superparamagnetiniy gelezies oksidy
Nd sintezés metodas yra terminis organiniy prekursoriy, kaip antai
[M"™(acac)n], kur M = Fe, Mn, Co, Ni, Cr,
o n = 2 arba 3, acac=acetylacetonatai) [26], Mx(cup)«
(cup=N-N-nitrozofenylhydroksylaminai) [27, 28], karbonilai (Fe(CO)s) [29]
ir kt. skaldymas. Sintezé atlickama aukstos virimo temperatiiros tirpikliuose.
Naudojami: benzylo eteris, etilendiaminas, oleino rtgstis (OA), oleilaminas
(OLA), 1, 2-heksadekandiolis (HDD), 1-oktadecenas, 1-tetradecenas ir kt.
[30]. Sintezés metu naudojami karbonilai ir pavirSiaus aktyvios medziagos
(PAM) sulétina branduoliy susidarymo procesg ir stipriai daro jtaka
adsorbcijai ant branduoliy ir nanokristaly, kas slopina magnetiniy Nd augimo
procesa.

Sio metodo pagrindinis principas yra sukontroliuoti organiniy prekursoriy
Jpurskimo terminj skilimg j verdancius tirpiklius metu (1.5 pav.). Metalinés
gelezies Nd sintetinamos i§ Fe(CO)s, poliizobuteno tirpale N, atmosferoje
palaikant pastovig 170°C temperatirg. Priklausomai nuo Fe(CO)s ir
poliizobuteno santykio, Nd dydis gali svyruoti nuo 2 iki 10 nm [31]. Fe(acac)s
atveju, terminis skilimas vyksta katijoniniuose metalo centruose, tiesiogiai
susidarant geleZies oksido nanodaleléms.

Dujy srautas »—

|
I
| PavirSiaus aktyvios
medZiagos (PAM)
Termometras " ﬂ

Prekursoriy Monodispersinés

jpurdkimas nanodalelés

Centrifugavimas ‘ T |
= [

Kaitinimas

1.5 pav. Nanodaleliy sintezés iliustracija organiniy prekursoriy terminio skaldymo
keliu. Redaguota i§ [32] literatiiros Saltinio.
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Hyeon ir kt. iStyré monodispersiniy geleZies oksido Nd susidarymg i§
pigaus ir netoksisko gelezies karbonilo (Fe(CO)s). Tuo tikslu buvo ruosiamas
Me-oleato kompleksas iStirpinant karbonilg organiniame tirpiklyje ir létai
kaitinant iki tirpiklio virimo temperatiiros, kurioje prasideda monodispersiniy
gelezies oksido kristality formavimasis ir Nd augimas (1.6 pav.). Vienos
sintezés metu buvo gauta per 40g monodispersiniy gelezies oksido Nd,
nenaudojant jokiy Nd augimo stabilizatoriy. Taip pat buvo pastebéta, jog Siuo
sintezés buidu susintetinamy monodispersiniy magnetiniy Nd dydj galima
reguiuoti keiCiant jy sintezés terpés temperatirg ir kt. parametrus. 1.6
paveiksle pavaizduotas susintetinty magnetiniy nanodaleliy dydziy
pasiskirstymas nuo 6 iki 20 nm [33].

Me-chlorido 4 Na-oleatas > Me-oleato kompleksas = NaCl
druska

Me-oleato kompleksas

Monodispersinés magnetinés

1.6 pav. Terminés sintezés metodu susintetinty magnetiniy Nd perSvietimo
elektroninés mikroskopijos (PEM) vaizdai. Nd gautos skaldant metalo-oleata aukstos
virimo temperatiiros tirpiklyje. Gauti monodispersiniai 6, 7, 8, 9, 10, 11, 12 ir 13 nm
dydziy nanokristalai. Redaguota i§ [33] literattiros Saltinio.
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Terminio skaldymo metodas naudojamas skirtingos morfologijos gelezies
oksido magnetinéms Nd gauti. Pavyzdziui, Amara ir kt. susintetino Fe;Os
nanokubus ir nanosferas keiciant feroceno ir polivinilpirolidono (PVP)
kiekius miSinyje. ApraSytu metodu sintezé vykdoma vienu etapu ir yra
paprasta [34]. Demortiére kartu su savo grupe taip pat iStyré monodispersiniy
gelezies oksido nanokristaly morfologija ir dydziy pasiskirstyma sintetinant
Nd terminio skilimo metodu. Jy darbo rezultatai jrodé, jog panaudojant
skirtingus tirpiklius ir pavirSiaus aktyvias medziagas galima reguliuoti Nd
dydj nuo 2,5 iki 14 nm (1.7 pav.) [35]. Dél Zenklios pavirSiaus energijos
gelezies oksido nanodalelés jprastai yra energetiskai nestabilios. Taigi, atlikus
Nd sintez¢ yra sunku iSlaikyti visg sistema stabilig bei nekei¢iancig savybiy.
Sistemos dispersiskumas lemia daleliy aglomeracija. Sioje saveikoje stipriai
veikia Van der Valso jégos. Suspensijose visos dalelés yra linkusios agreguoti,
0 mazindamos savo pavirsiaus energija jos iSauga iki mikrometriniy dydziy.

1.7 pav. Skirtingy formy ir dydziy magnetiniy Nd aukstos skiriamosios gebos PEM
vaizdai: a) sferinés, b) kiibinés ir ¢) SeSiakampés. Redaguota i§ [35] literatiiros Saltinio.
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Kuo mazesnis Nd dydis, tuo daugiau Nd turi laisvosios pavir§inés energijos
ir maziau aglomeruoja. Ultragarsu maisant nanodaleliy tirpalg, purtant,
naudojant pavirSiaus aktyviasias medziagas, keiciant pH, galima susilpninti ar
netgi panaikinti Nd aglomeracija [36].

Siekiant islaikyti kuo stipresnes Nd magnetines savybes, dispersiskuma bei
padidinti jy funkcionalumg sintezés metu ar po jos, minétosios Nd daznai
papildomai yra veikiamos mazinanciais agregavimg stabilizatoriais.

1.2. Magnetiniy gelezies oksido nanodaleliy (MNd) pavirSiaus
dekoravimas aukso nanokristalais (AuNd)

Fe3;04 magnetiniy nanodaleliy pavirSiaus padengimas auksu yra svarbus ne
tik dél jy stabilumo, taCiau ir dél jy tolesnio tikslinio panaudojimo
nanomedicinoje: magnetinio rezonanso vaizdinimui in vivo, vaisty pernasai,
audiniy atstatymui, hipertermijai ir kt. [37, 38]. Auksas ant Nd pavirSiaus
suteikia galimybe patikimai prikabinti prie magnetinés Nd pavirSiaus jvairias
biologines molekules, vaistus ir Zymenis. Tai 1émé zenkly magnetiniy Nd
sintezés ir jy pavirsiaus funkcionalizavimo auksu tyrimy augima pastarajame
desimtmetyje.

Tolygiam ir valdomam magnetiniy nanodaleliy pavirSiaus padengimui
aukso sluoksniu ar Au nanodalelémis, didele reikSme turi magnetiniy
nanodaleliy prigimtis (sudétis ir struktiira), sintezés metodas, naudoty Nd
augimo stabilizatoriy sudétis ir jy savybés. Nepaisant daugybés sitlymy,
tolygus padengimas magnetiniy Nd pavirSiaus auksu Siuo metu iSlicka
problema, kuri itin budinga didelio pavirSiaus ploto SPION nanodaleléms.
Todél magnetiniy Nd tolesné panaudojimo specifika kelia grieztus
reikalavimus jy savybéms: cheminei sudéciai, daleliy dydziy dispersijai,
magnetiniy savybiy stabilumui ir adsorbcinéms savybéms.

1.2.1. MNd pavirSiaus dekoravimas AuNd tiesioginés redukcijos metodu

Magnetito ir maghemito Nd pavir§iaus auksavimui buvo pasiilyta
panaudoti hidroksilaming [39], natrio borohidrida [40], bei natrio citrata [41].
Taciau naudojant Siuos reduktorius daznai po reakcijos susidaro pavieniai
aukso kristalai tik tirpale, o Nd pavir$ius nesidengia auksu [42]. 2001 m. Cui‘s
mokslininky grupé paskelbé publikacija, kurioje siloma magnetines Nd
dengti auksu redukuojant [AuCls] jonus hidroksilaminu. Prie$ redukuojant
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Au’** jonus 9 nm skersmens maghemito (y-Fe;Os ) Nd pavirSiuje, pasitilyta
maghemitg oksiduoti iki Fe;Ox tuo paciu hidroksilaminu [43, 44]. Sis metodas
su jvairiomis modifikacijomis buvo sékmingai naudojamas smulkiy Fe3O4 ir
v-Fe:O3 Nd pavirSiaus padengimui. Kitame darbe magnetiniy Nd pavirsiy
pirmiausia buvo siiilyta apdoroti 0,1 M tetrametilamonio hidroksido tirpalu, o
auksa turinius jonus redukuoti hidroksilaminu [45]. Dar kitu sitlymu i$
pradziy magnetinés Nd buvo patalpintos j ultragarsing natrio citrato tirpalo
vonelg citrato anijony adsorbcijai. Aukso redukcija buvo sukeliama j tirpala
ipilant NH,OH, HCI pertekliaus ir 1% HAuCls, pakartojant procediirg kelis
kartus per 10 minuciy. Teigiama, kad taip galima gauti auksu dengtas
magnetito Nd, kuriy skersmuo siekia 60 nm [46]. Daugiafunkciniy magnetiniy
gelezies oksido Nd padengimui auksu pasidlyta Au” jony redukcija natrio
citratu [47].

2011 m. Ren ir kt. pateiké sitlymg teigiamai jkrautas mezoporinés
pavirSiaus struktiiros Fe;O4 Nd padengti aukso sluoksniu, HAuCls redukcijai
panaudojant NaBH, tirpala (1.8 pav.). Sios Fe;04@Au Nd pasizymi NIR
Sviesos absorbcija, todél, veikiant jas lazerio spinduliy pluosteliu, Fe;Os@Au
Nd gautg energija konvertuoja j Silumg ir gali biiti naudojamos fototerminiam
véziniy lasteliy naikinimui [48].

FeCl,
HOCH,CH,0H
NH,HCO.
Citrinos ragsti: .

NIR

Hidrotermine ; ' i
reakeija HAUC| NaBH, 3 KaltlmW\aS
l' . . ma:symas . .
Fe;,0, nanodalelés Fe,0,@Au nanodalelés

1.8 pav. Fe;04@Au Nd sintezés schema. Redaguota i§ [48] literattiros Saltinio.

Tiesioginés HAuCl, redukcijos ant Fe;O4 Nd pavirSiaus metodai yra pigiis
ir greiti, taciau taip vykdant pavirSiaus padengimg aukso apvalkalu sunku
kontroliuoti Au Nd tankj ant Fe;Os Nd pavirSiaus. Be to, tokiu biuidu
funkcionalizuojant Fe;O4 Nd pavirsiy, neiSvengiama Nd agregacijos.
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1.2.2. MNd pavirSiaus dekoravimas auksu panaudojant organinius reduktorius

Magnetines Nd, pagamintas skaldant organinius Fe junginius, pasiilyta
dengti auksu taip pat ir organiniuose tirpaluose. Organiniy gelezies drusky
(karbonily, oleaty ir acetilacetonaty) pagrindu susintetintas gelezies oksido Nd
siiloma dengti auksu, vykdant acetato jony redukcija chloroformu, esant
oleilaminui. Tankesnio aukso Nd apvalkalo suformavimui magnetines Nd
pasitilyta apdoroti natrio citrato ir heksadeciltrimetilamonio bromido (CTAB)
vandeniniais tirpalais, o po to auksuoti redukuojant aukso jonus aplinkos
temperatlros vandeniniame tirpale askorbo rugstimi ir
natrio-triacetoksiborohidridu (STAB). Cho S.J. ir kt. magnetines Nd su
aktyviomis  heksadeciltrimetilamonio  bromido (CTAB) pavirSiaus
funkcinémis grupémis pasitlé dengti auksu redukuojant vandenilio
tetrachlorauratg, natrio borohidrido tirpalu. PavirSiaus aukso apvalkalo
tankumas buvo reguliuojamas kei¢iant HAuCls koncentracijg tirpale [49].
Wang su bendradarbiais Fe;Os Nd pavir§iaus padengimui auksu panaudojo
aukso acetato druskos tirpalg aukso jonus redukuojant 190 °C temperatiiroje
oleilaminu [50]. Superparamagnetinéms 10 nm dydZzio, gautoms klasikiniu
organinés sintezés keliu i§ gelezies (III) oleato, auksuoti Park ir kt. taip pat
sitilo naudoti HAuCl4 redukcijg oleilaminu [51]. Tuo tikslu Fe;Os@Au Nd
sitiloma prie$ dengimg apdoroti ultragarsu 0,1 M CTAB ir 0,1 M natrio citrato
tirpale — tokiu biidu pasalinamos nuo jy pavirSiaus organiniy junginiy
liekanos, o Nd neagreguoja.

Poli-vinilpirolidonas (PVP) yra dar viena polimerin¢ pavirSiaus aktyvioji
medziaga naudojama gauti Fe;Os@PVP-Au Nd. Rezultatas pasiekiamas
dviem etapais. Pirmiausia atlickamas gelezies (III) acetilacetonato (Feacac)
terminis  skaldymas aukStos virimo temperatiros oktilo eterio,
1,2-heksadekanediolio ir PVP tirpale. Susintetinty Fe;Os Nd pavirsius
auksuojamas redukuojant Au jonus acetato oktilo eterio tirpale tais paciais
reduktoriais. Reakcija vykdoma 2 val. 80 °C ir 2 val. 215 °C temperatiirose
[42]. Sis metodas leidZia lengvai kontroliuoti Fe;04 Nd dydj, stabiluma bei Au
apvalkalo storj. Taciau vandeniniuose tirpaluose Fe;Os@PVP-Au Nd yra
linkusios agreguoti.

Dél modifikuoty auksu magnetiniy nanodaleliy naujy savybiy — gero
dispersiSskumo, pakitusio pavirSiaus kriivio bei lengvesnio surinkimo — jos
gerai pritaikomos gamyboje, imunologijoje, magnetinio rezonanso tyrimuose,
bei optoelektronikoje [52].
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Siame darbe magnetiniy nanodaleliy pavir§iaus dekoravimui auksu bei
padengimui aukso luobele buvo sukurti nauji originalts keliai. Tam sékmingai
buvo istirtos ir panaudotos tiek magnetiniy Nd stabilizavimui, tiek auksavimui
Jvairios aminortgstys. Pasitilytas proceso mechanizmas.

Literatiiroje skelbti magnetiniy nanodaleliy auksavimo biidai, sinteziy
ypatumai ir Nd savybés detaliau apraSytos misy apzvalgoje, publikuotoje
2019 m. monografijoje A. Jagminas ir A. Mikalauskaite. Functionalization of
Iron Oxide-Based Magnetic Nanoparticles with Gold Shell. In: Xiao-Yu Yang
& Nidhi Chauhan (Eds) Photoenergy and Thin Film Materials (Chapter 15,
p. 617-660) 2019. Scrivener Publishing LLC [53].

1.3. Au klasteriy (AuNKl) sintezés, savybiy ir struktiiros valdymas

1.3.1. AuNKI sintezés metodai

Aukso nanoklasteriai (AUNKI) — tai aukso atomy struktiiros, kuriy dydis
mazesnis nei 2 nm. Jie pasizymi specifine, su jy dydziu susijusia savybe —
fluorescencija — ir yra netoksiski lyginant su kvantiniais taskais. D¢l Sios
priezasties AUNKI yra tinkami ne tik bandymams in vitro, bet ir in vivo,
pavyzdziui biologiniy objekty Zyméjimams. Fluorescuojantys aukso klasteriai
yra sintetinami cheminés redukcijos budu, dalyvaujant aukso prekursorius
stabilizuojancioms ir redukuojanioms medziagoms. [prastai Au jony Saltinis
yra chloro (trifenilfosfino) aukso (I) druska [54], reduktoriai — natrio
borhidridas (NaBHa4), citratai, hidrazino hidratas, fosfonio chloridas (THPC)
askorbo arba folio riigstys [55]. I§ stabilizuojan¢iy AuNKI augimg medziagy
minétini jvair@is tiolatai, baltymai, peptidai, DNR oligonukleotidai,
dendrimerai ir daugybé polimery.

Seniai zinoma, kad tiolines grupes turintys junginiai dél formuojamos
stiprios sgveikos tarp aukso ir sieros junginiy gali biiti naudojami kaip
stabilizatoriai fluorescuojan¢iy AUNKI sintezei cheminés redukcijos keliu.
Iprastai Sios grupés junginiais stabilizuoti AuUNKI fluorescuoja nuo mélynos
(400 nm) iki artimosios IR (700 nm) Sviesos [56]. Dauguma tiolines (S-S)
funkcines grupes turin¢iy medziagy, kaip antai glutationas (GLT), kaptoprilas
[57], dihidrolipo rugstis [58], dodekanetiolis [59], D-penicilamino (DPA)
[60], lipoiné rigstis [61], merkaptopropiono rigstis [62], feniletiltiolatas [63],
tiolato a-ciklodekstrinas [64], tioproninas [65] yra placiai naudojamos Au (III)
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jony suriSimui ir stabilizavimui, jy redukavimui panaudojant stiprius (NaBH4)
ir kt. reduktorius [66, 67, 68]. Taciau jy suformuoto monosluoksnio daznai
nepakanka tinkamai aukso nanoklasteriy fluorescensijai gauti: ji retai virsija
0,1 % kvantinj nasuma [69]. Siekdami pagerinti kvantinj AUNKI naSuma, Liu
ir kt. pasiiilé, tioliniy funkciniy grupiy agregacija grista emisijos stiprinima
(aggregation-induced emission AIE) (1.9. pav.). Sis rezultatas buvo pasiektas
trimis stadijomis. Pirmiausia buvo gauti Au(I)-S junginiy kompleksai. Véliau,
pakartotinai atliekant redukcija ir pridedant pirminiy prekursoriy, buvo
sudaromi Au(0)-Au(I)-S junginiy kompleksai. Jy agregacija valdant etanolio
priedais, gautas fluorescensijos kvantinis nasumas (KN) sieke iki 15 %. Taip
pat pastebéta, jog priklausomai nuo GLT ir HAuCls koncentracijy santykio,
gauty AUNKI fluorescensija gali kisti nuo 600 nm iki 800 nm. Jdomu tai, jog
skirtinga emisija pasizymintys GLT-AuNKI klasteriai yra vienodo 2,5 nm
dydzio. Tai reiskia, jog fluorescencijos bangos ilgj galima reguliuoti didinant
arba mazinant Au(0)-Au(I)-S junginiy kompleksy santykj [70].
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1.9 pav. Aukso nanoklasteriy formavimo schema panaudojant trijy stadijy tioliniy
funkciniy grupiy agregacija. Redaguota i$ [70] literattiros $altinio.

Fluorescuojanciy AuNKIl paruosimui taip pat naudojamos dendrimery
molekulés: poli-amidoaminas (PAA), polipropileno iminas (PPI) ir kt. Jie
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naudojami kaip biokonjugaty kompleksodariai. Naudojant NaBH. kaip
reduktoriy, PAA stabilizuoti AUNKI pasizymi KN iki 41% 384 ir 450 nm
Sviesos bangy ilgiuose [71]. Kai PAA/Au molinis santykis kei¢iamas nuo 1: 1
iki 1:15, gaunami skirtingy Au atomy skai¢iy turintys AUNKI: Au’, Au®, Au'3,
Au® ir Au*!. Jy emisija svyruoja nuo UV iki artimosios IR $viesos bangy ilgiy,
0 KN —nuo 10 % iki 70 % [72].

3 lentelé. Aukso nanoklastriy foto-fizikinés savybés (redaguota i$ [72] literatiiros
Saltinio):

AUNCs SuZadinimo Emisijos Kvantinis Gyvavimo
energija (eV) energija (¢V)  nasumas (%) trukmé (ns)

Aus 0,42 0,45 70 3,5

Aus 0,54 0,55 42 7,5

Auis 0,38 0,41 25 5,2

Auzs 0,21 0,26 15 3,6

Auz 0,20 0,10 10 -

Nustatyta, kad polimerai, turintys daug funkciniy grupiy, tokie kaip
poli-akrilo rugstis (PAR) ir poli-metakrilo riigstis (PMR), gali biti
perspektyviais stabilizatoriais fluorescuojanéiy AuNKI sintezéje [73]. Siais
polimerais stabilizuoty AUNKI savybés priklauso nuo polimero struktiiros,
funkciniy grupiy jvairovés bei Au ir polimero koncentracijy santykio [74, 75].

Biologiskai aktyvios molekulés, tokios kaip baltymai ir poli-aminoriigstys,
taip pat buvo panaudotos fluorescuojanéiy AUNKI gamyboje. Jos pasizymi
biosuderinamumu su gyvomis Igstelémis. 2009 m. Xie su bendradarbiais
susintetino fluorescuojanéius AuNkl, tam panaudodami jaudio serumo
albuming (JSA) kaip redukuojantj ir stabilizuojantj agentg; suspensija buvo
laikoma 12 valandy 37 °C temperatiiroje [76]. Sis metodas tapo itin patraukliu
dél savo pigumo panaudojus komerciskai prieinama baltymg ir puikiy naujo
klasterio savybiy. JSA- AuNKI talpino 25 Au atomus (Au®®), pasizyméjo aukstu
KN (~6 %), geru biologiniu suderinamumu ir puikiu fotostabilumu
(1.10 pav.). Si publikacija buvo cituota daugiau nei 1590 karty. Pasitilyta
sintezé tapo populiariausiu fluorescensiniy AUNKI sintezés metodu. Be to, ji
buvo sékmingai pritaikyta kity metaly klasteriy sintezei ir tyrimams.
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1.10 pav. Raudonai liuminescuojanéiy aukso klasteriy sintezés shema, panaudojant
JSA, HAuCly redukcijai. Redaguota i§ [76] literattiros $altinio.

Veliau aukso klasteriy sintezei buvo panaudoti ir kiti baltymai: lizocimas
[77], DNR-az¢ I [78], kiauSiniy baltymas [79], krieny peroksidaze [80],
ovalbuminas [81], insulinas [82], pepsinas [83], ribonukleazé A [84],
transferiny Seimos baltymai [85, 86], tripolis [87] ir denattiruotas jaucio
serumo albuminas [88]. Visi susintetinti AUNKI pasizyméjo fluorescensija, o
ju kvantiniai nasumai svyravo nuo 4,3 % iki 56 %. Idomu tai, kad insulinu
stabilizuoti AuNKI islaiké savo biologinj suderinamumg kraujo gliukozés
reguliavimo ir in vivo tyrimuose.

DNR oligonukleotidai ir nukleotidai taip pat buvo panaudoti vandenilio
tetrachloraurato ragsties reduktoriais AUNKI sintezéje. PavyzdZziui, Liu su
bendradarbiais pavyko susintetinti mélynai fluorescuojan¢ius AUNKI su poli-
adenino DNR oligonukleotidais esant neutraliam pH ir poli-citozinui, esant
rugstiniam pH reduktoriumi naudojant citratg [89].

Zhangas ir kt. aukso klasterio sintezei stabilizatoriumi panaudojo tioeterio
(PMR) polimera o redukavimui — prekursoriy tirpalo ultravioletinj
(8W; 365 nm) $vitinimg (6 val.). Gauti AuUNKI pasizyméjo 610 nm $viesos
emisija ir 5,3 % kvantiniu nasumu (1.11a pav.). Teigiama, kad fotoredukcija,
lyginant su chemine, yra pranaSesné, nes sintezei nereikia stipriy reduktoriy,
tokiy kaip natrio borohidridas, o susintetinti AUNKl néra toksiski [90].
Panaudojant PTMP su PtBMA ligandu ir organiniy tirpaly su prekursoriais
UV S§vitinimg, buvo gauti ultrasmulkiis Au’ nanoklasteriai, pasizymintys
aukstu KN =20,1 % ir mélynos $viesos emisija (1.11b pav.). Siy AuNKI dydj
galima koreguoti keiéiant polimero ir Au® jony koncentracijas [91].
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1.11 pav. a) PMR polimero panaudojimo schema raudonai liuminescuojan¢iy AuNKI
sintezei ir b) ultra smulkiy mélyng $viesg emituojanc¢iy AuNKI sintezé panaudojant
PTMP-PtBMA ligandy ir THF organiniy tirpaly prekursorius. Redaguota i§ [90]
literatliros Saltinio.

Naujausi tyrimai parodé, kad AuNKI gali susidaryti bakterijose, grybuose ir
augaluose [92]. Metalo klasteriy bioredukcija j nanodaleles organizmuose
vyksta, jiems siekiant iSsivalyti nuo sunkiyjy metaly [93]. Wang ir kt. §j
reiskinj pastebéjo vézio lastelése, kuomet navikines lasteles supantys baltymai
redukavo HAuCly ir stabilizavo redukcijos produktg [94]. Nustatyta, kad
tokios vézio lasteliy grupés, kaip Zmogaus hepatokarcinomos (HepG2) ir
leukemijos (K562), spontaniSkai gamina fluorescuojan¢ius AuNKI, o Au(TII)
jony redukcija vyksta Igsteliy citoplazmos dalyje. Ta¢iau AUNKI mechanizma
kol kas yra sunku paaiskinti ir tai i§lieka perspektyvia tyrimy tema.

Siekiant gauti itin mazy liuminescuojanciy aukso nanoklasteriy, buvo
panaudota ir elektroredukcija. Tokiai AuNKkl sintezei naudotas
homopolimeras, poli (N-vinilpirolidonas) (PVP) [95]. Taip paruosti
fluorescuojantys AUNKI susideda tik i§ dviejy — trijy atomy, todél laikomi
maziausiais Au klasteriais. Tiriant ultragarsiniu liuminescenciniu metodu
nustatyta, jog tokios struktiiros yra stabilios ir pasizymi fotoliuminescencija.
Jos atveria naujus kelius kuriant naujas nanomedziagas, aktualias §iy dieny
nanomedicinos moksly plétrai.

Siame darbe raudonai $vytinéiy aukso klasteriy sintezé tyrinéta naudojant
Jvairias aminorfigstis ir baltymus. Pirmg kartg aptikta, kad kai kurie maisto
papildai gali sékmingai biiti panaudojami raudonai fluorescuojanciy klasteriy
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sintezei. Jy optinés savybés ir kvantinis naSumas tik nezenkliai nusileidzia Au
nanoklasteriams, susintetintiems su JSA ar transferinu.

1.4. Magnetiniy gelezies oksido Nd dekoravimas AuNKI

Aukso klasteriai yra itin mazo dydzio nanodariniai, pasiZymintys stipria
liuminescensija juos Zadinant tam tikro ilgio §viesos banga. Si AuNKI savybé
yra patraukli siekiant panaudoti teranostikoje. Raudonai liuminescuojantys
aukso klasteriai dazniausiai biina stabilizuoti didelés molekulinés masés
junginiais: jaucio serumo albuminu [76], laktoferinu [96], Zmogaus insulinu
[97] ir kt. Jie pasizymi geru fotostabilumu, ilga gyvavimo trukme ir biologiniu
suderinamumu su gyvomis organizmy lastelémis. Taciau magnetiniy Nd
konjugacija su fluorescencinémis aukso nanodalelémis iki §iol iSlieka didele
problema dél AuNKl fluorescencijos slopimo ar visiSko jos praradimo
hibridinése nanostruktiirose. Sreenivasan tyréjy grupé pranesé apie
novatoriSka raudonai liuminescuojanciy aukso klasteriy prijungimo prie
superparamagnetiniy Nd pavirSiaus metoda. Siam tikslui AuNkl buvo
susintetinti panaudojus JSA, o superparamagnetinés Nd buvo susintetintos
hidrotermiskai jas funkcionalizuojant dopaminu [98]. Tyrimy rezultatai apie
SPIONs Nd ir AuNKI konjugacija ir tiksling Erlotinib vaisto pernasg j kasos
vézines lgsteles in vitro diagnostinuose bei terapiniuose tyrimuose (1.12 pav.)
buvo aprasyti 2017 m. Sony su bendraautoriais. AuNKI prijungimo prie
SPIONSs Nd pavirSiaus ir taikomo vaisto prikabinimo rezultatas buvo pasiektas
Siuo keliu:

1) Panaudojus arginino aminortgstj, kaip sintezés reduktoriy bei
pavirSiaus aktyvy junginj, susintetintos teigiamai jkrautos Fe3O4 nanodaleles.

2) Raudonai liuminescuojantys aukso klasteriai buvo susintetinti
panaudojant Siek tiek modifikuotg Xie ir kt. metodika: AUNKI sintezei
naudotas mikrobangy reaktorius, uztikrinantis jo tolygy bei galinga kaitinima.

3) AuNKI prikabinimas prie SPIONs Nd atliekamas ultragarsinéje voneléje
su PBS buferiniu tirpalu, kurio pH=7.

4) Ant neigiamai jkrauty FesO4@AUNKI hibridiniy daleliy, jas patapinus
ultragarsinéje voneléje ir nuolat palaikant 25 °C temperatiirg, prikabinant
,,Brl°¢ vaisto molekules.
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1.12 pav. Fe;Os@AuUNKI@Erl sintezés ir tikslinio panaudojimo PANC-1 kasos
navikiniy lasteliy diagnostikai ir terapijai schema. Redaguota i§ [99] literatiiros
Saltinio.

Fe304@AuNKI@Er]l kompozity toksiskumo tyrimai su sveikomis kasos
lastelémis parodé, jog eksperimento metu jy morfologija islieka nepakitusi,
kas patvirtina jy netoksiskuma. Vienok nustatyta, kad infekuotoms vézinéms
PANC-1 Igsteléms (1.12 pav.) jos yra labai toksiskos. Siais tyrimais dar karta
buvo patvirtinta, kad FesOs ir AuNKl nanokompozitai gali biti panaudoti
teranostikoje [99].

1.5. Magnetiny gelezies oksido Nd ir AuNKkl pritaikymas
teranostikoje

Mokslininkai nuolatos iesko naujy gydymo biidy, siekdami, kad sukurty
medziagy veiksmingumas biity greitas, ekonomiskas ir turéty kuo mazesnj
Salutinj poveikj. Tad pastaruosius 10 mety intensyviai vystoma teranostinés
nanomedicinos sritis vadovaujantis idéja kad tinkamas vaistas tinkamam
pacientui, tinkamu momentu gali suvaldyti mirting vézj. Todél teranostikoje
kuriamoms medziagoms S§iuo metu yra keliami auksti selektyvumo
reikalavimai. Siekiama panaudoti naujus preparatus infekuoty lasteliy grupiy
efektyviam aptikimui. Kartu reikalaujama, kad jos  pasizyméty
biosuderinamumu su sveiky Igsteliy aplinka ir buity biologiskai suskaidomos |
netoksiskus Salutinius produktus [100].
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Magnetiniy Nd ir AUNKI moksliniai tyrimai ir pritaikymas daro didelg jtaka
teranostikos tyrimy plétrai bei pazangai. Siuo metu jau naudojami keli
komerciniai preparatai, vienas jy yra ferumoksitolis (Feraheme®). Tai vaistas,
skirtas sunkios stadijos mazakraujystés gydymui bei magnetinio rezonanso
vaizdinimui. Feraheme® yra nestechiometrinis magnetitas
(superparamagnetinis gelezies oksidas), padengtas poligliukozés sorbitolio
karboksimetileteriu. Bendras koloidiniy sferinés formos daleliy dydis yra
17-31 nm. Jo formulé yra F658740g752C11719H1868209933Na414, o molekuliné
masé — 750 g/mol [101]. Be to, $iuo metu susperparamagnetiniy nanodaleliy
preparatai ferumoksidas (Endorem®) ir ferukarbotranas (Resovist®)
(60 nm dydzio) yra tikslingai naudojami kepeny pazeidimams diagnozuoti [6].

Nors pastarojo deSimtmecio tyrimai rodo geras magnetiniy nanodaleliy
panaudojimo galimybes baltymy atskyrimui ir gryninimui, dar néra sukurta
tiksliy ir pigiy sistemy Siy metody taikymui praktikoje.

1.5.1. Auksu dekoruoty MNd ir AUNKI panaudojimas diagnotisniuose
tyrimuose

Auksu dekoruotos ir tikslingai funkcionalizuotos gelezies oksido Nd gali
laisvai patekti i lasteliy vidy difuzijos, pinocitozés ar kitais medziagy
transporto per membrang keliais. Dél Sio judéjimo netoksiski nanodaleliy
hibridai yra placiai taikomi geny terapijai[102]. Esant galimybei Nd valdyti
iSoriniu magnetiniu lauku, jos pritaikomos tikslingje vaisty pernasoje i
pazeisty lasteliy vietas [103]. Magnetinés Nd sékmingai panaudojamos
kontrasto pagerinimui magnetinio rezonanso vaizdinimo (MRV) in vivo
tyrimuose ir véziniy lasteliy Salinimo hipertermijoje [104, 105, 106, 107].
Sioje srityje auksu dekoruotos magnetinés Nd yra pranadesnés uz
nedekoruotas Fe,O; Nd dél 4-5 kartus greiCiau pasiekiamos 42 °C
temperatiiros, procediirai naudojant tas pacias Nd koncentracijas. Sis efektas
siejamas su aukso sluoksniu, esan¢iu ant Nd pavirSiaus, — jame greiciau ir
tolygiau akumuliuojama $iluma, iSskiriama branduolio kintamo magnetinio
lauko aplinkoje. Nustatyta, kad maghemito Nd yra citotoksi§kesnés tirtoms
lasteliy rusims. Auksu dengty Nd biosuderinamumas yra siejamas su Au
apvalkalu, — dél jo tiesioginio Igsteliy membranos ir daleliy Serdies (Fe;O3)
sgly¢io néra ir Igsteliy viduje nesukeliamas deguonies laisvojo radikalo (O,")
oksidacinis stresas. Paminétina, kad auksu dengtos superpamagnetinés Nd yra
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priskiriamos naujos kartos daugiafunkcinéms hibridinéms Nd véziniy lasteliy
teranostikai [108, 109].

Magnetinio rezonanso vaizdinime (MRV) vienodo dydzio aukso apvalkala
turin¢ios superparamagnetinés Nd yra sékmingai naudojamos kaip neigiamag
T2 kontrastg gerinancios medziagos. Aukso sluoksnj, esantj ant Fe;O4 Nd
pavirSiaus, galima funkcionalizuoti prikabinant aptamerus [110], organines
molekules [111], padengiant silicio apvalkalu [112], polimeriniais junginiais
[113] ir tt. Dél jy nanodalelés tampa potencialiomis hibridinémis
kontrastinémis molekulémis. Li su bendradarbiais istyré Fe;Os@Au Nd
daromg jtaka peliy HeLa navikiniy lasteliy in vivo vaizdavime. Po tikslinés
Fe;04@Au Nd injekcijos per 10 minu¢iy HeLa navikiniy Igsteliy sritys tapo
34,61 karty tamsesnémis, taip Zymiai padidindamos kontrasta sveiky lgsteliy
atzvilgiu. D¢l geros rentgeno spinduliy absorbcijos Sios magnetinés Nd gali
buti naudojamos ir kaip kompiuterinés tomografijos kontrastinés medziagos,
turinCios dviguba modalumg [114, 115]. Cai moksliné grupé sukiré
Fe;04@Au Nd biosuderinamus poli-g-glutamo (PGA) ir poli-L-lizino (PLL)
rugsciy apvalkalus. Magnetinio rezonanso (MR) ir kompiuterinés
tomografijos (KT) tyrimai parod¢, jog $i Fe;Os@Au@PGA/ PLL Nd sistema
pasiZzymi ne tik geresniu T2 kontrastu in vivo vézinése lgstelése, bet ir
stipresniu MR tiriant poodinius audinius ir kepenis in vivo (1.13 pav.) [116].

30 min

1.13 pav. Peliy kepeny audinio T2 kontrasto MR vaizdai pries ir po 30 min., 1, 2, 12
ir 24 val. Fes04@Au@PGA/ PLL Nd injekcijos j pelés veng (a). (b) KT poodinio
audinio vaizdas po Fe;O4@Au@PGA/ PLL Nd injekcijos | pelés nugaring sritj.
Redaguota is [116] literatiiros Saltinio.
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1.5.2. Auksu dekoruoty MNd ir AUNKI aktyvumo tyrimai

Dél mikroorganizmy spar€iy mutacijy ir geréjanCio jy atsparumo
nattiraliems ir sintetiniams antibiotikams, antimikrobiniy medziagy kiirimas
S§iuo metu yra ypac aktualus. Antimikrobiniy medziagy veikimas jprastai yra
klasifikuojamas pagal bakterijy augimo slopinimg priskiriant bakteriostatinei
arba baktericidinei veiklai.

Koloidinis auksas nuo seno yra zinomas kaip medziaga, turinti
antibakteriniy savybiy ir naudojama iSorinéms Zzaizdoms ir infekcijoms
gydyti. Jo  hibridinés struktiros su magnetinémis nanodalelémis
mokslininkams atveria naujas galimybes kuriant antimikrobinius agentus
skirtingoms bakterijy rasims. Harush-Frenkel su bendradarbiais iSnagrinéjo
baktericidinj Nd veikimg ir pastebéjo, kad neigiama kriivj turin¢iy nanodaleliy
endocitozé¢ yra ne tokia efektyvi, kaip turinCiy teigiama. Teigiama kriivi
turin¢ios nanodalelés lengvai patenka j lasteliy jlinkius kuriuos formuoja
membranos iSoréje esantys receptoriai. Jos yra giminingesnés membranai,
todél lengviau patenka j lasteliy vidy [117]. Siekiant iSsiaiskinti jvairiy
nanokompozity antimikrobinj mechanizmo veikimg su tam tikros prigimties
mikroorganizmais, labai svarbu jvertinti Fe;Os@Au Nd savybes ir jy
specifiskuma, kurie daro didZiausia jtaka lasteliy citotoksiskumui. Sios
savybés priklauso nuo Nd dydzio, morfologijos, sintezés budo, funkciniy
grupiy apsupties ir stabilumo.

Pastebéta, jog Fe;Os@Au Nd veikia baktericidiskai tiek gramteigiamas,
tiek gramneigiamas bakterijas, visiSkai sunaikindamos jy augimo bei
dauginimosi sistemas. Nanodaleliy patekimas j lastele ir toksiSkumas taip pat
priklauso nuo apvalkalo kriivio ir elektrostatinés nanodalelés, ir bakterijos
saveikos. ISskiriami trys keliai, kuriais nanodalelés patenka j lasteles: 1)
mechaniskai paZeisdamos lgstelés membrang, 2) endocitozés ir fagocitozés
metu ir 3) difuzijos per bakterijy membrang keliu, kur patekusios jas veikia
toksiskai (1.14 pav.) Nustatyta, kad nanodalelés poveikio efektyvumas
priklauso nuo jos cheminés sudéties ir bakterijos tipo [118].
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1.14 pav. Fe;04@Au Nd baktericidinio poveikio iliustracija. Redaguota i§ [119]
literatiiros Saltinio.

Yra Zinoma, jog magnetinés Nd padengtos sidabru bei auksu gali bati
baktericidinés [120, 121]. Pavyzdziui, Ahmed ir bendradarbiai sukiiré
Fe;04@Au ir Fe;0s@Ag Nd kompozitus, kurie pasizyméjo baktericidiniu
poveikiu ypa¢ aukstu patogeniskumu pasizyminéioms bakterijy rigims. Sios
bakterijos yra aptinkamomis vandens ir nuoteky telkiniuose. Baktericidinés
Fe;0s@Au ir Fe;04@Ag Nd buvo susintetintos hidroterminés sintezés keliu,
ant jy pavirSiaus prikabinant tiokarbamido ir formaldehido funkcines grupes
ir véliau jas panaudojant Ag (I) ir Au (III) redukcijai. FesOs@Au ir Fe;04@Ag
Nd antimikrobinis aktyvumas buvo tirtas pries ir po Ag(l) arba Au(ll)
ekspozicijos su Escherichia coli, Salmonella typhimurium ir Pseudomonas
aeruginosa gramneigiamomis bei gramteigiamomis Listeria monocytogenes,
Staphylococcus aureus, Enterococcus faecalis ir Bacillus subtilis bakterijy bei
Candida albicans grybeliniu patogenais. Tyrimo metu nustatyta, jog abi Nd
grupés yra toksiSkos tirtoms mikroorganizmy rasims, skiriasi tik tirty
nanodaleliy maziausios inhibuojan¢ios koncentracijos (MIK) vertés.
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Nustatyta MIK Fe;Os@Ag Nd: 1,5, 2,0, 1,5, 1,0 ir 2,5 mg/ml, o Fe;Os@Au
Nd: 6,0, 4,0, 4,0, 4,0 ir 6 mg/ml atitinkamai po 40 min. kontaktavimo su
Escherichia coli, Salmonella typhimurium, Listeria monocytogenes,
Staphylococcus aureus ir Candida albicans patogenais. Staphylococcus
aureus Xen 30 ir Pseudomonas aeruginosa Xen 5 zinomos kaip antibiotikui
— Meticilenui — atsparios bakterijy atmainos. Jy sunaikinimui Burki ir kt.
sukiiré Fe;Os@Au Nd ir vantomicino (VAN), kolistino (COL) ir kationiniy
antibakteriniy receptoriy (CAPs) kompozitus (1.15 pav.) [122].

Lgstelés sienelé

C,-toplazwm’ \/ \
§/ N o

@ Memebraniniai agentai VAN, COL, CAPs eMagnetines nanodaleles

1.15 pav. A) FesOs@Au Nd, padengty vantomicino (VAN), kolistino (COL) ir
kationiniy antibakteriniy receptoriy (CAPs) kompozitais, sinergetinio mechanizmo
schema ir atominés jégos miksokopijos vaizdai (AJM) B) Staphylococcus aureus Xen
30, C) vaizdas po 10 pg/ml Fe;04@Au@CAPs Nd injekcijos ir D) Staphylococcus
aureus Xen 30 membranos destrukcijos schema ir vaizdas pradéjus veikti
Fe;04@Au@CAPs Nd. Redaguota i8 [122] literatiiros Saltinio.

Zinia, kad auksu padengtos magnetinés Nd taip pat gali bati naudojamos
bakterijoms identifikuoti, jas sukoncentruoti ir pasalinti veikiant iSoriniu
magnetiniu lauku. Pavyzdziui, Wang ir kt. susintetino MnFe;Os@Au Nd su
pavirsiuje prikabintais specifiniais antiktinais prie§ Staphylococcus aureus. Jy
pagalba mikroorganizmy aptikimo riba sieké iki 10 Igsteliy/ml [118].

Antimikrobinés miisy susintetinty magnetiniy nanodaleliy ir aukso ultra
smulkiy nanodaleliy savybés buvo istirtos keliy antibiotikams itin atspariy
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patogeny atzvilgiu. Gauti nauji rezultatai publikuoti 2019 metais
prestiziniame Journal of Material Science and Engineering Zurnale C.

Darbe susintetinty auksuoty magnetiniy Nd tyrimai véziniy lasteliy
diagnostikai buvo vykdomi Nacionaliniame vézio institute, taciau Siame darbe
jie nepateikiami.
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2. METODAI IR MEDZIAGOS

2.1. Gelezies oksido magnetiniy Nd sintezé ir pavirSiaus
dekoravimas auksu

Nanodariniy sintezei buvo naudojami chemiskai grynos CoCl,,
Fex(S04)3-5H,0, HAuCls-3H,0 medziagos. Magnetiniy nanodaleliy augimo
reguliatoriais ir stabilizatoriais naudotos $varios diglikolio ir citrinos riigstys,
dauguma aminoriig§¢iy ir dopamino hidrochloridas. Reakcijos tirpaly pH
buvo reguliuojamas dedant paciy iSvalyta NaOH tirpalg. Sintez¢ buvo
vykdoma argono dujy aplinkoje. Tirpaly ruoSimui naudotas
distilivotas / dejonizuotas vanduo. Nd buvo istirpinamos HCI rigsties
tirpaluose, o Co ir Fe kiekiai véliau buvo analizuojami induktyviai susietos
plazmos optine emisine spektroskopija.

2.1.1. 2 ir 5 nm CoFe;O4 Nd sintezé

Kobalto ferito Nd buvo gaminamos termostatuojamame 80 °C
temperattiros stiklo reaktoriuje tradiciniu ko-nusodinimo metodu. Sintezés
metu tirpalas 3 val. nuolat buvo maiSomas argono dujomis. Tirpaly ruosimui
naudotos CoCl, ir Fex(SO4); druskos ir 75 mmol-L' diglikolio riigsties
tirpalas; bendra metaly drusky koncentracija — 100 mmol-L™'. Siekiant gauti
stechiometrine Nd sudétj, pradinés CoCl; ir Fe2(SO4)3 drusky koncentracijos
parinktos 1,1:1 santykiu [123]. Pridedant 5 mmol-L-! NaOH tirpala ir maiSant
buvo pasiekiamas pH 12,1 — 12,5. Gautos CoFe,O4 Nd buvo centrifuguojamos
10867 x g, 3 min. ir kruopsc¢iai praplaunamos 5 kartus po 10 mL dejonizuotu
vandeniu. Susidar¢ supernatanty tirpalai buvo sujungiami j vieng. Juose
esanCios ultra smulkios ir smulkios Nd frakcijos buvo dziovinamos
60 °C temperatiiroje ir charakterizuojamos.

2.1.2. 15 nm CoFe,O4 Nd sintezé

15 nm CoFe;Os Nd sintezé vykdyta 25 ml talpos nertdijancio
plieno — teflono autoklave, pagal 2.1. lentelés I dalyje apraSyta receptirs.
Sintezé truko 10 val. 130 °C temperatiiroje keliant 10 °C/min grei¢iu. CoFe2O4
Nd buvo plaunamos dejonizuotu vandeniu ir nusodinamos naudojant magnetg.

40



Itin smulkios frakcijos produktai buvo surinkti panaudojant etanolio tirpalg ir

ilgesnj laikg centrifuguojant. Sintezés produktai dziovinti 60 °C temperatiiroje

(2.1 lentelé I dalis).

2.1 lentelé. CoFe;04 Nd sintezés bei jy dekoravimo AuNd reagentai ir salygos.

I Sintezés salygos 20nm*  ~50nm**  ~15 nm**
Druskos CoCly ir Fex(SO4)3

Drusky santykis, mmol-L! 50:50

Augimo reguliatorius, Diglikolio rugstis

mmol-L! 75

Reakcijos pH 12,2

Temperatiira, °C 80 130
Laikas, val. 3 10
Reaktorius Ar, stiklo Teflono
pH po praplovimo 7 7

II Padengimo auksu salygos

D, L-metionino kiekis, mmol-L-! 15

HAuCl, konc., mmol-L! 30

Temperatira, °C 37

Reakcijos pH 12

Laikas, val. 20

*Ultra smulkios nd surinktos i$ trijy paskutinio plovimo supernatanty frakcijy, jas sujungus.
** Nd gautos po plovimo surenkant supernatanto likutj.

2.1.3. CoFe;04 Nd produkty dekoravimas auksu

D,L-metioninas panaudotas HAuCls redukcijai ant skirtingy dydziy £ 2; ~5 ir
~15 nm CoFe;O4 Nd pavirSiaus (2.1 pav.). Sintezé atlikta kambario
temperatiiroje, sumaisius CoFe;Os Nd su 15 mmol-L! D,L-metionino ir
30 mmol L' HAuCl, vandeniniais tirpalais. Tirpaly pH buvo koreguojamas
1 mol L' NaOH tirpalu iki pH 12, o sinteziy metu termostatuojamas esant
37 °C temperatirai, 20 val. (2.1 lentelé, II dalis).

41



NaOH

L]

2.1 pav. CoFe;Os Nd pavirSiaus padengimo auksu schema, demonstruojanti
eksperimento su D, L-metionino reduktoriumi etapus.

b

2.1.4. CoFeOs@Met Nd sintezé, dekoravimas Au%Aunanokristalais

Atliekant CoFe>Os@Met Nd sinteze, pirminis prekursoriy miSinys buvo
gautas kruop$iai sumaiSant 25 mmol-L' CoCl,, 50 mmol-L! FeCl; ir
0.2 mmol-L! D,L-metionino vandeninius tirpalus. Po to jis buvo $arminamas
iki pH 12,4 lasinant 5 mmol-L"' NaOH ir galiausiai praskiedziamas
dejonizuotu vandeniu iki 12,5 mL tario. Paruostas misinys i$ stiklinélés buvo
perpilamas j 25 mL talpos nertidijanc¢io plieno — teflono autoklava ir
patalpinamas | programuojama mufeling krosnele 10 wval. 130 °C
temperattroje. Gautas produktas buvo centrifuguojamas 3 min. 10867 x g,
plaunamas dejonizuotu vandeniu iki neutralaus pH ir dziovinamas iki sausy
CoFe,Os@Met Nd (2.2. lentelé, T dalis).

Au’/Au’ nanokristaly augimui ant magnetiniy nanodaleliy pavirSiaus, buvo
pasitlytas biidas j CoFe,Os@Met Nd vandeninj tirpalg jpilti 10 mmol-L!
D,L-metionino ir 10 mmol-L"' HAuCl, tirpalo. Sis miSinys pasarminus
1 mol-L' NaOH tirpalu buvo maiSomas apie 10 min ir supilamas j stiklo
reaktoriy 4 val., véliau palaikant pastovig 37 °C temperatiirg vis pamaisant.
Gautos CoFe,Os@Met@Au nanodalelés buvo plautos dejonizuotu vandeniu,
jas surenkant ant stiklinélés dugno iSoriniu magnetu ( 2.2 lentele, II dalis).

Au’/Au’ nanokristaly desorbcijai nuo magnetiniy Nd pavirSiaus buvo
sukurtas naujas buidas: pagaminami 20 ml $variy CoFe,Os@Met@Au Nd ir
sotaus D,L-metionino vandeniniai tirpalai. Jy miSinys patalpinamas j
ultragarsing vonelg ir veikiamas apie 20 min., kol tirpalas jgauna skaidriai
rozing spalva.
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2.2 lentelé. CoFe,Os@Met Nd sintezés bei jy dekoravimo Au’/Au* nanokristalais
reagentai ir salygos.

I Sintezés salygos CoFe0.@Met (3.0 — 8.5 nm)
Druskos CoClyir FeCls
Drusky santykis, mmol-L"! 25:50
Augimo reguliatorius, mmol-L! D,L-metioninas 0.2
Reakcijos pH 12,4
Temperatira, °C 130

Laikas, val. 10
Reaktorius Teflono

pH po praplovimo 7

Il Padengimo aukso Au%Au* nanokristalais salygos

D, L-metionino kiekis, mmol-L! 10
HAuCl, koncentracija, mmol-L! 10
Temperatira, °C 37
Reakcijos pH 12,2
Laikas, val. 4

111 Au%Au* nanokristaly atskyrimas nuo CoFe@Met@Au nanodaleliy
pavirsiaus

CoFe@Met@Au
D, L-metionino kiekis, mol 0,3
Veikimas ultragarsu, min 7

2.1.5. Fe;O4@Met Nd sintez¢ ir dekoravimas Au%Au'nanokristalais

Fe;04@Met Nd sintezés tirpalas buvo ruoSiamas i§ 15 mmol-L! FeSOs,
30 mmol-L! FeCls ir 0.2 mmol-L! D,L-metionino vandeniniy tirpaly. Jo pH
12,3 verté buvo pasiekiama lasinant 5 mmol-L! NaOH tirpalg. Fe;Os@Met
Nd sintezé, plovimas ir dziovinimas buvo vykdomi kaip ir CoFe@Met Nd
atveju, aprasytu 2.2.4. skyriuje (2.3 lentelé, I dalis).

Smulkiy Au’Au’ nanokristaly sintezei augimas vyko j Fes;Os@Met Nd
vandenin;] tirpalg jpilant 10 mmol-L! D,L-metionino ir 4 mmol-L"! HAuCl4
tirpaly. Sis misinys buvo mai§omas apie 10 min., paSarminamas iki pH 12,2
2.0 mol-L! koncentracijos NaOH tirpalu ir supilamas j reaktoriy. Sintezé
truko 4 val, palaikant 37 °C temperatiirg ir kaskart pamaiStant. Gautos
CoFeOs@Met@Au nanodalelés buvo plaunamos dejonizuotu vandeniu, jas
po to nusodinant magnetu ( 2.3 lentelé, II dalis).
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2.2 pav. Fe;04 Nd pavirSiaus funkcionalizavimo auksu schema demonstruojanti
eksperimento su D,L-metionino reduktoriumi etapus.

2.3 lentelé. Fe;Os@Met Nd sintezés bei jy dekoravimo Au’Au’ nanokristalais
reagentai ir sglygos

I Sintezés salygos FesOs@Met (3.0 — 8.5 nm)
Druskos FeSO4ir FeCl;
Drusky santykis, mmol-L! 15:30
Augimo reguliatorius, mmol-L"! D, L-metioninas 0,2
Reakcijos pH 12,35
Temperatira, °C 130

Laikas, val. 10
Reaktorius Teflono

pH po praplovimo 7

Il Padengimo aukso Au%Au* nanokristalais salygos

Fe;0s4@Met, mg 3,5
D,L-metionino kiekis, mmol-L-! 10
HAuCl, koncentracija, mmol-L! 4
Temperatira, °C 37
Reakcijos pH 12,4
Laikas, val. 4

111 Au%Au* nanokristaly atskyrimas nuo Fe;0:@Met@Au
nanodaleliy pavirSiaus

Fe;0s@Met@Au, mg

D,L-metionino kiekis, mol-L"! 0,3
Veikimas ultragarsu, min 7

Au’Au’ nanokristaly desorbcijai nuo magnetiniy Nd pavirSiaus buvo
pagaminamas S§variy FesOs@Met@Au Nd ir sotaus D,L-metionino
vandeninio tirpalo 20 ml tlirio miSinys ir 20 min patalpinamas j ultragarsing
vonelg, kol tirpalo spalva tampa silpnai rozine.
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2.1.6. Antibakteriniai Au’/Au’ nanokristaly tyrimai

Antibakteriniai Fe;Os@Au@Met Nd ir Au’/Au’ nanokristaly tyrimai buvo
atlikti patalpinant Nd méginius kartu su uzaugintomis bakterijy kolonijomis j
maisting agaro terpe. Tyrimai atlikti 24 val. bégyje palaikant 37 £ 1 °C
temperatiirg. Siekiant gauti 6,4-8 x 10® kolonijas formuojanciy vienety (CFU)
mililitre $viezios kultiiros buvo praskiedziamos sterilioje M9 augimo terpé¢je.
Optinis terpés tankis buvo nustatomas spektrofotometriskai ties
600 nm $viesos ilgio banga. Nadojantis formule ODggo 1= 8-10® (Igst.sk./ml)
buvo nustatytas Iasteliy skaicius (nuo 0,08 iki 0,1). Logaritminio augimo
stadijoje lasteliy buvo séjama po 100 pL suspensijos | 96 Sulinéliy lasteliy
kultiiry plokstele. | paruostas terpes su skirtingais kiekiais Fes;Os@Au@Met
Nd arba Au’Au” Nd buvo pridedama po 100 pl vandens. Nanodaleliy
koncentracija buvo 70 arba 30 mg'L'. Méginiai buvo inkubuoti 24 val.
maisant 150 aps/min grei¢iu. Neigiamiems kontroliniams tyrimams buvo
panaudotas $varus D,L-metioninas ir FesOs Nd. Lasteliy augimo metu i
kiekvieno Sulinélio buvo paimama po 100 pl suspensijos. Ji buvo
praskiedZziama mégintuvélyje ir uzs¢jama ant Petri 1€ksSteléje esancCios agar-
agaro augimo terpés. Po vienos dienos inkubacijos 37 + 1 °C temperatiiroje
mikroorganizmy augimas buvo iStiriamas skai¢iuojant uzaugusiy kolonijy
skai¢iy. Kiekvienas tyrimas kartotas po tris kartus.

2.1.7. Au nanoklasteriy sintezé

Raudonai liuminescuojantiems aukso nanoklasteriams (AUNKI) susintetinti
HAuCly redukcijai pirmg karta buvo panaudotas Sakotyjy aminortgsciy
maisto papildas, kurio prekinis Zenklas ,,AAFS“. AAFS ir kt. naudoty maisto
papildy sudétis pateikta 2.4 lenteléje. Sintezé optimizuota Sarminei (pH 12.2)
terpei stiklo reaktoriuje 20 val. palaikant nuolating 37 °C temperatiira.
Sintezés schema ir tirpalo sudétis pateikta 2.3 paveiksle ir 2.5 lenteléje.
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2.3 pav. Aukso nanoklasteriy sintezés schema, panaudojant $akotyjy aminoriig§¢iy

maisto papilda (AAFS).

2.4 lentelé. Nurodyty aminoriig§¢iy kiekis 100 g iSbandytuose komerciniuose maisto

papilduose.
Maisto papildas  AAFS, g  100% pieno milteliy  100% isriigy
kompleksas, g milteliai, ¢
Alaninas 3.99 3.34 3.37
Argininas 0.39 1.47 1.78
Asparaginas 2.1 7.63 7.6
Cisteinas 0.49 1.54 2.06
Glutamo r. 34 - -
Glutaminas - 12.67 14.7
2 Glicinas 0.3 0.98 1.28
*Z,  Histidinas 0.7 1.19 1.24
£ Izoleucinas 1.34 4.48 4.7
é Leucinas 3.96 7.42 8.28
<  Lizinas 2.97 6.72 7.46
Metioninas 0.38 1.54 1.6
Fenilalaninas 0.58 2.17 2.23
Prolinas 1.21 3.92 423
Serinas 0.96 3.22 3.73
Treoninas 1.36 4.62 4.8
Triptofanas 0.42 0.98 1.27
Tirozinas 0.52 1.86 2.36
Valinas 3.08 4.13 4.34
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2.5 lentelé. Susintetinty aukso nanoklasteriy sintezés saglygos ir reagentai

Sintezés salygos AuNKI
HAuCl,4 koncentracija, pmol-L! 3
Aminoriig§¢iy maisto papilda (AAFS), mg/ml 5
Reakcijos pH 10+13,5
Temperatiira, °C 37
Laikas 20 val.

2.2. Suformuoty struktiiry tyrimai

Auksuoty nanodaleliy koncentracija (N;) buvo nustatoma i§ bendros
CoFe,0; ferity masés, esancios magnetiniame skystyje (m,) ir vienos Nd
masés (m;) santykio.

Ni= mn/mi

Analizé buvo atlieckama susietos plazmos optinés emisijos spektrometrijos
(ICP-OES) metodu naudojant induktyviai susietos plazmos optinj emisinj
spektrometrg OPTIMA 7000 DV (Perkin Elmer). Skaic¢iavimuose CoFe;Os
ferity tankis buvo laikomas 5,2 g-cm?™. CoFe;O4. Nd stechiometrija buvo
nustatoma iSanalizavus kobalto ir gelezies kiekius, méginj pries tai iStirpinus
HCI (1:1). Matavimai buvo atlieckami atsizvelgiant j emisijos smailes, esancias
kobalto 228,6 nm ir gelezies 239,5 nm bangy ilgiuose. Kalibracijos kreives
buvo gautos i§ standartinio tirpalo pagaminus nuo 1 iki 50 ppm koncentracijy
tirpalus. Standartinis elementy kiekio aptikimo ribos nuokrypis, analizuojant
maziausiai 4 kartus, buvo £ 2,6 %.

Furje transformacijos infraraudonieji spektrai buvo registruojami
kambario temperatiiroje ALPHA FTIR (Bruker, Inc., Germany) spektrometru
su DLATGS detektoriumi. Spektriné skiriamoji geba buvo 4 cm'. Spektrai
buvo registruojami atlickant 100 skenavimy. Nanodaleliy dariniai buvo
supresuojami ] KBr tabletes. Ekspermentiniy smailiy atpazinimui buvo
naudota GRAMS/A1 8.0 (Thermo Scientific) programiné jranga.

Nanodaleliy morfologija buvo tirta perSvietimo elektroniniu mikroskopu
MORGAGNI 268. Méginiai buvo ruoSiami iSplovus nanodaleles spiritu. LaSas
gauto koloidinio tirpalo mikropipete buvo uzne$amas ant angline plévele
apskritimo iSkarpa buvo patalpinama j perSvietimo elektroninio mikroskopo
talpiklj. Méginio persvietimui naudota 72 kV greitinanti jtampa. Per§vie¢iamo
objekto vaizdai buvo stebimi CCD kamera. Vidutinis nanodaleliy dydis buvo
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apskaiCiuojamas iSmatavus maziausiai 200 daleliy. Ultra smulkios kobalto
ferito nanodalelés buvo tiriamos didelés raiskos perSvietimo mikroskopu
LIBRA 200 FE; naudota 200 kV greitinanti jtampa. Be to, dalis jy buvo
uznestos ant zérucio ir istirtos atomo jégos Veeco AFM dilnnova modelio
skenuojan¢iu mikroskopu. AJM vaizdai gauti su ant lankstaus laikiklio
pritvirtinta silicio adatéle esant pastoviems T = 3,5 — 4,5 pum,
fo =297 — 347 kHz, L = 110 — 140 um, k = 20-80 N m!, W = 25 — 35 um
parametrams ir naudojant virpancio zondo rezimg.

Nanodaleliy kristaliSkumui, fazinei sudéciai ir kristality dydziams jvertinti
buvo uzrasytos ir analizuotos gauty produkty rentgenodifraktogramos. Tuo
tikslu naudotas rentgenodifraktometras D8 (Bruker AXS, Germany), kuriame
Gobel  veidrodis buvo naudotas CuKa radiacijos  spinduliy
monochromatoriumi. Spektrai uzraSyti 2@ kampy geometrijoje, [18—55]°
intervale, 0,02° Zingsniu, kaupinant 8 s.

Au’/Au’ nanokristaly, nusodinty ant kobalto ferito Nd pavirSiaus, buisena
buvo tiriama rentgeno fotoelektrony spektrometru ESCALAB MKII.

Mesbauerio spektrai 9-390 K temperatiirose buvo iSmatuoti Mesbauerio
spektrometru panaudojant krosnele (WissEl), uzdaro ciklo helio kriostata
(Advance Research Systems) ir °’Co §altinj. Tuo tikslu CoFe,O4 nanodalelés
buvo nusodintos ant popieriaus filtro, kuris buvo per§viec¢iamas y-spinduliuote
(sugerties geometrija). Spektry iSreiSkimui pospektriais naudotas programinis
paketas Normos (Site ir Dist). Paminétina, kad Normos Site programa spektrai
yra aprasomi nedideliu skai¢iumi pospektriy SeStuky ar dublety paprastai
atspindinc¢iy tam tikras Fe atomo padétis ar biisenas. Kai tai buvo nejmanoma,
t.y. kai spektrai i$plite dél superparamagnetinés relaksacijos, naudota Normos
Dist programa. Siuo atveju méginio spektras buvo aprasomas rinkiniais
SeStuky, kuriy hipersmulkus laukas B kinta fiksuotu zingsniu pasirinktame
intervale. Superparamagnetinés nanodaleliy relaksacijos jtakos Mesbauerio
spektro formai jvertinti buvo naudotas vidutinis hipersmulkus laukas

<3:ZE)3, kur P; yra Mesbauerio spektry pospektrio su hipersmulkiu
lauku B; santykinis plotas. Nustatyta peréjimo temperatiira nuo
superparamagnetinés iki magnetinés biisenos, kada <B> =~ 0,5 B, kur By yra
maksimumas hipersmulkaus lauko, pastebéto Zemiausioje temperatiiroje,
verte.

Sausy kobalto ferito Nd magnetinio stiprumo matavimai kambario
temperatiiroje buvo atlickami vibruojan¢io méginio magnetometru FH 54
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veikiant méginj nuolatiniu 4.4 kOe stiprio magnetiniu lauku. Dalis magnetiniy
tyrimy buvo atlikti Fizikiniy savybiy matavimo sistema ,,Quantum Design

Physical Properties* (QD-PPMS), esanc¢ia prof. Marco Affronte
vadovaujamoje  QD-PPMS laboratorijoje (Italija). Si sistema leidZia
automatizuotus matavimus atlikti kintamos temperatiros intervale

(1,9 + 400 K) ir kintan¢iame magnetiniame lauke iki 7 Tesly (2.4 pav.) [124].
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2.5 pav. Méginio milteliy patalpinimo rités schema QD-PPMS sistemos prietaise.

Sausi magnetiniy nanodaleliy méginio milteliai buvo patalpinami j ritéje
skirta meéginio vieta (2.5 pav.) ir kartu su rite jstatomi | QD-PPMS sistemos
pagridine talpg, kurioje véliau magnetinés Nd buvo veikiamos norimu
magnetiniu lauku ir temperatira. Visi matavimai buvo atlickami palaikant
nuolatines 300; 200 arba 4 K méginiy temperatiras ir veikiant kintanciu
iSoriniu magnetiniu lauku nuo 0 iki 3 T. Gauti duomenys buvo isreiksti
magnetinio jautrio y (emu) vienetais, kurie OriginLab 8 kompiuterine
programa buvo perskai¢iuojami j x (emu-mol ') ar M(DC)(uB/f.u.) naudojant
(2) ir (3) formules:

y(emu-mol ™) = y-(M/m-10), )
kur: M — méginio moliné masé (g'mol"); m — matuojamo méginio masé (g);
¥ — magnetinis jautris gautas QD-PPMS matavimy metu (emu); sistemoje
nustatytas pastovus dydis 10 (Oe)
M(DC)(ps/fuy=y (M/m-pus-Na), 3)
kur: M — méginio moliné masé (g'mol™'); m — matuojamo méginio masé (g);
¥ — magnetinis jautris, gautas QD-PPMS matavimy metu (emu) o pp ir Na
vienetai atitinkamai apibréZiami kaip 9,274 - 102! (erg-G™) ir 6,022 - 10
(mol ™) (dydis erg:G! yra lygus emu).
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UV-vis  spektrofotometrijos matavimai buvo atlikti  naudojant
spektrofotometra Jasco V — 670 (JAV). Tyrimams naudotos plastikinés UV
mikrokiuvetés. Optinio kelio ilgis jose 1 cm. Duomenys buvo apdorojami
naudojant UV Winlab v.2.85.04 programin¢ jrangg. Visiems optiniams
matavimams atlikti buvo naudojama ,,Hellma Optik* (Jena, Vokietija) kvarco
kiveté su 1 cm ilgio optiniu keliu. Dejonizuotas vanduo buvo naudojamas kaip
palyginamasis tirpalas. Registruojami $viesos sugerties spektrai 300 — 800 nm
srityje. Spektrofotometriniai matavimai atlikti kambario temperatiiroje.

Tirty AUNCs tirpaly absorbcijos spektrai buvo matuojami naudojant Jasco
V670 spektrofotometra. Fluorescencijos spektrai 400 — 750 nm diapazone
buvo matuojami naudojant fluorescencijos spektrometra Edinburgh—F900
(Edinburgo prietaisai, Jungtiné Karalysté). Fluorescencijai suzadinti buvo
naudojamas pikosekundinis impulsinis diodinis lazeris EPL-375, skleidZiantis
apie 70 ps trukmés impulsus esant 375 nm bangos ilgiui. Vidutiné impulso
galia buvo 0,15 mW / mm?. Visi fluorescencijos spektrai buvo pakoreguoti
atsizvelgiant j prietaiso jautruma. Visy méginiy 10 mm kiuvetés optinis tankis
buvo apie 0,1 esant 375 nm. Fluorescencijos skilimo kinetika nanosekundziy
laiko intervale buvo matuojama naudojant laiko koreliacijos pavieniy fotony
skai¢iavimo (TCSPC) metoda, naudojant ta patj Edinburgo F900
spektrometrg. Pulso (375 nm) pasikartojimo daznis buvo 2 MHz, o nustatymo
laiko skiriamoji geba buvo apie 100 ps. Visy kinetiniy matavimy lazerio
spinduliuotés intensyvumas, diafragmos tarpas, matavimo laikas buvo
vienodi.
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3. REZULTATAI

Siekiant rasti patikimg magnetiniy nanodaleliy dekoravimo auksu kelia,
Siame darbe atlikti tyrimai HAuCls redukcijai panaudojant jvairias
aminoriigstis pasiZymincias biosuderinamumu ir funkciniy grupiy jvairove.
Naturaliai organizme sintetinama 20 pagrindiniy aminoriig§ciy, i$ kuriy yra
sudaryti jvairias funkcijas atlickantys baltymai. Aminortigstys skirstomos
pagal turimas funkcines grupes ir erdving struktiira. Be karboksilo funkcinés
grupés, aminortgstys turi merkapto (-SH), sulfido (=S), hidroksilo (-OH) ir
kt. funkcines grupes [125].

Siame tyrime vandenilio tetrachloraurato redukcijai ant magnetiniy Nd
pavirSiaus buvo isbandyta 19 aminortig§¢iy. Tirtos dvi galimybés: panaudoti
aminortgstis magnetiniy Nd sintezéje jy stabilizavimui, aktyviy funkciniy
grupiy prikabinimui bei tiesioginiam HAuCls redukavimui. Padengti Svariy
neigiamai jkrauty magnetiniy nanodaleliy pavirSiy panaudojant HAuCly
tirpalus ir aminortgstis.

Nustatyta, kad vien tik karboksilo funkcines grupes ir amino grupes
turin¢ios aminortigStys neturi pastebimos jtakos magnetiniy Nd sintezei, jy
pavirSiaus savybéms ar padengimui auksu. Taciau pastebéta, kad metionino
(Met), lizino (Lyz), cisteino (Cys), arginino (Arg) ir histidino (His)
aminorig§¢iy elgsena su magnetinémis Nd skiriasi nuo kity aminoraigs¢iy. Ji
buvo istirta detaliau.

3.1. CoFe;04 ir CoFe,04@Au Nd sudétis ir struktira

Siame tyrime naudotos ultra smulkios (< 2,0 nm) ir smulkios (~ 5,0 nm)
kobalto ferito nanodalelés. Susintetintos naudojant citrinos arba diglikolio
rugstis, priklausomai nuo véliau auksavimui naudojamo bioreduktoriaus,
vitamino C, ar D,L-Metionino riigsciy. Supernatantuose likusiy
pliduriuojanc¢iy nanodaleliy PEM analizé parodé, jog susintetintos CoFe,O4
Nd yra sferinés ir ultra smulkaus 1,6 + 0,5 nm dydzio (3.1a pav.), o likucio
daleliy dydis yra apie 5 nm (3.1.b pav.).
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3.1 pav. Susintetinty CoFe,O4 ferity Nd: a) ultra-smulkiy 2 nm, b) smulkiy
5 nm ir ¢) 15 nm PEM vaizdai ir jy dydZziy pasiskirstymo histogramos.

15 nm vidutinio dydzio CoFe,O; ferito Nd buvo susintetintos
hidroterminés sintezés biidu naudojant tos pacios, kaip ir smulkiy Nd sintezei,
sudéties tirpalus (zr. 2.1.2). Optimaliomis salygomis
(130 °C, T/t 10 °C/min) sintezés trukmé buvo 10 val. Nd frakcija, surinkta
po sintezés centrifugavimo budu (trecias centrifugatas praplaunant), sudaré
sferinés, 15 nm vidutinio dydzio dalelés (3.1c pav.). Sios sintezés metu
smulkiy supernatanto frakcijy nesusidaré. IS perSvietimo elektroninés
mikroskopijos vaizdy aiSkiai matyti, jog ir maZesnés CoFe,Os Nd yra
taisyklingos sferinés formos. 5 ir 15 nm vaizduose pastebimas nezymus
magnetiniy nanodaleliy dydzio persiklojimas, kurj galéjo lemti nepakankamas
méginio praskiedimas paruoS$imo metu. Tirty CoFe,Os Nd dydzio
pasiskirstymo stulpelinés dydziy pasiskirstymo diagramos pateiktos 3.1 pav.

CoFe;04 Nd 1-3 nm rentgenogramos smailés pateiktos 3.2 paveiksle a)
néra intensyviai iSreikstos; jy iSplitimas rodo tiriamo objekto itin smulkia,
kristaling struktiira. Siy Nd cheminés analizés metu buvo gauta sudéties
variacija Coo91Fe0004-CooosFer0004 ribose. Sie ir RSD rezultatai leidzia
tikétis, kad ir ultra smulki sintezés frakcija turi artima tiek stechiometring, tiek
kristaling CoFe>O4 Nd struktiirg.

Lyginant gauty CoFe,Os; Nd rentgenodifraktogramas su kristalinio
CoFe,04 etalonu (PDF 04-007-8945) nustatyta, jog gautos kobalto ferito Nd
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turi atvirkSting Spineling polikristaling strukttra, nepriklausomai nuo jy
dydzio, sintezés salygy bei naudoto stabilizuojancio agento prigimties.

—CoFe,04 PDF-04-007-8943
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3.2 pav. a) Ultra smulkiy (1-3 nm), b) smulkiy (5 nm) ir ¢) 15 nm CoFe,Os Nd
rentgenodifraktogramos.

Gauti skirtingy dydziy CoFe>Os@Au Nd, ARPEM ir PEM vaizdai pateikti
3.3 ir 3.4 paveiksluose. I pateikty PEM vaizdy matyti, jog CoFe,O4 Nd po
auksavimo padidéja. IStyrus maziausia du Simtus CoFe,Os Nd PEM vaizdy
nustatyta, kad ultra smulkios kobalto ferito nanodalelés po pavirSiaus
auksavimo, redukuojant HAuCls D,L-metioninu padidéja nuo ~1,6 nm iki
~2,5 nm. Metalinio aukso buvimas ant CoFe>O4 Nd pavir§iaus papildomai
iStirtas aukStos skiriamosios gebos persSvietimo elektrony mikroskopija
(ARPEM) bei iSmatuoti tarploks$tuminiai aukso atomy, esanc¢iy CoFe;Os@Au
Nd pavirsiuje, atstumai. Siuo biidu nustatyta, jog ultra smulkiy kobalto ferito
nanodaleliy pavirSius padengtas auksu. Jo struktiira artima fcc metalinio aukso
atomy supakavimo 0,24 nm (111) atstumu plokStumai.
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3.3 pav. a) Ultra smulkiy 1,6 nm CoFe;Os@Au Nd PEM vaizdas. Intarpinime
apskritime pateiktas ARPEM vaizdas demonstruoja ant CoFe;O4 Nd pavirSiaus
esan¢io Au tarplokStuminius atstumus, kurie yra 0,24 nm (5 nm skaléje). B)
CoFerOs@Au Nd STM vaizdas, o EDX spektras rodo elementing CoFeOs@Au Nd
sudétj.

Taip pat panasis rezultatai gauti su smulkiomis ir didesnémis CoFe,O4 Nd.
Redukuojant HAuCls D,L-metioninu ant 5 ir 15 nm CoFe,O4 Nd pavirSiaus
gauta, jog nuo pradinio kobalto ferito Nd skersmens jos atitinkamai iSaugo iki
6,6 nm (3.4 a pav.) ir 16,5 nm (3.4 b pav.). Taip pat pastebéta, jog jprastai
stabilios CoFe;Os Nd po pavirSiaus padengimo auksu tampa nestabilios ir
nuséda ant dugno (3.4 intarpas pav.) nenaudojant iSorinio magneto.

IS  apskaiCiuoty dydziy pasiskirstymo  stulpeliniy  diagramy
(3.4 a, b, ¢, pav.) pastebimas Nd polidispersiskumo iSaugimas, kurj nesunku
jziuréti ir PEM vaizduose. Miisy nuomone, $is pokytis sietinas su daliniu ir
netolygiu Nd pavirSiaus padengimu auksu ar aukso nanodaleliy
susiformavimu ant CoFe,O4 Nd pavirSiaus. Dél didesnio pavirSiaus ploto
stipriausiai iSauges dydziy pasiskirstymo intervalas matomas ant didesniy 15
nm CoFe>O4 Nd lyginant su mazesnémis Nd.

Chemine analize siekta nustatyti suredukuoto Au kiekj ant CoFe>O4 Nd
pavirSiaus D,L-metioninu. Nustatyta, jog po 4 val. HAuCly redukcijos visy
dydziy, ty. 1,6; 5 ir 15 nm CoFe;Os Nd likutiniame terpés tirpale
nesuredukuoto aukso buvo like maziau nei 2 % (3.1 lentel¢).
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3.4 pav.Ultra-smulkiy (~1,6 nm) (a), smulkiy (~5) (b) ir didesniy (~15 nm) (c)
CoFe;04 nd dydziy pasiskirstymo histogramos po 4 val. auksavimo redukuojant
HAuCls metioninu. T=37 °C. Apacioje jy PEM vaizdai

3.1 lentelé Nesuredukuotos HAuCly kiekis (%) po 4 val. redukcijos D,L- metioninu
ant nurodyto dydzio CoFe,04 Nd pavirsiaus. T= 37 °C.

@, CoFe;O4nd, nm Likusio Au® kiekis, %

1,6 1,7
5 0,38
15 0,14

IS pateiktos 3.1 lentelés duomeny pastebima, jog neredukuotas vandenilio
tetrachloraurato kiekis mazai priklauso nuo CoFe;Os nanodaleliy dydzio.
Taciau patikimesnei iSvadai formuluoti reikty jvertinti padengto auksu
CoFe;O4@Au Nd realy pavirSiaus plotg ir susidariusio sluoksnio tankuma.

Siekiant tiksliau jvertinti ant CoFe,Os@Au nanodaleliy suformuoto
metalinio aukso sluoksnio vientisumg ir tankumg buvo pasitelkti ir kiti tyrimy
metodai. Pirmiausia, siekta nustatyti ar tolygiai ant sferiniy CoFe,Os Nd
pavirSiaus D,L-metioninas redukuoja HAuCls esancius Au jonus. Tam
iSsiaiskinti buvo istirpintas kobalto ferito Nd branduolys per naktj 1:1 HCI
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tirpale. Tirtos 16,5 nm vidutinio dydzio CoFe,Os@Au nanodalelés. Like
aukso lukstai buvo iSplauti vandeniu ir tirti PEM (3.5 pav.).

CoFe;O4 Serdies tirpinimo druskos riigStyje metodu nustatyta, jog
redukuojant HAuCls; D,L-metioninu ant 15 nm CoFe,O4 Nd pavirsiaus
susidariusi aukso danga yra gan tolygi ir sferiné. Taip pat nustatyta, jog
keiciant redukcijos laikg CoFe>O4 Nd pavirSiy galima dekoruoti nuo dalinio
aukso nanodalelémis pavir§iaus padengimo iki tolygaus viso pavirSiaus ploto
uzpildymo aukso sluoksniu.

a)

1Cl1

CoFe204@Au

3.5 pav. A) 16,5 nm vidutinio dydzio CoFe,Os@Au Nd PEM vaizdas. (b) Ty padiy
CoFexO4s@Au Nd po vienos naties laikymo 1:1 HCI tirpale likusiy Au apvalkalo
luk$§ty PEM vaizdas. Intarpinis b) dalyje EDX spektras nuo CoFe,Os@Au Nd
pavirsiaus liudija difrakcijg nuo (111) ir (110) Au® kristalo plokstumuy.

Chemine analize nustatyta, jog naudojant 25 mg-L! D,L-metionino
aminoragsties kiekj po redukcijos ant CoFe;Os Nd, redukuojasi visa
panaudota 30 mmol-L! HAuCls. Pakartotinai atliekant jau 16,5 nm vidutinio
dydzio CoFe;O4@Au nanodaleliy pavirSiaus dengima, j reakcijos tirpala jpilta
papildomai 30 mmol-L"! HAuCls, o jos redukcija 37 °C temperatiiroje testa
dar 4 valandas. Po sintezés tirpale liko 79 % nesuredukuoto vandenilio
tetrachloraurato. Surinkus ir iSplovus CoFe;Os@Au Nd, padaryti PEM
méginiai ir atlikta jy sudéties analizé. Nd morfologija pateikta 3.6 pav.

Nustatyta, jog CoFe>O4 Nd aukso paviriaus sluoksnis tapo tankesnis bei
tolygesnis. Sio tyrimo metu CoFe;Os@Au Nd jgavo taisyklingg sferine forma.
Taciau po pakartotinos HAuCls redukcijos, CoFe,Os@Au Nd skersmuo
zenkliai padid¢jo iki 16,5 nm. Dél to, kaip minéta ir literatiiroje, susilpnéja ir
net visi$kai yra prarandamos magnetinés Nd savybés.
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100 nm

3.6 pav.CoFe,04 nanodaleliy, du kartus dengty auksu, PEM vaizdas.

3.1.1. Furje transformacijos IR spektroskopinés analizés tyrimai

Siekiant nustatyti, ar D,L-metioninas yra ne tik tinkamas HAuCl, ant
CoFe;04 nanodaleliy pavirSiaus bioreduktorius, bet ir nanodaleles tirpale
stabilizuojantis agentas, atlikta CoFe;Os4 ir CoFe;Os@Au Nd Furje
transformacijos infraraudonyjy spinduliy spektroskopijos (FTIR) analizé.
Istirtos CoFexOs4 ir CoFe,Os@Au Nd prie§ ir po dopamino hidrochlorido
(CsH12CINOz) (DOPA) adsorbcijos islaikant Nd ~15 val. 13 mmol-L’!
koncentracijos tirpale, kambario temperatiiroje. Zinia, kad Fe;O4 ir Cos;04
medziagoms yra budingi Fe-O ir Co-O rysiy IR vibraciniai virpesiai: Fe-O
ry§j charakterizuoja 570 — 580 cm™! [126, 127, 128], o Co-O ry3j dubletinés
smailés, stebimos 570/670 cm™ [129, 130, 131] bangy ilgiy intevaluose.
Svaraus DOPA (CsHi;CINO,) spektras pateiktas (3.7a pav.). Jj
charakterizuoja vibracinés smailés IR srityje ties: 814, 876, 1115, 1190, 1260,
1286, 1320, 1341, 1499 ir 1614 cm™ bangos ilgiais. CoFe>O4@Au nanodaleliy
FTIR spektras yra pateiktas 3.7.b paveiksle. Siy Nd spektrui charakteringi
virpesiai, priskirtini Fe-O ir Co-O rys$iy virpesiams. Mazesnio intensyvumo,
matomos smailés 1380 ir 1570 cm™ IR bangy ilgiuose gali biti budingos
karboksiliniy/amidiniy funkciniy grupiy virpesiams. Pastarosios galéjo
atsirasti po CoFe;O4 Nd pavir$iaus dengimo auksavimo tirpale su metioninu.
Labiausia tikétina, jog CoFe,O4@Au nanodaleliy FTIR spektre atsirade rySiy
virpesius ties 1380 ir 1570 cm™ duoda redukcijos metu susidares metionino
sulfoksidas [132]. Dopamino adsorbcijos tyrimui ant auksuoty ir neauksuoty
kobalto ferito Nd pasirinktos 15 nm vidutinio dydZio CoFe,O4 nanodalelés.

58



CoFe;04 Nd ir dopamino misinys vandeniniame tirpale buvo laikyti vieng
nakt] kambario temperatiiroje. Po inkubacijos dalelés buvo iSplautos kelis
kartus vandeniu ir paruoSiami méginiai FTIR analizei. CoFe,O4@DOPA
(3.7¢ pav.) ir CoFe;Os@Au DOPA (3.7d pav.) daleliy charakteringuose
spektruose matomos Fe-O ir Co-O rySiams charakteringos smailés ties
580 — 587 cm bangos ilgiais. Be to i§ FTIR spektry matyti, kad atlikus
magnetiniy nanodaleliy inkubacija DOPA tirpale, atsiranda papildomy
smailiy, biidingy dopaminui. CoFe;Os@Au DOPA atveju fiksuojamos
papildomos smailés: 815, 875, 1122, 1272, 1291, 1338, 1496 ir 1496 cm!
dazniuose (3.7d pav.), o CoFe:O4@DOPA spektre — 1125, 1273, 1297, 1486,
ir 1621 cm daZniuose. (3.7.c pav.). Lyginant $iuos spektrus su gryno
dopamino IR virpesiais ai$kiai matyti, jog tick CoFe>Qs, tick CoFe,Os@Au
nanodaleliy pavirSius yra padengtas dopaminu.

Jo 2 Io.os

1570

=}
=]
@

|

587

CoFe:04@Au

CoFe:04@Au_DOPA

w
@

Absorbcija

CoFe:04 DOPA

_NH,
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3.7 pav. FTIR absorbcijos spektrai: a) dopamino hidrochlorido (CsH;2CINO>), b)
CoFe;0s@Au Nd, ¢) CoFe;Os Nd ir d) CoFexOs@Au Nd po inkubacijos
13 mmol-L-! DOPA tirpale kambario temperatiiroje per naktj ir praplovimo vandeniu.

Intensyviausiai sutampantys dopamino ir CoFe.Os@Au DOPA FTIR
virpesiai yra 814, 1286 ir 1499 cm dazniuose. 1499 cm™ priskirtinas
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aromatinio ziedo C-C, o 814 cm™ ir 1286 cm™ — simetrisko C-O-H rysiy
vibracijai. CoFe;Os@Au_DOPA spektro smailés, esan¢ios 1496 cm™ bangos
ilgyje, poslinkis atspindi N-C rySio deformacija (tempima)
[133, 134, 135, 136]. Stebima ir dopamino adsorbcija ant CoFe,Os Nd. Jg
charakterizuoja 1486 cm™ FTIR spektro smailé. Nustatyta, kad padengus
auksu CoFe;Os Nd, adsorbuoto dopamino aromatinio Ziedo C-C jungties
vibracinis virpesys pasislinko nuo 1486 cm™ iki 1496 cm™, t.y. per 10 cm™. Sj
pokyti, matyt, reikéty sieti su skirtingai orientuoty dopamino molekuliy
adsorbcija ant CoFe,O4 ir CoFe,O4@Au nanodaleliy.

Istyrus HAuCls redukcijos D,L-metioninu ant CoFe,Os Nd pavirSiaus
ypatumus, buvo suformuota padengimo principiné schema. Ji pateikta 3.8 pav.
ir atspindi D,L-metioninu stabilizuoty kobalto ferito nanodaleliy pavirSiaus
padengimg auksu bei auksuoty Nd pavirSiaus stabilizacija metionino
sulfoksidu.

CoFe20s@Au

Metionino N,N.,«f(:
sulfoksidas by,
il

0=3

\
oH,

3.8 pav. Virsmy schema, atspindinti HAuCl, redukcijg ant CoFe;O4 pavirSiaus D,L-
metionino aminoragstimi.

Tyrimy rezultatai apibendrinti moksliniame straipsnyje: Mikalauskaité, A.;
Kondrotas, R.; Niaura, G. ir Jagminas A., Gold Coated Cobalt Ferrite
Nanoparticles via Methionine-Induced Reduction. DOI: jp-2015-03528u.
Journal of Physical Chemistry C, 2015.
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3.2. CoFe204@AR Nd sudétis ir struktiira

Siekiant istirti aminortigs¢iy daromg jtaka kobalto ferito nanodaleliy
struktiirai, stabilumui ir magnetinéms savybéms, tirta CoFe,O4 Nd sgveika su
[vairiomis aminoriig§timis: metioninu (Met), lizinu (Lys), cisteinu (Cys),
argininu (Arg) ir histidinu (His). CoFe;O4@AA Nd sintetintos indentiSkomis
2.1.4. skyriuje aprasytomis salygomis ir charakterizuotos PEM bei QD-PPMS
metodais.

Skirtingy aminoriigs§¢iy daroma jtaka kobalto ferity nanodaleliy dydziui
tirta PEM metodu. I§ gauty vaizdy nustatyta, jog kiekviena aminoriigstis turi
skirtingg poveikj galutiniam produktui. Didesnio skersmens 11 ir 25 nm yra
CoFe;04@Arg ir CoFe;O4s@Lys Nd (3.9 a ir b pav.). Be to, naudojant
argining, gautos CoFe;Os@Arg Nd yra netaisyklingos sferinés formos su
budingu plac¢iu dydziy pasiskirstymo intervalu (3.9 pav., a intarpas). Tuo tarpu
25 nm dydzio CoFe;O4@Lys Nd yra apvalios sferinés formos (3.9 pav., b
intarpas). Beje, smulkiy (6 nm) ir ultra smulkiy (2,5 nm) dydziy Nd buvo
gautos sintezei panaudojus histidino ir cisteino aminortigstis (3.10 a ir b pav.).
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3.9 pav. a) CoFe;Os@Arg Nd ir b) CoFeO4@Lys Nd PEM vaizdai su jy dydziy
pasiskirstymo histograma. c) ir d) grafikuose pateikiamos atitinkamai CoFe,Os@Arg
ir CoFe:O4@Lys Nd magnetinio jsistotinimo kreivés 4 K, 200 K ir 300 K
temperaturose.
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[vairiy CoFe:O4@AA Nd magnetinio jsitotinimo (M) vertés buvo
nustatytos pasitelkus fizikiniy savybiy matavimo analizés metoda
(Physical Property Measurement System, QD-PPMS). Tuo tikslu méginiai
buvo patalpinami j iSorin] Hmax = 3 Teslos stiprumo magnetinj lauka ir Saldomi
300 K, 200 K ir 4 K temperatiirose. Nustatyta, kad veikiant iSoriniu magnetu
smulkesnes CoFe,O4@Hys ir CoFe;,04@Cys Nd yra sukuriamas neigiamas
magnetinis laukas. Tad grafiskai pavaizdavus gautus duomenis matomos
abiejy tirty méginiy superparamagnetinés biisenos.

Tuo tarpu didesniy CoFe;Os@Arg (3.10c pav.) ir CoFe;O4@Lys Nd
(3.9d pav.) dydziy magnetinio jsitotinimo vertés yra aukStesnés nei ultra
smulkiy CoFe,Os@His (3.10¢ pav.) ir smulkiy CoFe,O4@Cys (3.10d pav.)
Nd.
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—4—300K

“‘—‘-:K“\.
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—a— 300 K
1 1
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L L )
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3.10 pav. a) CoFe;O4@Hys Nd ir b) CoFe,04@Cys Nd PEM vaizdai su dydziy
pasiskirstymo histograma. c) ir d) grafikai iliustruoja atitinkamai CoFe,Os@Hys ir
CoFe>04@Cys Nd magnetinio jsistotinimo kreives 4 K, 200 K ir 300 K temperatiirose,
suteikiant kintama 3 Tesly dydzio iSorinj magnetinj lauka.
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Tai sietina su domeny dydziais, charakteringais stambesnéms Nd: kad visi
magnetiniai momentai buty tvarkingai orientuoti iSorinio magnetinio lauko
kryptimi, jiems reikia suteikti daugiau energijos. AukStesnéje 300 ir 200 K
temperattiroje visy tirty méginiy Ms yra Zemesné¢; tai saglygoja pakankamai
didelis magnetiniy domeny Siluminis judéjimas, nes sukuria netvarkinga
magnetiniy momenty orientacijg. 3.2 lentel¢je pateikiami gauti duomenys apie
istirty CoFe,O4s@AA Nd struktiira, dydj ir jy skirtingas magnetines savybes.

3.2 lentelé CoFe,04@AA Nd dydziai ir magnetinio jsisotinimo vertés.

CoFe;Os@AA Amino r. Q, [sisotinimas M, emu g*!
Nd strukttiring formulé  dydis,nm 300K 200K 4K
NH [e]
CoFe,04@Arg HzN)kﬁw 11 69,35 75,08 8147
NHy
CoFe;04@Lys H/éj 25 622 622 81,73
0
CoFe>04@His &y o 6 419 4757 495
HN NHz
o]
CoFe;04@Cys Hs/\lﬂ\OH 2,25 35,09 41,08 48,57
NH;

3.3. CoFe,04s@Met dekoruoty Au®/Au’ Nd sudétis ir struktura

Siame darbe sferinés ~6 nm dydzio CoFe,Os@Met nanodalelés buvo
susintetintos $arminiame tirpale panaudojus prekursoriais CoCl,, FeCls ir
pirma karta — D,L-metioning. Sintez¢ optimizuota hidroterminémis
salygomis: 130 °C, 10 val. (3. 11 pav.), parenkant prekursoriy koncentracijas
eksperimentiniu  keliu stechiometrinés sudéties ferito Nd formavimui.
Panaudotas D,L-metioninas stabilizavo galutinio produkto feroskystj ir
zenkliai sumazino CoFe,Os@Met Nd tarpusavio agregacijg.

IStyrus optimaliomis sglygomis susintetintas CoFe,Os@Met Nd rentgeno
spinduliy difrakcija (RSD), patvirtinta jy polikristaliné Spineliné struktura.
Gautos rentgenodifraktogramos smailés 26 pozicijose: 18.29 (111), 30.08
(220), 35.44 (311), 43.06 (400), 53.45 (422), 56.97 (511) 62.59 (440) ir 74.01
(533) gerai sutampa su CoFe;O4 (PDF kortelé 00-022-1086) etalono smailiy
vertémis. Sererio formule [137] apskai¢iuotas vidutinis Nd dydis (~6 nm)
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apytikriai sutampa su persvietimo elektroninés mikroskopijos analizés metodu
gautu rezultatu, t.y. 5,8 nm (3.11 a pav).

CoFe;Os@Met Nd magnetinés savybés buvo iStirtos prie§ ir po jy
padengimo auksu. Tyrimai atlikti kambario temperattiroje méginius veikiant
iSoriniu magnetiniu lauku ir uzrasant jy lickamojo jmagnetéjimo reikSmes.
Kaip ir tikétasi, gauti rezultatai patvirtino spéjimus, jog CoFe,Os@Met@Au
Nd, pasizymi silpnesnémis magnetinémis savybémis (3.11 d pav.). Kaip
matyti, CoFe,Os Nd, pasiekta magnetizacijos soties biisena vandenilio
tetrachloraurato tirpale iSorinio magnetinio lauko Hmax = 4,4 kOe zonoje
sumazé&ja nuo pradinés 27 emu g iki 21 emu g'. Pazymétina, kad uzdara
histerezés kilpa rodo superparamagneting CoFe,Os@Met Nd biseng tiek
pries, tiek po dekoravimo auksu, biidingg smulkioms (iki 10 nm skersmens)
Nd (3.11 d pav.).
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3.11 pav. a) CoFe;Os@Met Nd PEM vaizdas, b) suformuoty Nd dydziy pasiskirstymo
histograma, c¢) CoFe,Os@Met Nd rentgenodifraktograma ir d) magnetinés kreivés
CoFe,Os@Met Nd pries (1) ir po (2) dekoravimo aukso nanodalelémis.

Au nanokristaly susiformavusiy ant CoFe,Os@Met Nd pavirSiaus
struktiira buvo iStirta ARPEM metodu ji pateikta 3.12 paveiksle. Daleliy
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pavirSiuje galima jzidréti sferinius ~2 nm skersmens iskilimus, o EDX
spektras rodo, kad tai — auksas. Beje, EDX spektre matoma intensyvi Ni
smailé sietina su PEM mikroskopijai naudotu profesionalaus méginiy
laikikliu.

Energy,keV

3.12 pav. a) CoFe;:Os@Met@Au Nd ASPEM vaizdas ir b) pasirinkto ploto EDX
spektras.

Siekiant nustatyti sunaudoto Au kiekj CoFe,Os@Met Nd ,,dekoravimui®,
buvo atlikta tirpalo ICP-MS analiz¢ pries ir po HAuCls redukcijos. Gauti
rezultatai dziugino, nes po aukso jony redukcijos tirpale jy sumazéjo ~99,3 %.

Tiksliau jvertinti susidariusiy Nd pavirSiuje Au nanodariniy prigimtj ir
dydj, Au nanokristalus bandyta atskirti nuo CoFe,Os@Met Nd pavirSiaus.
Nustatyta, kad tai galima padaryti j 10 mmol-L™!' metionino vandeninj tirpala
jdéjus 10 mg isdziovinty CoFe;Os@Met@Au Nd ir veikiant ultragarsu
~20 min sulaukti tirpalo spalvos nusidazymo rausvai rozine (3.13 pav.). Sis
tirpalas buvo analizuojamas UV-vis spektrometru matuojant tirpaly $viesos
absorbcija. Kontroliniais tirpalais naudoti D,L-metionino ir HAuCl, tirpalai.
D,L-metionino tirple (3.13 paveikslas, 1 kreivé) Sviesos sugerties nebuvo
nustatyta; HAuCl, absorbcijos smailé nustatyta ties 291 nm (3.13 pav., 2
kreivé), kaip ir biidinga auksui, o rozinio tirpalo absorbcijos spektro
intensyviausios smailés nustatytos 377 ir 522 nm ilgio bangose
(3.13. pav., 3’ ir 3’ kreivés). Remiantis literatiiros Saltiniais galima teigti, jog
Siy smailiy padétis daugiausia priklauso nuo Au Nd rasies bei dydzio [138],
377 nm smailé atitinka metaliniy Au nanodaleliy lokalaus pavirSiaus
plazmony rezonanso juosta [139, 140]. Taigi Au nanodaleliy, ,,nukelty* nuo
CoFe;Os@Met Nd pavirsiaus, t.y. rausvojo tirpalo LPRP maksimumo viety
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spektre padétys rodo, kad D,L-metioninu stabilizuoty aukso Nd dydis yra labai
mazas. Si prielaida dar karta patvirtinta atlikus AJM tyrimus, kuriais tiriamojo
meéginio tirpalg uzlasinus ant laidaus zéru€io substrato pavirSiaus, buvo
nustatytas Au Nd dydis ~1-2 nm (3.14. pav.).
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3.13 pav. UV-vis §viesos sugerties spektrai: D,L-Metionino 1), HAuCls 2), 3)
neskiesto Au nanokristaly tirpalo, gauto desorbuojant nuo CoFe,Os@Met Nd
pavirSiaus. 3’ du ir 3" keturis kartus skiesty ty paciy tirpaly spektrai.
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3.14 pav. Au nanokristaly, desorbuoty nuo CoFe,Os@Met Nd pavirSiaus a) AJM 3D
vaizdas ir dydziy pasiskirstymo histograma b).
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Aukso nanokristaly elemetinés prigimties tyrimai buvo atlikti rentgeno
fotoelektrony spektroskopijos (RFS) analizés metodu. 3.15 paveiksle
pavaizduotas susintetintoms CoFe,Os@Met-Au nanodaleléms biidingas
fotoelektrony spektras. Matavimai atlikti 80+95 eV energijy diapozone
identifikuojant tik Au jony rysiy energijy spektrus. Nustatyta, kad aukso
smaile sudaro dvi Au 4f7, ir Au 4f5» dedamosios su 83,94 eV ir 85,74 eV rySio
energijomis. Sios fotony energijos priklauso skirtingy biiseny Au jonams:
pirmoji 83,94 eV bidinga metaliniam Au® [141], o 85,74 eV yra priskirtina
Au* [141, 142] buvimui. Nustatyta, kad Au® ir Au® jony bendrai yra 13,7 %
skaiCiuojant visag méginyje identifikuotg auksa; jame Au’ sudaro 1,39 %
(1 %). Sie rezultatai gauti pirma kart. Iki Siol, literatiiroje néra jokios
informacijos apie magnetiniy nanodaleliy pavir$iaus padengimg Au’Au’
nanokristaly hibridiniais dariniais ir tokiy apvalkaly savybes.

85
Binding Energy / eV

3.15 pav. Au 4f dekonvuliuotas rentgeno fotoelektroninis spektras (XPS).

3.3 lentelé CoFe0s@Met-Au nd elementy rySio energijos ir koncentracija XPS

duomenimis.
Elementai Smailés FWHM, eV  Plotas (P), CPS  Atomy, %
BE

Au4df 83.94 1.96 12435.07 1.39

Cls 284.87 2.88 18041.56 36.02
Nls 399.98 2.24 2647.25 3.02

Ols 530.21 3.03 55974.26 40.37
Fe2p3 710.75 3.70 63210.72 12.68
Co2p3 780.67 3.29 36815.35 6.47
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Taigi Siais tyrimais nustatyta, jog kobalto ferito Nd sintezei panaudojant
metionino aminortigst] galime kontroliuoti ne tik magnetiniy Nd augima, jy
stabiluma, bet ir pavir$iaus padengimg Au’/Au” nanodalelémis [141].

- CoFe204

- HAuCl4

- Methionine

3.16 pav. CoFe,04 Nd pavirsiaus padengimo Au’/Au’ nanokristalais schema.

Misy pasitilytas CoFe;Os@Met Nd pavirSiaus padengimo Au’Au’
nanokristalais metodas imobilizuojant Nd pavir$iuje metionino aminortigsti
buvo publikuotas 2017 m. Belstein Journal of Nanaotechnology.

3.4. Au®/Au’ Nd sudétis ir struktiira

Siame tyrime Au”Au’ nanokristalais buvo padengtos susintetinto
laboratorijoje magnetito FesOs@Met nanodalelés; jy dekoravimo auksu
receptiiros pateiktos 2.2.5. skyriuje. Gauty Fe;Os@Met Nd PEM vaizdas
pateiktas 3.17 a) paveiksle, o b) dalyje pateiktas Siy Nd aukstos skiriamos
gebos persvietimo elektrony mikroskopijos vaizdas. Pastargja nustatyta, kad
susintetintos Nd yra magnetitas su jam biidingu atomy 2,5 A tarpplokstuminiu
atstumu.

3.17 pav. Fe;0s@Met Nd PEM vaizdas (A) ir Nd smulkioji struktira ASGPEM
vaizde (B).
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UzraSyta Fe;Os@Met Nd rentgenodifraktograma pateikta 3.18 pav. Jos
pagrindinés smailés 20 pozicijose: 18.28, 30.08, 35.43, 43.06, 53.42, 56.94,
62.53, 70.94, 73.97, 74.97 ir 78.93 atitinka polikristaling Fe3O4 struktiira
lyginant su etalonine magnetito rentgenodifraktograma (PDF kortel¢ 04-005-
4319) ir gerai dera su jo (111), (220), (311), (400), (422), (511), (440), (620),
(533), (622) ir (444) plokstumy vertémis (3.18 a pav.). Fes;0s@Met Nd dydis
buvo jvertintas pasitelkiant Halder—Wagner skai¢iavimus ir gautas dydziy
pasiskirstymas su maksimumu ~11,9 nm apytiksliai sutampa su perSvietimo
elektrony mikroskopijos gautu rezultatu (11 nm) (3.18 b) pav.).
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3.18 pav. a) Fe;0s@Met Nd rentgenodifraktograma ir b) Nd dydziy pasiskirstymo
stupeliné diagrama.

Fe3Os@Met-Au Nd buvo tiriamos tieck PEM, tiek aukstos skiriamosios
gebos persSvieCiamaja elektrony mikroskopija (ASGPEM). PEM vaizdai,
pateikti 3.19 paveikse, rodo gausybe tamsiy taskeliy, nusédusiy ant Nd
pavirSiaus (A) dalis. Jy smulkios strukttiros tyrimai ASGPEM (3.19 pav., B)
parodé, kad taskeliai priskirtini auksui.

Tyrimy duomenys, pateikti 3.20 paveiklse, yra ,,nukabinti* nuo auksuoty
magnetito Nd aukso dariniai. Jie buvo tiriami PEM ir skenuojanéia 3D atomo
jégos mikroskopija. IStyrus ,,nukabinty“ Nd PEM ir AJM vaizdus (3.20 A ir
B paveikslai) nustatyta, kad Au’/Au’ Nd dydis néra vienodas ir varijuoja
1 — 5 nm ribose. Nanodaleliy dydziy pasiskirstymo diagrama (3.20 pav.,C)
parod¢, kad didziausias jy kiekis yra 1 — 2 nm skersmens.
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3.20 pav. a) Au”Au” Nd 3D AJM, b) PEM vaizdai ir c¢) dydziy pasiskirstymo
diagrama.

3.5. Au’/Au’ Nd antibakteriniai tyrimai

Zinia, kad Cis-platina yra vienas efektyviausiy prie§véziniy preparaty
[143]. Sio vaisto efektyvumas yra grindziamas véziniy lasteliy ,,nuzudymu*
Pt* jonais, esanciais Pt%Pt" kombinacijoje. Vedami Sios idéjos mes iStyréme
ultra smulkiy Au®/Au* Nd, sukurty 3.3. skyriuje apraSytu keliu, antimikrobing
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elgseng. Tyrimai buvo atlikti su daugumai antibiotiky atspariomis
gram-teigiamomis: Staphylococcus aureus (MRSA) (ATCC 433300),
Micrococcus luteus (GTC-BTL, B-30S) ir gram-neigiamomis: Acinetobacter
baumannii (ATCC BAA-747) bei Salmonella enterica (GTCBTL, B-25)
bakterijomis. Sio tyrimo metu mikroorganizmai buvo inkubuojami M9
skystoje terpéje kartu su 70 arba 30 mg-L! Au”Au" Nd arba atitinkamai su
Fe;0s@Au@Met Nd ir suskai¢iuojami po 24 val. jy maiSymo palaikant
nuolating 37°+£1°C temperatiirg. Neigiamai kontrolei jvertinti tirta 100 mg-L-
! $varios D,L-metionino aminoriigsties ir 1 gL' Fes;Os@Met Nd jtaka
mikroorganizmy kolonijy augimui.
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3.21 pav. Au%Au* Nd ir Fe304@Au Nd antibakterinio aktyvumo diagramos po 24 val.
jy inkubacijos su gram-neigiamomis A. baumannii (a), S. enterica (b) ir gram-
teigiamomis S. aureus (MRSA) (c¢) bei M. luteus (d) bakterijomis. Palyginimui
pateiktos kolonijy gyvibingumo histogramos su Svaria D,L-metionino aminortigstimi
ir magnetitu.

Pateiktose stulpelinése diagramose (3.21 pav.) lengvai matyti, kad
Au%Au” Nd ir Fe;0s@Au@Met Nd rodo intensyviausias baktericidines
savybes prie§ M. luteus bakterijy $eima. Sie rezultatai taip pat patvirtina
teiginj, jog zmogui patogeniniai mikroorganizmai, tokie kaip M. luteus, yra
virulenti$ki ir atsparts antibiotikams [144]. Taip pat nustatyta, jog didinant
Au Nd koncentracijg, mazéja bakterijy kolonijy skaiCius. Lyginant su
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kontrole, 70 mg-L' Au®Au* Nd méginiy baktericidinis efektyvumas siekia
84,4-58,5 % gram-neigiamoms bakterijoms ir net 89,1-75,7 %
gram-teigiamoms. 3.22 paveiksle pavaizduotos petri 1ékstelés su maistiniy
medziagy  agaringje  terpéje  augintomis  gram-neigiamomis  ir
gram-teigiamomis bakterijomis. Zenklus mikroorganizmy, pabuvojusiy kartu
su Au’”Au’ Nd, skai¢iaus sumazéjimas yra akivaizdus. Be to, pastebéta, jog
sumazinus Au’Au’ Nd koncentracija iki 2,3 karty, jy jtaka tirty
mikrooganizmy kolonijy augimui néra vienoda: A. baumannii atveju kolonijy
iSaugimas padidéjo 3,05, S. enterica — 2,52, S. (MRSA) — 1,35 ir
M. luteus — 1,04 karty. Sie rezultatai patvirtina ir jrodo, jog pasirinkti
mikroorganizmai yra tikrai specifiski ir unikaliis savo patogeniskumu tiek
tirtoms Au®”Au* Nd, tiek ir gyviems organizmams.

3.22 pav. Au’Au’ Nd antimikrobinis aktyvumas gram-neigiamy (A-B) A.
baumannii, (C-D) S. enterica ir gram-teigiamy (E-F) meticilinui-atspariy S. aureus,
bei (G—H) M. luteus mikroorganizmy atzvilgiu. Visi mirkoorganizmai buvo auginami
24 val. skystoje M9 terpéje be (a, c, €, g) ir su (b, d, f, h) 70 mg-L-' Au®/Au* Nd.

Lyginant gautus rezultatus su pateikta medziaga literatiroje, galima teigti,
jog jie taip pat patvirtina K. Zheng grupés gautus rezultatus, jog Au’ Nd, kuriy
dydis yra apie 6 nm, neturi antibakteriniy savybiy prie$ B. subtilis ir E. coli
mikroorganizmus [145]. Didziausig atsparumg tiek ultra smulkioms aukso,
tieck Fe;Os@Au@Met nanodaleléms turé¢jo S. enterica tirtos rasies
mikrooganizmai. Taip pat, pazymétina, jog FesOs@Met Nd ir D,L-metionino
aminoriigsties atvejais buvo gauti tokie pat kolonijas formuojanciy vienety
kiekiai, kaip ir kontroliniame méginyje. Remiantis metionino antimikrobiniais
aktyvumo tyrimais, $is aukso kristaly ir magnetito stabilizuojantis agentas yra
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netoksiskas, biosuderinamas ir gali biiti lengvai metabolizuojamas bakterijy
[146].

3.23 pav. Au’Au* Nd baktericidiskumo schema.

Siy tyrimy rezultatai buvo publikuoti 2019 metais prestiziniame Materials
Science & Engineering C mokslo zurnale.

3.6. Aukso nanoklasteriy sintezés tyrimai

Magnetiniy Nd pavirSiaus dekoravimo auksu HAuCly tirpaluose ypatumai
buvo istirti nustatant susintetinty itin smulkiy aukso Nd, priskirtiny
klasteriams, liuminescencija. Klasteriams priskiriamos nanodalelés mazesnés
nei 5 nm. Jy valentinés elektrony juostos plotis (energijy lygmeny tarpai)
jprastai yra didesni lyginant su Nd dydziu.

Literatiiros apzvalgos 1.3.1. skyriuje yra aprasytas Xie ir bendradarbiy
2009 m. sukurtas raudonai liuminescuojanciy aukso klasteriy sintezés
metodas HAuCls redukavimui panaudojant jaucio serumo albuming (JSA)
[76]. Sis klasteris pasizyméjo stipria raudonos §viesos liuminescencija ir veiké
7 % kvantiniu naSumu. IeSkodami pigesniy pakaitaly JSA, mes atlikome
aukso klasteriy sinteze su jvairiais sportininky naudojamais maisto papildais.
Siekta susintetinti 1 nm ir 3 nm dydziy aukso klasterius ir palyginti jy
liuminescencines savybes. Sintezés atliktos stiklo reaktoriuje palaikant
nuolating 37 °C temperatiirg 20 val. Naudoti vandeniniai Sarminiai HAuCl4
tirpalai (pH 12.2) aukso jony redukcijai papildomai iStirpinant jvairius maisto
papildus.
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3.6.1. Aukso klasteriy fotoliuminescenciniai tyrimai

Siekiant rasti maisto papilda raudonai liuminescuojancio klasterio sintezei,
buvo isbandyti Sakotyjy aminoriigi¢iy ,AAFS, 100 % pieno milteliy ir
100 % isriigy milteliy priedai. Susintetinty aukso klasteriy liuminescenciniai
spektrai yra pateikti 3.24 pav. Visi Sie papildy kompleksai yra vartojami
sportininky raumeny masés padidinimui. Aukso nanoklasteriai, susintetinti su
Sakoty aminortig§Ciy papildu po suzadinimo lazeriu 470 nm ilgio Sviesa,
pasizymeéjo itin intensyvia raudonos Sviesos (690 nm) emisija. IStyrus jy
emisijos stabilumg per kelias paras pastebétas tik neZymus jos intensyvumo
sumazgejimas (3.24 b pav.).

630 nm A d700m —_ 700nm
i a) exe [—2 b)
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= [
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9 <
2 Ef
e[ .
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1 £
= F Agyc= 470nm
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3.24 pav. Liuminescenciniai Au klasteriy spektrai, gauti: a) panaudojant skirtingus
maisto papildus: 1) ,AAFS’; 2) 100% pieno milteliy kompleksg ir 3) 100% isragy
miltelius. B) ,AAFS’ Au klasterio spektrai: 1 pradinis, 2 po paros, 3 po dviejy pary.

Siekiant optimizuoti AUNKI sintez¢ buvo istirta susintetintos medziagos
liuminescencijos intensyvumo priklausomybé nuo sintezei panaudoto ,AAFS°
koncentracijos. Gauti rezultatai su skirtingomis papildo koncentracijomis ir
tirpaly pH vertémis pateikti atitinkamai 3.25 paveikslo a) ir b) dalyse. IS gauty
liuminescencijos intensyvumo kreiviy buvo nustatyta, jog susintetinti AuUNKI
pasiZymi intensyviausia liuminescencija 670 — 690 nm srityje kai sintezei
panaudota 16 — 20 mg/ml AAFS (3.24 apav., kreives 3 ir 4), o reakcijos tirpalo
pH ~ 12,0 (2.24 b pav., 3 kreivé).
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3.25 pav. Laboratorijoje susintetinty Au klasteriy absorbcijos ir liuminescencijos
spektrai. AUNKI sintez¢ atlikta (a): 3.0 uM/mL HAuCl, tirpale redukcijai panaudojant:
(1) 8 (2) 12; (3) 16; (4) 20 ir (5) 24 mg/mL ,AAFS*. (b) dalyje pateikti produkty,
susintetinty su 20 mg/mL ,AAFS‘ priklausomai nuo reakcijos tirpalo pH: (1) 11.0; (2)
11.5; (3) 12.0 ir (4) 12.5 spektrai. Visais atvejais sintezé buvo vykdyta 37 °C
temperatiiroje. Jos trukmé — 20 val. Spektrai gauti zZadinant produktus 470 nm ilgio

$viesos banga.

Nustatyta, jog sintezei naudoto maisto papildo koncentracija virsija
20 mg/ml, o pH - 12,5, produkto liuminescencija ima slopti, o
liuminescencijos smailé pasislenka per 10 — 20 nm didesnés bangos ilgiy
srities link (2.25 a pav., 5 ir 2.25 b pav., 4 kreivés). Papildo koncentracijai
esant maziau 8 mg/ml, o tirpalo pH — maziau 11, liuminescencija
pasizyminciy AUNKI formavimosi nebevyksta.

3.26 a) paveiksle pavaizduotas susintetinty optimaliomis sintezés
salygomis aukso klasterio, naudojant ,AAFS‘, fotoemisijos spektrai kintant
suzadinimo $viesai (a) ir emisijos gesimo kreivé po suzadinimo 690 nm Sviesa
(b). Akivaizdu, kad AuNKI liuminescencijos intensyvumas priklauso ir nuo
juos suzadinamos Sviesos intensyvumo. Stipriausiai liuminescencuoja aukso

klasteriai, suzadinti 405 nm ilgios Sviesos banga (3.26 a pav. 1 kreivé).
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3.26 pav. a) Liuminescenciniai Au klasteriy spektrai juos suzadinus 405 nm (1), 488
nm (2) ir 543 nm (3) ilgio $viesa. Paveikslo b) dalyje pateikta Au klasterio, suzadinto
690 nm Sviesa (liuminescensijos maksimumas), emisijos gesimo kinetiné kreive.

3.26 b paveiksle pavaizduota tirty AUNKI gyvavimo trukmé juos suzadinus
690 nm ilgio Sviesa. Nustatyta, jog AUNKI susintetinti panaudojant ,AAFS*
maisto papilda HAuCls redukcijai pasizymi ~2 us gyvavimo trukme ir
neeksponentiniu jos slopimu. AuNkl kvantinio naSumo jvertinimui buvo
pasinaudota  Jellium metodu panaudojant etaloninj  2-[2-[2-(4-
dimetilaminofenil)-vinil]-6-izopropil-piran-4-ilidene]-malononitrilas (DCM)
metanolio miSinj. Jo kvantinis naSumas yra 33 — 34 % [72]. Nustatyta, jog
sintezei panaudojus ,AAFS‘ raudonai liuminescuojanéiy AUNKI kvantinis
nasumas siekia kaip ir JSA atveju — 7.0 %.
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3.27 pav. Medziagy infraraudonieji spektrai: AAFS maisto papildo (1) ir susintetinty
aukso klasteriy prie$ (2) ir po jy (3) dializés.

AUNKI pavir§iy supanciy funkciniy grupiy jvertinimui buvo uzrasyti FTIR
spektrai. Jie pateikti 3.27 paveiksle. Nesunku pastebéti, kad ,AAFS* spektro
(1 kreivé) pagrindinius virpesius demonstruoja ir susintetinti produktai. Tai
rodo, kad ,AAFS‘ maisto papildas ne tik redukuoja HAuCly, bet ir stabilizuoja
susidariusius AUNKI. Identifikuotos dominuojancio pavirSiaus grupés atitinka
amidg I (CO ruozas) 1658-1643 cm™ ir amido II (CN ir NH) juosta 1515-1544
cm’! (3.27 pav.) [147].

500 600 700 800
3.28 pav. Raudonai liuminescuojan¢iy AUNKI sintezés schema.

Siy tyrimy rezultatai buvo publikuoti 2016 metais Biointerface Research
in Applied Chemistry mokslo Zurnale.
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4. ISVADOS

1. Nustatyta kobato ferito Nd auksavimo procediiry, neutralizuojant jy
pavir$iy vitaminu C ir véliau redukuojant maZos koncentracijos vandenilio
tetrachloraurata, seka.

2. Sukurtas jvairaus dydZzio kobalto ferito Nd pavir§iaus padengimo auksu
procesas, panaudojant HAuCls redukcijai D,L-metionino aminoragst;.

3. CoFe,O4@Au Nd suformavimas patvirtintas RSD, PEM, EDX, aukstos
skiriamosios gebos PEM tyrimais, Mesbauerio spektry kaita, Nd vidutinio
dydzio padidéjimu bei FTIR spektrais.

4. FTIR spektry analize jrodyta skirtinga dopamino hidrochlorido
adsorbcija ant CoFe>O4 ir CoFe>Os@Au Nd pavirsiaus.

5. Optimizuota aukso klasteriy sintezé pirmg karta panaudojant Sakotyjy
aminoriig§¢iy maisto papilda.

6. Gauti aukso klasteriai pasizymi raudona liuminescencija 670-710 nm

Sviesos bangy srityje ir ~7 % kvantiniu naSumu, artimu klasteriams,
susintetinties su jau¢io serumo albuminu.

78



5. SUMMARY

Introduction

Curently, nanomedicine is a rapidly developing area of nanotechnology
medical science. It is imputable to the newly discovered and applied in
nanoelectronic biosensors, molecular nanotechnology and etc., nanometer-
sized particles, which have exceptional chemical, physical and optical
properties. The goal of nanomedicine is the comprehensive monitoring,
control, treatment, protection, and enhancement of human biological systems
at the molecular level using engineering devices and nanostructures. These
novel ideas combine the optical, magnetic, electronic, and structural
properties of particles.

Theranostics is a new area of nanomedicine, mostly associated with
nanotechnologies. It is applied for the production and to developing of
nanoparticles that might improve the diagnosis of tumours, ensure more
accurate monitoring of the diseases and, at the same time, induces a
theranostic effect. Regarding the current shortcomings of diagnostic and
therapeutic methods, scientists paid much attention to biologically compatible
and targeted nanometer-size magnetic nanoparticles and gold nanoclusters
(AuNCs) with intense luminescence, which combination of properties might
allow for the creation of dual-function composites.

MeFe,Os@Au NPs, due to their small size and biocompatibility, are
eliminated more slowly from the body. Therefore, researchers believe that
biocompatible, small, NIR-fluorescent, gold covering magnetic nanoparticles
are promising composites for the development of in vivo tumour imaging and
targeted therapy.

Major goal

Search for reliable methods of coating magnetic NPs with gold in order to
synthesize the gold clusters, characterization them and show possible
application areas of the obtained products in nanomedicine.
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Objectives

v" Optimize the hydrothermal synthesis of magnetic nanoparticles for their
stabilization using amino acids.

v Investigate the possibilities of magnetic NPs efficient surface covering with
gold using amino acids as reducers.

v Investigate the synthesis of red luminescent gold clusters using new
bioreducers and Hydrogen tetrachloroaurate (HAuCly).

v’ Determine the composition, structure, enclosure, and the formation
mechanism of synthesized products.

v Investigate the antibacterial properties of Au’Au* NPs

v Investigate the possibilities of using the obtained Au clusters for cell
imaging.

Statements of defence

1. Immobilization of D,L-methionine amino acid on the surface of magnetic
NPs in order to cover their surface with gold nanocrystals (NCs) and shell.

2. Au”Au’ nanocrystals can be “detached” from the surface of CoFe,O4@Au
and Fe;04@Au NPs with an excess of D,L-methionine.

3. Au”Au'nanocrystals have bactericidal properties against antibiotic-
resistant pathogens.

4. Gold nanoclusters demonstrating red luminescence can be synthesized in
the environment of low-cost branched amino acid food supplements.

The practical value of dissertation

v' Established and optimized compositions of aqueous solutions for
2,5, and 15 nm size CoFe,O4 NPs synthesis by co-precipitation and
controlled covering of their surface with gold nanocrystals and shell.

v" Introduced the gold deposition mechanism on magnetic
CoFe;Os@Au NPs.
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v Investigated the adsorption of dopamine hydrochloride on the
surface of CoFe,O4and CoFe,Os@Au NPs.

v’ Established and optimized compositions of aqueous solutions for
Fe;04 NPs synthesis and their surface covered by the Au’Au’ gold
nanocrystals.

v’ Efficient Au’%Au’ ultrafine nanocrystals have been proposed
“detached” from the Fe;O4 NPs surface.

v' Investigated the bactericidal properties of Au’/Au* nanocrystals
against extremely high antibiotic resistance pathogens.

v' Established a new and cheap bioreductor for AUNKI synthesis.

v’ Investigated the composition, structure, and luminescence
properties of the synthesized gold clusters.
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Literature review

Among various functional nanostructures, gold-coated and decorated
magnetic nanoparticles (NPS) have attracted a lot of attention because of their
biological compatibility and recently demonstrated potential applications in
nanomedicine, biosensing, drug delivery, cells separation, etc.

The coprecipitation process in aqueous solution is perhaps the simplest and
the most efficient chemical way to synthesize iron oxide nanoparticles
(SPIONs) The method is based on the chemical reactions taken place in an
aqueous monophasic liquid medium, allowing the control of both the
nucleation and growth of iron hydroxide nuclei. The synthesis procedure
consists of the precipitation of ferric and ferrous hydroxides by addition of a
base(e.g., NH4OH or NaOH) to a solutions of Fe(Ill) and Fe(Il) salts (eq 1).
Then, the gelatinous iron hydroxide precipitate is isolated by magnetic
decantation or centrifugation and treated with the concentrated base or acid
solutions to electrostatically stabilize the ferrofluid. Alternatively, the iron
hydroxide precipitate can be sterically stabilized to the resulting Fe;O4 or other
ferrites by heating in the presence of a suitable surfactant, namely, oleic acid
(OA) [7]. According to Sugimoto and Matijevic [13], magnetite NPS can be
also formed by oxidation of ferrous hydroxide suspensions [14]. It is
commonly accepted that using these co-precipitation ways, it is possible to
fabricate NPs in predetermined shapes and size by adjusting the solution pH,
concentration of precursors, as well as the nature and concentration of the
capping agents [15].

The syntheses of iron oxide-based NPs under hydrothermal treatment
conditions can be also attributed to a separate co-precipitation approach. In
the case of Fe(Il) and Fe(III) salts, a high pressure induced hydrolysis of these
ions proceeded by the reaction:

Fe** + Fe** + 80H™ = Fe;04 + 4H,0 (1)
results in the facile one-pot formation of magnetite NPs.

High efficiency, crystallinity, and in situ functionalization of magnetite
NPs with the desired linkers are typical advantages of these NPs. In many
cases, however, these NPs are not monodisperse and prone agglomerate in
aqueous solutions and physiological fluids. To prevent agglomeration, their
surfaces are covered with positively charged polymers [7]. As a matter of fact,
the attached molecules changed the surface charge and chemical properties of
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the magnetic core. Moreover, these capping layers might affect the capability
to coat them with gold.

Gold shells can be formed on the surface of magnetite nanoparticles using
separately prepared the gold seeds that can be further attached to the surface
of magnetic Nps by coprecipitation together with or after formation of a
polymeric shell. The direct deposition methods are suitable for the covering
or decoration of magnetic iron oxide nanoparticles by perchloric acid [9, 10],
sodium citrate [41], hydroxylamine [39], followed by interactive additions of
chloroauric acid and a reducing agent to pre-treated NPS suspension have been
proposed.

Recently, fluorescent gold clusters exhibiting low toxicity have received
significant attention for bioimaging. Consequently, several methods have
been proposed for the synthesis of blue and red-fluorescent gold clusters and
their application in nanomedicine. Among them, protein directed synthesis of
red-luminescent gold clusters have been considered as more prospective.

The synthesis of biocompatible, red-luminescent AUNCS with emission
peak at 640 nm and QY ~6% has been first reported by Ying et al. [76]. The
authors used encapsulation of Au (III) ions by thiol groups, present in cysteine
residues, in alkaline solution of bovine serum albumin (BSA) and the
subsequent reduction. Similarly, for cells bio imagining, Liu et al. [82]
successfully prepared water-soluble fluorescent AUNCs capped with
dihidrolipoic acid and modified with polyethylene glycol, BSA and
streptavidin, demonstrating that these proteins are advantageous as reducing
and stabilizing agents. During past several years, AUNCS have been also
successfully synthesized using other proteins such as lysozyme [77], trypsin
[871, pepsin [83], bovine [79], human insulin [82], and horseradish peroxidase
[80]. The formation of fluorescent AUNCS in protein-containing solutions was
attributed to complexation of AuCl; ions to Au (I) and the subsequent
reduction to Au® by tyrosine or tryptophan residues [89] and stabilization with
cysteine residues, although exact formation and stabilization mechanisms are
still an open question.

Methods

The morphology of as-grown products was investigated by a transmission
electron microscope (TEM, model MORGAGNI 268) operated at an
accelerating voltage of 72 keV. The average size of nanoparticles was
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estimated from at least 200 species observed in their TEM images. High-
resolution transmission electron microscopy (HRTEM) studies of as-
synthesized products were performed using a LIBRA 200 FE at an
accelerating voltage of 200 keV.

X-ray powder diffraction experiments were performed on a DS
diffractometer (Bruker AXS, Germany), equipped with a Gobel mirror as a
primary beam monochromator for Cu Ka radiation.

X-ray photoelectron spectroscopy (XPS) measurements were carried out
to obtain information about the elemental chemical states and surface
composition of the CoFe;Os and CoFe,Os@Au nanoparticles. Upgraded
Vacuum Generator ESCALAB MKII spectrometer fitted with a new XR4
twin anode was used. The nonmonochromatized Mg K, X-ray source was
operated at v = 1253.6 eV with 300 W power (20 mA/15 kV), and the
pressure in the analysis chamber was lower than 5 X 10—7 Pa during spectral
acquisition. The spectra were acquired with an electron analyzer pass energy
of 20 eV for narrow scans and resolution of 0.05 eV and with a pass energy of
100 eV for survey spectra. All spectra were recorded at a 90° take off angle
and calibrated using the C 1s peak at 284.6 eV. The spectra calibration,
processing, and fitting routines were done using Avantage software (5.918)
provided by Thermo VG Scientific. Core level peaks of Fe 2p, Co 2p, Au 41,
C 1s, and O 1s were analyzed using a nonlinear Shirley-type background, and
the calculation of the elemental composition was performed on the basis of
Scofield’s relative sensitivity factors.

The FTIR spectra were recorded in transmission mode with a Bruker
Vertex 70v vacuum FTIR spectrometer over the wavenumber range of
4000400 cm™!. A 7 mm thick KBr discs were prepared under high pressure
by mixing the powdered samples with KBr powder. Samples for AFM
measurements were prepared by casting a drop (20 pL) of gold NPs solution
on freshly cleaved V! grade muscovite mica (SPI supplies, USA). The drop
of solution was removed after 60 s by spinning the sample at 1000 rpm. The
commercially available atomic force microscope microscope (AFM) dilnnova
(Veeco instruments inc., USA) was used to take three-dimensional (3D)
images of gold nanoparticles. Magnetization measurements were
accomplished using a vibrating-sample magnetometer calibrated by a Ni
sample of similar dimensions as the studied sample. The magnetometer was
composed of the vibrator, the lock-in amplifier, and the electromagnet. The
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magnetic  field was measured by a testameter FH 54
(Magnet-Physics Dr. Steingrover GmbH).

Absorption spectra of investigated AUNCS solutions were measured using
the Jasco V670 spectrophotometer. Hellma Optik (Jena, Germany) quartz
cuvette with 1 cm length optical path was used for all optical measurements.
Fluorescence spectra in the 400-750 nm range were measured with
Edinburgh-F900 fluorescence spectrometer (Edinburgh instruments, United
Kingdom). A picosecond pulsed diode laser EPL-375 that emits about 70—ps
duration pulses at 375 nm was used to excite fluorescence. The average pulse
power was 0.15 mW/mm?. All fluorescence spectra were corrected for the
instrument sensitivity. The optical density in the 10-mm cuvette of all samples
was about 0.1 at 375 nm. Time-resolved fluorescence measurements.
Fluorescence decay kinetics in the nanosecond time range were measured
using Time-Correlated Single Photon Counting (TCSPC) method by utilizing
the same Edinburgh F900 spectrometer. The pulse (375 nm) repetition rate
was 2 MHz and the time resolution of the setup was about 100 ps. The laser
radiation intensity, the aperture gap, measurement time for the all kinetics
measurements were the same.
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Results and Discussion

Gold-Coated Cobalt Ferrite Nanoparticles via Methionine-Induced Reduction

Functionalized superparamagnetic nanoparticles (Nps) recently are one of
the most investigated research topics. In this study, we present an efficient
protocol for gold deposition onto the surface of cobalt ferrite (CoFe,O4) Nps
by a simple one-pot reduction of AuCls ions with methionine amino acid, that
in turn produce the biocompatible Nps stabilizing shell. In contrast to the
reported gold deposition recipes, the adopted herein is distinguished by the
simplicity and evade of mono-gold crystallites nucleation and growth in the
deposition solution bulk. This work was based on our observations that in
contrast to other amino acids methionine is prone to reduce AuCly species at
the walls of glass vessel instead of nucleation the Au’ particles in the solution
bulk. In the presence of CoFe,O4 Nps, however, the covering of magnetic Nps
was observed not of glass vessel walls. The advantage of our functionalization
method lies in it’s high yield, simplicity and avoidance of gold crystals
formation.

In this study, we have synthesized three groups of CoFe.Os NPs of
different sizes. In figure 5.1. are shown TEM images of nanoparticulated
products synthesized in the deoxygenated solution containing 50 CoCl, + 50
Fe2(SO4); + 75 mmol L™ diglycolic acid + NaOH up to pH = 12.4 at 80 °C for
3 h (a, b) and by hydrothermal treatment at 130 °C for 10 h (c¢). The size
distribution histograms of corresponding NPs are shown in the bottom. The
deposition of gold was conducted later through sonication of CoFe.O4 NPs in
the solution containing 0.9 mg mL"' NPs, 0.3 HAuCls,, 0.3 mmol L
methionine and NaOH (to adjust the pH to 12.0) at physiological temperature
of 37 °C and stirring conditions for 4 h.
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Fig. 5.1. The synthesized CoFe,04 Nd: a) ultra-fine 2 nm, b) fine and (c) 15 nm PEM
images and histograms of their size distribution.

Figure 5.2. shows the TEM (a) and STEM (b) images of CoFe.Os@Au
NPs fabricated by methionine-directed gold deposition. Insert EDX spectrum
of gold-plated nanoparticles. In the green circled inset, HRTEM image of the
products demonstrating the Au lattice spacing at about 0.24 nm
(scale bar 5 nm). Upon the plating the average size of CoFe>O4 NPS increased
from 2 to 2.5 nm. Similar results were also obtained in the case of sonication
CoFe;04 NPs with average size of 5 nm (Fig. 5.1. b) and 15 nm (Fig. 5.1. ).
In these cases, the average size of ferrite NPS increased to 6.5 and 16.5 nm,
respectively (Fig. 5.3. a, b, ¢).

Fig. 5.2. TEM (a) and STEM (b) images of CoFe,O4@Au NPs. In the green circled
Inset, HRTEM image of the products, demonstrating the Au lattice spacing, is shown.
EDX spectrum of final product is presented in the (b) part inset.

87



The principle scheme of HAuCls reduction with D, L-methionine on the
surface of CoFe,O4 NPs is presented in Figure 5.4. We established that apart
reduction of gold ions D, L-methionine stabilized cobalt ferrite nanoparticles.
These data indicate the possible mechanism but are not sufficient to explain
the exact picture of reactions resulting in the core—shell structure formation.
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Fig. 5.3. TEM images for a) 2.5, b) 6.5 and ¢) 16.5 nm sized CoFe>O4s@Au NPs after
gold deposition. In the bottom panels, their size distribution histograms.

To investigate variation of the surface chemical properties of CoFe,O4 NPs
upon the covering with a gold shell, the bare as well as gold-coated NPs were
dispersed ultrasonically in the solution of 13 mmol-L™! dopamine
hydrochloride (DOPA) and kept at ambient temperature overnight. Following
careful rinsing and drying they were further investigated by FTIR
spectroscopy.

Fig. 5.4. Scheme of Methionine-mediated synthesis of magnetic nanoparticles.
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Figure 5.5. compares the infrared spectra of (d) crystalline dopamine, (a)
CoFe;O4@Au nanoparticles, (c) dopamine modified CoFe,O4 nanoparticles,
and (a) dopamine-modified CoFe Os@Au nanoparticles in the spectral
regions of 400 — 750 (left panel) and 750 — 1800 cm™' (right panel). The
spectrum of pure DOPA is shown in Figure 5.5. curve d. It is characterized
by vibrational peaks in the IR region at: 814, 876, 1115, 1190, 1260, 1286,
1320, 1341, 1499, and 1614 cm™ wavelengths. Comparison in dopamine
modified CoFe,O4 (Fig. 5.5. curve c) and dopamine-modified CoFe>Os@Au
(Fig. 5.5. curve b) NPs with dopamine FTIR spectrum (Fig. 5.5. curve d)
immediately confirms the presence of adsorbed dopamine on the surface of
nanoparticles. The most intense dopamine bands at 814, 1286, and 1499 cm™!
had equivalent features at 815, 1284, and 1496 cm™ in the infrared spectrum
of modified nanoparticles. The band near 1499 cm™ was assigned to aromatic
ring CC stretching vibration, while the bands near 1286 and 814 cm™ belongs
to C-O-H symmetric bending and ring deformation/N-C stretching vibrational
modes, respectively [133, 134, 135, 136]. However, in this case the
characteristic band near 1499 ¢cm™ of dopamine downshifts to 1486 cm™
because of interaction with nanoparticles. We note that this band may serve as
amarker band for discrimination between the CoFe>O4 and CoFe,Os@Au NPs
because peak frequency differs by as much as 10 cm™. Presented FTIR spectra
suggest that CoFe,O4 Nps are covered completely by Au shell.

The innovative gold deposition method is expected open new horizons for
the design of biocompatible water dispersible gold/methionine-functionalized
ferrite nanoparticles by a simply controllable way.

&9



0.1 o
I % I0.0S 2 5
o
1
~
3
=
2\ (a

1450

Absorbance

| | 1 | 1 1 1 1

400 500 600 700 800 1000 1200 1400 1600 1800

Wavenumber (cm ) Wavenumber (cm ™)

Fig. 5.5. FTIR absorbance spectra of (a) CoFe,O4@Au nanoparticles, (b) dopamine-
modified CoFe,Os@Au NPs, (¢) dopamine modified CoFe>O4 NPs, and (d) crystalline
dopamine in the spectral regions of 400—750 (left panel) and 750—1800 cm™! (right
panel).

Methionine-mediated synthesis of CoFe,Os@Met NPs and functionalization
with gold nanocrystals

In this investigation, we created a novel synthesis method for CoFe;O4 NPs
capped with a biocompatible methionine shell (CoFe,Os@Met), which in turn
is capable to reduce and attach the gold species. In this way, iron oxide-based
NPs decorated with Au%Au’ NCs were formed for the first time. Obtained
products confirmed by HRTEM, AFM, FTIR, XPS and chemical analysis.

A hydrothermal approach was applied to synthesize the superparamagnetic
CoFe,Os@Met NPs stabilized with methionine. In Figure 5.6. @), TEM image
of CoFe,Os@Met NPs synthesized hydrothermally in a solution containing
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25.0 mmol-L™' CoCl,, 50 mmol-L™! FeCls, 0.2 mol-L™' methionine, and
NaOH to pH 12.4 at 130 °C for 10 h is shown. The size distribution histogram
and XRD pattern of the as-formed NPs are shown in panels b) and c),
respectively. Panel d) shows the room temperature magnetization plots for
CoFe,Os@Met NPs probe as a function of applied magnetic field before (1)
and following their sonication in the hydrogen tetrachloroaurate solution (2)
revealing the saturation magnetization value decrease from an initial
27 emu g to 21 emu g at Hyax = 4.4 kOe confirmed the claim that gold
species deposited onto the magnetic core remain superparamagnetic.
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Fig. 5.6. a) TEM image of CoFe,Os@Met NPs synthesized hydrothermally. The size
distribution histogram and XRD pattern of the as-formed NPs are shown in panels b)
and c), respectively. In panel d), the magnetic responses of CoFe,Os@Met NPs before
(1) and after (2) gold NCs deposition.

The deposition of gold NCs at the surface of magnetite NPs was confirmed
also by HRTEM image of CoFe,Os@Met NPs after the gold deposition and
EDX investigations (Fig. 5.7). From these, the formation of numerous gold
species at the surface of CoFe.Os@Met NPs is obvious. The ICP-MS analysis
of the gold plating shows that methionine molecules are capable to reduce the
gold ions at the NPs surface with more than 99 % yield.
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Fig. 5.7. TEM images of CoFe,Os@Met NPs formed as in Figure 5.6. after gold NCs
deposition.

To determine the size of gold nanocrystals it was detached from the
CoFe;Os@Met/Au NPs surface by ultrasonic agitation of 10 mg probe in the
solution containing 10 mmol-L™! methionine. As a result, a reddish-pink
solution (Fig. 5.8) was obtained after 20 min processing. Figure 5.8 shows
the peak locations of the localized surface plasmon resonance (LSPR) 1% curve
of methionine, 2™ of hydrogen tetrachloroaurate soliution, 3™ of reddish-pink
colored solution of gold species (inset) collected from the CoFe>Os@Met—Au
NCs initially exhibits two locations peaks at 522 and 377 nm that indicates
that the size of the methionine-stabilized gold species is extremely small. As
it was determined by AFM the vast majority of gold species tethered to
CoFe,Os@Met NPs surface was 2 nm size (Fig. 5.9).
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Fig. 5.8. Absorption spectra of methionine (1), tetrachlorauric acid (2) and
reddish-pink colored solution of gold species (Inset) collected from the
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CoFex0s@Met Au nanoparticles before (3) and following two-times (3°) and four-
times (3°”) dilution.
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Fig. 5.9. Typical AFM images and size distribution histogram of Au species removed
from the surface of CoFe,Os@Met-Au Nps.

XPS investigations were further conducted. Figure 5.10 depicts the
characteristic XP spectrum of as-grown CoFe;Os@Au-Met NPs. The analysis
of the Au 4f;), core-level spectrum revealed the binding energy (BE) value of
83.94 eV typical for metallic Au® [141]. The fitting of the Au 4f core-level
spectrum by using two spin-orbit split Au 4f;, and Au 4fs, components,
however, shows an additional shoulder peaked at 85.74 ¢V which could be
ascribed to Au' ions [141, 142]. To our best knowledge, there is only one
Au’/Au’ anchoring method recently reported in our work [141] which used
the methionine and proved the presence of the Au" ions by the additional peak
at 85.74 eV.

4f7/2

80 85 90
Binding Energy / eV
Fig. 5.10. Deconvoluted X-ray photoelectron spectrum (XPS) of Au 4f.
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This investigation has shown that by adding the methionine to the solutiong
during synthesis of CoFe;Os@Met NPs one can control the growth of
magnetic NPs, namely, their stability and coverage with Au’’Au” NCs. The
elaborated functionalization of magnetic NPs with gold NCs represents a
promising multi-task platform for linking magnetic NPs with specific
targeting ligands, such as aptamers and antibodies.

In conclusion, this study describes a novel and efficient pathway for
covering of various cobalt ferrite nanoparticles with gold shell without
nucleation and growth of the separate gold crystals using amino acid
methionine as a reducer of gold species and stabilizing agent for Nps. It is
supposed that upon initial dispersion of ferrite Nps in the methionine solution
amino acid interacts with the surface of cobalt ferrite Nps through the carboxyl
bond.

Ultra-small methionine-capped Au’/Au’ NCs as efficient drug against the
antibiotic-resistant bacteria

In this study, we synthesized and tested ultra-small gold and gold-
functionalized magnetite NPs comprised of Au’/Au* for possible inactivation
of multi-drug resistant bacteria. To the best of our knowledge, the
antimicrobial behavior of ultra-small gold NCs stabilized with the amino acid
has not been investigated against the most dangerous microorganism, such as
methicillin-resistant Staphylococcus aureus, Acinetobacter baumannii, and
Salmonella enterica.

In this study, gold NCs, ultra-small, quite uniform in size, and containing
zero-valent gold were synthesized on the surface of magnetite NPs by
reducing the hydrogen tetrachloroaurate with methionine molecules capped at
the surface of Fe3sO4 NPs. Figure 5.11 a shows TEM image of Fe;Os@Met
NPs, synthesized in the hydrothermally adapted concentration of iron salts
(45 mmol-L ™) and methionine (0.2 mol-L™), at 130 °C for 10 h is shown. In
addition in part b) HRTEM image of these NPs is depicted.
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Fig. 5.11. a) TEM and b) HRTEM images of Fe;Os@Met NPs

The formation of numerous gold species on the surface of methionine-
stabilized Fe;Os NPs after their sonication in the HAuCl,s solution under
adapted herein conditions. From the TEM inspection, however, it was difficult
to determine the size distribution of attached gold species, although most of
them seem to be spherical and les than < 2.0 nm in size (Fig. 5.12.).

Fig. 5.12. TEM (A) and HRTEM (B) images of magnetite NPs after decoration with
gold nanocrystals via methionine-induced HAuCl4 reduction.

To remove ultra-small gold NCs from the surface of Fe3O4 NPs for the first
time we have used the same methionine amino acid as a detaching agent. This
procedure was conducted via ultrasound agitation of gold coated magnetite
NPs in methionine solution attributing the detachment effect to the stronger
interaction of the amino acid with gold nanocrystals compared to that in
Au-Fe;04 bond. The obtained light-pink solution due to dispersion of
ultra-small gold NCs was further investigated by sampling on the Lacey grid
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followed by AFM and TEM observations for the particle size inspection. As
seen from Figure 5.13. the detached ultra-small gold nanocrystals exhibit
mainly the spherical particle morphology with an average diameter of about
2 nm and a quite narrow size distribution. It is note worthy, that they seem to
be aggregated.

It is commonly accepted that gold NPs are nontoxic and biocompatible.
Currently, Xie and co-workers [143] reported that small-sized gold NPs
possess cytotoxity against several cancer cells. To check this effect, we
performed a set of antimicrobial tests with ultra small Au’/Au* NPs attached
to the surface of magnetite Nps via Methionine-templated growth and gold
deposition way [132].

(A)

0.5 ium

\\\
\\

1 z_s
Pamcle hemh nm

Fig. 5.13. AFM 3D view of magnetite NPs (A), whereas TEM image and size
distribution histogram of gold NPs detached from magnetite nanoparticles are shown
in the (B) and (C) parts, respectively.

In these experiments, two multidrug resistant gram-negative
microorganisms (A. baumanni and S. enterica) and two gram-positive ones
(S. aureus and M. luteus) were tested. Bacterium survival data after 24 h
incubation with bare Fe;O4 and gold-decorated Fe;Os@Au NPs are shown in
figure 5.14.
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Fig. 5.14. Antimicrobial activities of the synthesized Au@Met and Fe;O4@Au NPs
after 24 h incubation with gram-negative A. baumannii (a), S. enterica (b), and gram-
positive S. aureus (MRSA) (c), M. luteus (d). For comparison, the behavior of pure
D,L-methionine and magnetite NPs is presented.

For comparison, the survival results of all tested bacteria sonicated with
methionine alone are also presented. As seen, any antimicrobial effects can be
viewed for the nude Fe304NPs and D,L-Methionine amino acid. Contrary, the
incubation of Fe3;Os@Au NPs with all bacteria tested in this study
demonstrated more or less antimicrobial efficiency. Most significant, e.g.
about 90 %, reduce was obtained for M. luteus population whereas in the cases
of A. baumannii, S. enterica, and S. aureus incubation with a same content of
Fe;04@Au NPs result in reduction of bacteria population survival by to 55,
60 and 43 %, respectively.

Synthesis of red-fluorescent gold nanoclusters and characterization

This work first time shows the cost-effective synthesis of AUNCs by
reduction of hydrogen tetrachloroaurate with amino acid food supplement
(AAFS) resulting in the formation of stable and biocompatible NCs, with
characteristic intense red photoluminescence (PL), peaked from 660 to
705 nm, and average lifetime of several mikroseconds. We note that
application of cheap amino acid cocktails, instead of earlier proposed pure and
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significantly expensive BSA [76], insulin, pepsin and others [77-87], makes
this synthesis very attractive.

In the first setup, several currently popular amino acid food supplements,
were tested as reducers of hydrogen tetrachloroaurate in an alkaline medium
and physiological temperature (37 °C). Figure 5.15 a) shows the PL spectra
of AuUNCs formed in the alkaline (pH=12.0) solutions containing
3 umol'ml™! HAuCl4 and 20 mg-mL"! food supplements: BCAA‘S 1%, 100%
Milk complex 2" and 100% Whey protein professional 3" curve. AuNCs
synthesized with a branched amino acid supplement after excitation at 470 nm
in length exhibited extremely intense red light (690 nm) emission. By
examination the stability of as-synthesized AUNCS emission over a few days,
only a slight decrease in its intensity was observed (Fig. 5.15 b).
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Fig. 5.15. Fluorescence spectra of formed AUNCs from different food supplements:
(1) BCAASS, (2) 100% Milk complex and (3) 100% Whey protein professional after
20 h synthesis at 37 °C. B) AUNCs formed via BCAAS stability spectras: 1 initial, 2
after day, 3 after two days.

To find the optimal conditions for the synthesis of AUNCs with BCAA’S
food supplement, the influence of solution concentration on the pH value was
investigated. Figure 5.16 a) shows the localized surface plasmon resonance
and PL spectra of AUNCs formed via BCAA’S food supplement-mediated
synthesis in the solution containing 8, 12, 16, 20 and 24 mg-mL "' BCAA’S.
Judging from the intensity of red PL spectra, AUNCs with the maximum PL
emission in the range between 670 and 690 nm are formed in the solution
containing 16-20 mg-mL ™' of BCAA’S at the optimal pH = 12 (Fig. 5.16 b).
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Fig. 5.16. (a) Absorption and PL spectra of AUNCs formed via BCAA’S food
supplement-mediated synthesis in the 3.0 pM/mL HAuCly solution containing: 8 (1);
12 (2); 16 (3); 20 (4) and 24 (5) mg/mL BCAA'’S; all kept at a pH = 12.2 and 37 °C
for 20 h. In (b) panel, the absorption and PL spectra of AUNCS fabricated in 3.0 pM/mL
HAuCl, solution containing 20 mg/mL BCAA’S at pH: 11.0 (1); 11.5(2) 12.0 (3) and
12.5 (4) at 37 °C for 20 h. Aexe= 470 nm. In the Inset, the colour of fabricated AUNCs

under UV irradiation is shown.

The PL intensity of the obtained Au@BCAA’S NCs and emission light
peak position strongly depend on the excitation wavelength decreasing with
Aexe (Fig. 5.17 a). The strongest photoluminescence is in gold clusters at
Aexe =405 nm (Fig. 5.17 a, 1% curve). The lifetime of red PL of Au@BCAA’S
NCs with non-exponential decay typically exceeds several us (Fig. 5.17 b).
Such long lifetimes are not typical for AUNCs fabricated via templating with
earlier reported proteins such as BSA [76] and others [77-87].
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Fig. 5.17. (a): Variation of PL spectra of BCAA’S-mediated AUNCs with the
excitation light wavelength (nm): 405 (1); 488 (2) and 543 (3). In (b): Typical
photoluminescence intensity decay for BCAA’S-mediated AUNCs at PL band peak
position 690 nm.

The quantum yield (QY) of ~7.0% was obtained for red-luminescent
Au@BCAA’S NCs fabricated under the optimized conditions. Note, that such
QY is higher than reported for red-luminescent AUNCS synthesized using even
BSA protein-directed reduction of chloroauric acid [21]. Furthermore, the
obtained in this study Au@BCAA’S NCs typically have photoemission peak
position from 670 to 705 nm, indicating on the inclusion of Au,7-Au atoms
in each nanocluster, based on the spherical Jellium model.

We suspect that this study opens a new directions of research in the green
synthesis of biocompatible AUNCs using low-cost amino acid food
supplements instead of pure proteins and can be useful for future fluorescent
nanocluster technologies.
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Conclusions

1. A simple method for coating the surface of magnetic Nps with gold using
vitamin C as a reducing agent capable of to binding with cobalt ferrite was
developed.

2. This study describes a novel and efficient way for covering of various cobalt
ferrite nanoparticles with gold shell without nucleation and growth of the
separate gold crystals using methionine as a reducer of gold species and
stabilizing agent of Nps.

3. Formation of CoFe:Os@Au NPs was confirmed by XRD, TEM, EDX,
high-resolution TEM studies, variation of NPs size, and FTIR spectra.

4. FTIR spectral analysis showed different adsorption behavior of dopamine
hydrochloride on the surface of CoFe,O4 and CoFe2O4 @ Au NPs.

5. Gold cluster synthesis for the first time using a branched-chain amino acid
food supplement was optimized.

6. The obtained gold clusters characterized by intense red photoluminescence,
peaked in a vicinity of 670-710 nm, a relatively long lifetime of several
microseconds, and high quantum yield of approximately 7%, similar to ones
synthesized with bovine serum albumin.
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Abstract

This chapter is aimed at reviewing the methods reported to date for covering of
magnetic iron oxide-based nanoparticles (NPs) with gold species and shells have
found numerous applications in the recent nanomedicine as biocompatible mate-
rials for magnetohyperthermia, photothermal therapy, fluorescent and computed
tomography imaging. Furthermore, through coating of magnetic NPs with gold
their chemical and colloidal stability can be significantly improved allowing con-
structing a versatile platform for further NPs functionalization with antibodies,
drugs, aptamers, and fluorescent agents.

Various studies have established the fact that a direct coating of magnetic NPs
via electroless deposition using typical reducers such as sodium borohydride or
citric acid is frequently problematic due to formation of gold crystallites in the
solution bulk. To overcome this drawback, several methods for deposition of gold
directly or through the intermediate layer onto the surface of magnetic NPs have
been proposed during past 15 years. However, the reported approaches are mainly
devoted to covering of magnetite (Fe,O,) and hematite (y-Fe,O,). Therefore, our
recent findings dealt with these and other iron oxide-based, e.g., cobalt ferrite, NPs
are presented in more detail. Contrary to the previous works reported the forma-
tion of continuous Au® nanoparticulate shells, we succeed in the decoration of
magnetic NPs with numerous Au’/Au* quantum dots (QDs) contributing to their
prospective future applications. In addition to presentation of reported to date
gold deposition techniques, an attempt was made to discuss shortly the possible
application trends of these core-shelled NPs.

*Corresponding author: arunas.jagminas@ftme.lt

Xiao-Yu Yang and Nidhi Chauhan (eds.) Photoenergy and Thin Film Materials, (617-660) © 2019
Scrivener Publishing LLC
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15.1 Introduction

Recently, gold-shelled iron oxide-based NPs are widely used for biological
treatments and medical investigations because of their superparamagnetic
behavior, nontoxicity, chemical stability in various fluids and biocompat-
ibility as well as capability to interact with the specific ligands, such as pro-
teins, antibodies, drugs, nucleic acids, etc. Taken together, uniformly sized
gold-coated magnetic NPs possess a great potential for tumors detection,
anticancer therapy, immunogenicity [1, 2] and analytical sensing [3-7].
Besides, the attached gold due to collective oscillation of free electrons in a
continuous band structure can demonstrate crystallite size dependent plas-
monic resonance band sensitive to the microenvironment [8]. As a matter
of a collective magnetic and optical behavior, a variety of new applications
of gold-coated magnetic NPs were reported during the past decade [8-11].

It should be noticed that in spite of numerous fabrication recipes of
the gold-shelled magnetite (Fe,O,), maghemite (y-Fe,O,), and ferrite
(MeFeZO o where Me: Ni, Co, Cu, Cr, Zn, Mn) NPs reported until now,
different aspects related to the formation of the desired Au shell composi-
tion, uniformity, and thickness remain the challenging.

This study highlights the methods typically used for covering of iron
oxide-based NPs with gold species and continuous shells imparting the
magnetic core many intriguing functional properties. Besides, the recent
synthesis routes for obtaining superparamagnetic iron oxide NPs are
briefly presented because the selected route can certainly play a crucial
role in the gold plating result.

15.2 Synthesis of Iron Oxide-Based Nanoparticles by
Co-Precipitation Reaction

Currently, iron oxide-based NPs in average size of from several to several
dozen’s nanometers can be synthesized by co-precipitation reaction [12]
conducted in the aqueous alkaline solutions containing Me** (Me*": Fe**,
Co?*, Ni**, Zn?**, Mn?") and Fe** ions under environment or micro wave-
assisted conditions [13, 14]. Except for the traditional NaOH and ammo-
nia bases, other bases such as alkanolamines having properties of both as
alkalis and complexing agents were suggested [15] emphasizing improved
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magnetic properties and colloidal stability of the alkanolamine-stabilized
NPs. According to Sugimoto and Matijevic [16], magnetite NPs can be also
formed by oxidation of ferrous hydroxide suspensions [16, 17]. It is com-
monly accepted that by these co-precipitation ways, it is possible to fabri-
cate NPs in predetermined shapes and size by adjusting the solution pH,
concentration of precursors, as well as the nature and concentration of the
capping agents [18].

The syntheses of iron oxide-based NPs under hydrothermal treatment
conditions can be also attributed to a separate co-precipitation approach.
In the case of Fe(II) and Fe(III) salts, a high pressure induced hydrolysis of
these ions proceeded by reaction:

Fe** + Fe’* + 80OH™ = Fe,O, + 4H,0 (15.1)

results in the facile one-pot formation of magnetite NPs [19]. The same
result can be obtained by hydrolysis and oxidation in an aqueous solution
containing Fe(II) salt and oxidizing additive under hydrothermal condi-
tions [20-22] via reaction:

6Fe?* + 120H" + O, = 2Fe,0, + 6H,0 (15.2)

High efliciency, crystallinity, and in situ functionalization of magnetite
NPs with the desired linkers are typical advantages of these NPs. In many
cases, however, these NPs are not monodisperse and prone agglomerate
in aqueous solutions and physiological fluids. To prevent agglomeration,
their surface are covered with positively charged polymers [23, 24]. As a
matter of this fact, the attached molecules changed the surface charge and
chemical properties of magnetic core. What’s more, these capping layers
may affect the capability to coat them with gold.

15.3 Synthesis of Iron Oxide-Based Nanoparticles by
Thermal Decomposition

The second common synthesis approach of superparamagnetic iron oxide-
based NPs is thermal decomposition of organic precursors in high tem-
perature boiling solvents containing usually oleic acid and oleylamine
ensuring the control of their size and stability via capping onto the NP
surface. Although quite uniform in size, these NPs are highly soluble only
in organic solvents. In order to make them water soluble, the subsequent
modifications of their surface by substitution of the capping agents [25-29]
or formation of a double layer from amphiphilic molecules [30] is required.
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In the latter case, the amphiphilic drug molecules, such as phospholipids,
reversibly bound to the surface of NPs can be easily released in vivo.

15.4 Less Popular Chemical Syntheses

A separate synthesis approach for iron oxide-based NPs fabrication at
moderate temperatures is sol-gel [31]. By this way, spherical NPs possess-
ing a high purity and narrow size distribution can be obtained [32, 33].

15.5 Gold Shell Formation Onto the Surface of
Magnetite Nanoparticles

The general strategy to synthesize core-shelled hybrid nanomaterials: form
NPs of iron oxide, then use them as seeds that should be coated with gold
directly or through the intermediate shell. However, it is worth noticing
that to combine materials with very different lattice parameters such as
iron oxide (0.835 nm for Fe,O,) and gold (0.408 nm) still faces challeng-
ing. Therefore, to overcome this drawback the activation of magnetite NP
surface with perchloric acid [34-37], sodium citrate [38], hydroxylamine
[39], followed by iterative additions of chlorauric acid and a reducing agent
to pre-treated NPs suspension have been proposed. In the most frequently
used procedure, the reduction of Au**-containing ions directly onto the
surface of magnetite NPs was conducted under a vigorous stirring of NPs
in the HAuCl ’ boiling solution and sodium citrate [34, 40-45]. Besides, a
variety of other water soluble reducing agents, such as hydroxylamine [29,
34, 46-50], glucose [51, 52], formaldehyde [53, 54], and sodium borohy-
dridre [55], has been proposed. First report on the formation of magnetite
NPs with gold shell via reduction of Au** ions with hydroxylamine was
dated by Cui’s group in 2001 [46]. Later, this approach with modifications
was successfully used for coating of small Fe,O, and y-Fe,O, NPs after
their surface functionalization in a 0.1 M tetramethylammonium hydrox-
ide solution for hydroxylamine seeding [56, 57], followed by NPs soni-
cation in the solution of sodium citrate, to exchange adsorbed OH" ions
with citrate anions, and finally - in the gold deposition bath containing
an excess of NH,OH - HCl as reducer and 1% HAuCl, aliquots added sev-
eral times with 10 min intervals. The resultant NPs shown in Figure 15.1
reveal a significant NP average size increase from the initial up to 60 nm
becoming obviously less aggregating [57]. Later, to design multifunctional
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(d)

Figure 15.1 Representative TEM images of citrate-stabilized Fe,O, NPs before (a) and
after gold deposition by one (b), three (c), and five (d) incremental additions of Au’** to
an aqueous solution of Fe,O, NPs. Reproduced in part from ref [57]. Copyright 2017 Am.
Chem. Soc.

composites of magnetite NPs synthesized by the typical co-precipitation
way from an alkaline Fe**/Fe’* solution and sodium citrate, the reduction
in situ of the AuCl,~ ions onto the surface of Fe,O, NPs with the sodium cit-
rate solution kept at the boiling temperature has been reported by Yu et al.,
[42]. However, the yield and uniformity of depositions as well as the role
of citrate ions linked tothe surface of Fe,O, NPs during their synthesis on
the reduction ofAu’* and formation of gold shell have not been analyzed
and discussed.Furthermore, by this way, it was impossible to prevent the
aggregation of magnetite NPs and separation of the coated NPs from the
uncoated ones.

The initial attempts to coat magnetite NPs with gold also involved the
application of reverse micelles as the reactors for both NP synthesis and
covering with a gold [3, 51, 58, 59]. In most cases, CTAB, octane and
1-butanol were used for magnetite NPs formation, whereas gold (III)
chloride and sodium borohydride solution was used for initial nucleation
of numerous gold seeds at the randomly selected sites of magnetite [60].
Following this, the further growth of the attached Au’ seeds resulted in the
formation of gold shell. By this way, however, it was difficult to reproduce
Fe,O,@Au NPs of the same size and core shell thickness [61]. Besides, in
the most cases the fabricated Fe,O,@Au NPs required separation from
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the pure gold crystallites formed in the deposition solution bulk and were
prone to agglomerate in the aqua media. Later, despite in the aqueous solu-
tions the covering of magnetite and maghemite NPs with a thin gold shell
has been proposed via prolonged by weeks processing in a two phase sys-
tem composed of octane-based magnetic fluid, an aqueous HAuCl, solu-
tion, and N-(2-(didecylamino ethyl)-N,N-tridecyldecan-1-ammonium
iodide as the phase-transfer reagent [62]. Besides, a number of hybrid NPs
have been synthesized to date through a seed-mediated approach [62-64].
Similarly, gold coated magnetic NPs were prepared via attachment of 2-3
nm-sized Au NPs with 3-aminopropyl triethylsilane onto the 10 nm-sized
Fe,O, [65]. From the literature [23], polymer shells with the attached gold
NPs prevent formation of large aggregates.

The third group of methods consists of both magnetic NPs synthesis
and covering them with gold in organic solutions [66, 67]. Typically, the
iron oxide NPs fabricated through the thermal decomposition of iron
organic precursors such as carboniles, oleates, and acetylacetonates in the
high temperature boiling solvents subsequently are coated via reduction
of gold acetate in the chloroform media containing oleylamine as both
a reducer and capping additive. For thicker gold shell formation, NPs
should be pretreated in an aqueous solution of sodium citrate and cetyl-
trimethylammonium bromide (CTAB) and then in the room temperature
aqueous solution containing gold ions, ascorbic acid and STAB. By this
way, a complete gold shell with a desired thickness can be formed. To coat
magnetite NPs capped with organic ligands, Wang et al, [66] proposed
the gold deposition from a hot (~190 °C) phenyl ether solution containing
gold acetate and oleylamine. In this solution, the desorption of the capped
ligands from the surface of NPs and an in situ gold deposition onto the
cleaned magnetite surface was observed. By this way, however, only some
part of NPs are covered with gold requiring separation from the uncoated
and partially coated ones [67]. In 2007, Park et al., reported the route for
covering of the 10 nm-sized superparamagnetic Fe,O, NPs fabricated by a
typical thermal decomposition of iron (III) oleate way and the subsequent
treatment in the chloroform solution containing HAuCl, and oleylamine
as a reducing agent and surfactant [68]. To make these NPs water-soluble,
Fe,O,@Au NPs were dried and dissolved via sonication in the solution
containing 0.1 M CTAB and 0.1 M sodium citrate.

Poly(vinylpyrrolidone) (PVP) was an another polymer-surfactant
employed for nanoemulsion synthesis of Fe,0,@PVP-Au NPs in two con-
secutive steps [69]. In this method, Fe,O, NPs were also synthesized via a
thermal decomposition of iron (IIT) acetylacetonate (Fe_ ) in octyl ether
containing the reducing agent — 1,2-hexadecanediol and PVP. In the next
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Figure 15.2 TEM images of Fe,O, clustered NPs before (a) and after (b) gold coating for
photothermal destruction of cancer cells. In the upper part the scheme of processing.

step, the as-grown Fe O, NPs were coated with gold using a same reducer
and gold acetate dissolved in octyl ether at 80 °C and 215 °C under reflux
for 2 hr in each. The method mentioned above, makes it possible to bet-
ter control the size of quite monodisperse and long-time stable magnetite
NPs as well as the thickness of their gold shells. However, these NPs tend
to agglomerate quickly in the aqueous media.
In 2011 Ren et al, reported a way for the synthesis of superparamag-
netic Fe,O,@Au NPs by so-called a self-assembling approach [70]. This
synthesis protocol involved the synthesis of positively charged Fe O, NPs
by reduction of FeCl, with ethylene glycol (e.g.,) in the alkaline medium
containing additionally ammonium bicarbonate and citric acid at 200 °C
(see scheme in Figure 15.2). Then, the as- grown spherical Fe,O, NPs in
size of 60-200 nm were mixed with an aqueous HAuCl, solution. Upon
the subsequent reduction of Au** with NaBH, solution under gentle stir-
ring conditions, electrostatic adsorption of as-grown NPs onto the surface
of Fe,O, was obtained. It is worth noticing that thermal decomposition of
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ammonium bicarbonate to NH, and CO, gases during growth of Fe O,
NPunder solvothermal conditions results in the formation of mesoporous
NP structure (Figure 15.2) possessing the NIR absorbance. Irradiation
experiments indicated that these Fe,O,@Au NPs can rapidly convert laser
beam energy into heat and can be used for photothermal destruction of
cancer cells.

Similarly, to increase the size uniformity and viability of Fe,O,@Au
NPs, their synthesis in organic solutions and the subsequent covering
with gold shell in an aqueous solution have been proposed by Hu et al.,
and Lim et al, [71]. Note, that although NP size control has been well
achieved by these syntheses, the aggregation of NPs even after formation
of Au shell remained high in the aqua media. For example, for coating
of the hydrophobic 10-13 nm-sized superparamagnetic Fe,O, NPs with a
gold shell in thickness of ca. 2-3 nm possessing saturation magnetization
value of about 40 emu g and rendering plasmonic properties, the follow-
ing method has been reported by Chin et al., [72]:

1. synthesis of 8 nm-sized Fe,O, NPs in an aqueous alkaline
solution by early reported way;

2. refluxing of the Fe,O, NPs in an aqueous solution contain-
ing either (3-amino propyl)triethoxysilane or dopamine for
the few hours resulting in the attachment of -NH, groups;

3. synthesis separately of gold seeds in an average size of ca. 2-3
nm from an aqueous solution containing tetrakis (hydroxy-
methyl) phosphonium chloride and HAuCl,;

4. the sonication of imine-functionalized Fe,O, NPs with gold
seeds under stirring conditions overnight;

5. formation of Au shell onto the surface of NH, -functionalized
and gold-seeded Fe,O, NPs in an aqueous glucose solution
with HAuCl, added drop-wise.

As reported, by this way, superparamagnetic 12 + 3 nm-sized Fe,O,@
Au NPs with uniform Au shell in thickness of (2-3) nm can be fabricated.
However, the size and shape of resulting Fe,O,@Au NPs typically are
irregular.

The facile fabrication approach of the Fe,O,@Au NPs stabilized with
polidopamine (PDA) molecules which in turn can attach the gold seeds,
dissociate from the Fe O, surface and in situ reduce AuCl,~ ions by the
catechol groups in PDA forming continuous gold shell, has been reported
by An et all. in 2013 [73]. This procedure, however, was also multistep.
To obtain magnetite NPs containing the gold shell, Au seeds should be
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separately synthesized and attached to the Fe,O,@PDA NPs. Therefore,
to form the dense gold shells onto the gold-seeded Fe,O,@PDA NPs, they
must to be further sonicated in water under mechanical stirring adding
several 1% HAuCl, small aliquots with 10 min intervals. From the TEM
images, however, the size and shape of these NPs differ significantly.

To decorate the surface of hydrophobic Fe,O, NPs with gold species,
the amino-functionalized Fe,O, NPs were prepared in the glycerol solu-
tion containing FeCl3, anhydrous Na(OOCCH3) and 1,6-hexadiamine
at 200 °C for 6 hr and then functionalized via keeping in a dimethylfor-
mamide solution containing Boc-L-cisteine,O-benzotriazole-N,N,N’,N’-
tetramethyluroniumhexafluoro phosphate and triethanolamine to react
overnight [74]. Au NPs were synthesized separately in the HAuCl, solution
containing cetyltrimethylammonium bromide and NaBH,. The prepared
Fe,O, NPs were then dispersed in the ethanol and mixed with an aque-
ous solution of Au NPs under ultrasound agitation for 5 min. To remove
unbounded Au NPs, Fe,O,@Au NPs were collected magnetically. As also
reported, the conjugation of Au NPs with Fe,O, surface should be ascribed
to the strong interaction of gold with thiol groups in the capped layer of
magnetite surface. Nevertheless, both TEM and SEM images of resultant
Fe,O,@Au NPs revealed their agglomeration (Figure 15.3).

To date, most of the ferrite NPs were studied mainly for their magnetic
properties with few having been implemented for biomedicine applica-
tions. However, the substitution of the Fe’* ion in magnetite NPs with
Co*, Zn**, Ni**, Cr** or Cu?* allows to manage their magnetic and chemi-
cal properties, and biocompatibility that can be tuned to new applications.
For example, cobalt ferrite (CoFe,O,) NPs have saturation magnetization
of about 80 emu g, good permeability, a high coercivity of more than 5
kOe, and Currie temperature as well as electromagnetic performance and
excellent chemical stability [75, 76]. It is worth also noticing that copper-
substituted CoFe,O, NPs have the most effective contact biocidal property
among all of the iron oxide NPs, whereas zinc-substituted ones - signifi-
cantly improved antibacterial activity [77].

For attachment of gold to the surface of maghemite (y-Fe,O,) NPs
with a high yield, electron beam irradiation at a dose of 6 kGy of mag-
netic NPs probe spread in an aqueous solution of HAuCl,, 2-propanol,
and poly(vinyl alcohol) has been proposed [78, 79]. In this way, colloidal
gold forms a strong Au-S bond with a thiol group without any catalysts or
linker molecules.

The decoration of magnetite NP surface with the discrete gold species
without formation of a complete Au shell has also been reported [65, 74,
80] via attaching of amine or thiol groups containing molecules directly to
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Figure 15.3 TEM (a), SEM (b), and HRTEM (c) images of Fe,O, NPs covered with gold
seeds upon functionalization the surface of magnetite NPs with -NH, and the subsequent
attaching of Au® species (Reprinted from ref [74]. , with permission from the Am. Chem.
Soc.).

the surface of as-grown bare Fe,O, NP before Au’* ions reduction. Note,
that the capping molecules can also attach Au’ species to the surface of
magnetite NPs via a covalent binding [65, 74]. However, the decorated
magnetic NPs with small Au NPs do not address NP stability and magne-
tite core leaching and degradation. To avoid this problem, the synthesis
of Fe,O,@Au NPs through the formation of biocompatible intermediate
shell composed of polyethyleneimine (PEI) and the subsequent attach-
ment of 2 nm-sized Au NPs has been suggested by Goon et al., [23]. Note,
this way resulted in the formation of only some larger Fe,O,@PEI-Au NPs
namely ~ 60 nm with respect to the size of magnetic core, ca. ~ 48 nm
(Figure 15.3). Moreover, except for the possibility of controlling NP size
through the control of PEI and Fe,O, NPs amounts in the gold deposi-
tion solution this method allowed controlling the number of gold seeds
attached to the Fe,O, NP surface most likely via electrostatic and cova-
lent bonding with amines on Fe,O,@PEI. Similarly, doubly-shelled micro-
sheres with a magnetic core, decorated with Au’ NPs, namely Fe,O,@
SiO,@TiO,-Au (Figure 15.4) have been recently designed as a smart and
efficient photocatalytic system for environmental treatments [81]. To
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Figure 15.4 Dark-field TEM image and elemental mapping images of a single Fe,O,@
SiO,@TiO,-Au NPs microsphere fabricated according to Wang and co-authors report.
Reprinted from ref [81], with permission from the Springer.

increase photocatalytic efficiency, via separation of photogenerated car-
riers, the gold NPs were entrapped into the outer mesoporous TiO, shell
by electroless deposition using sodium borohydride. Note that the outer
shell which decreased the magnetic saturation value of the core from 44.7
to 18.5 emu g™’ still remained the possibility to separate them by recycling
in a magnetic field.

The pioneering approach for attachment of red-fluorescent gold clus-
ters to the surface of superparamagnetic Fe,O, NP has been reported by
Sreenivasan group [82]. According to their suggestion, fluorescent gold
clusters separately prepared by well-known green synthesis way using
Bovine serum albumin (BSA), can be well attached to the surface of Fe,O,
NPs through anchoring of dopamine molecules.

Several years ago, we have synthesized small ca ~ 5.0 nm sized
(Figure 15.5) and ultra-small with a mean diameter of 1.85 nm (Figure 15.6)
CoFe,O, NPs by typical co-precipitation approach using CoCl,, Fe,(SO,),
and citric acid at 80° for subsequent covering with gold shells [83]. In addi-
tion to EDX, compositional stoichiometry of both small and ultra-small
NPs was estimated after their dissolution in HCI (1:1) by inductively cou-
pled plasma mass spectrometry analysis on the emission peaks at 228.616
and 239.562 nm for Co and Fe, respectively, both revealing Co to Fe at%
ratio close to 1:2 The XRD patterns of 5 nm-sized NPs (Figure 15.5.c) cor-
related well with the standard CoFe,O, diffraction peaks attributable to
polycrystalline inverse spinel structure. Our attempts to coat these small
and pure CoFe O, NPs with gold in the aqueous HAuCl solutions with
typical reducers such as sodium borohydride and citric acid were unsuc-
cessfull, - in all these cases a significant fraction of gold crystallites were
formed in the colloidal solution bulk instead of coating the surface of NPs.

Therefore, with the idea to reduce the gold ions at the NP surface, we
checked the possibility to anchor initially some week reducer molecules to
the surface of ferrite NP. Our choice drop on the attachment of Vitamin C
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Figure 15.5 In (a): AFM view of CoFe,O, NPs synthesized by co-precipitation reaction
from an alkaline (pH = 12.1) de-aerated solution containing 100 mmol L™ CoCl, +
Fe,(SO,), at the 1.1:1.0 ratio +100 mmol L* citric acid at 80 °C for 3 hr and collected
by centrifugation at 8500 rpm for 3 min. In (b, ¢, and d) a typical EDX spectrum, XRD
pattern, and histogram with lognormal (line) distribution of NP sizes, respectively, are
shown.

(VitC) molecules because of a simple possibility to determine spectropho-
tometrically the concentration of ascorbic acid in the deposition solution
(Figure 15.7) as well as biocompatibility and a weak reduction capability
of VitC. The applied anchoring and covering scheme is depicted the his-
togram and log-normal distribution plot of the synthesized core-shelled
NPs. Bellow, the scheme used for gold deposition and shell formation
onto the surface of CoFe,O, NPs. in Figure 15.8 together with the obtained
TEM observation results indicated on the NP size increase to ca. 14 nm
after two days NPs sonication in the initial 20 umol L' HAuCl, solution
(Figure 15.8¢). The successful coatings of these NPs were obtained via sev-
eral sequential additions of low concentrated HAuCl, and VitC solution
probes to the deposition reactor under mild stirring conditions. The pro-
longed sonication of VitC-modified Co-ferrite NPs in the HAuClI, con-
taining solution even at room temperature lead to decrease in the amount
of adsorbed ascorbate ions down to zero (Figure 15.7B curve d). With fur-
ther addition of VitC and Au(III) species, the color of ferrofluid changed
to violet and pinkish tints visiable to the naked eye. The corresponding
UV-vis spectra for these ferrofluids are also shown in Figure 15.7B (curves
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Figure 15.6 TEM (a) and AFM (b, ¢) images and size profiles (d) of ultra-small Co-ferrite
NPs synthesized by co-precipitation reaction from an alkaline (pH = 12.1) de-aerated
solution containing 100 mmol L™ CoCl, + Fe,(SO,), at the 1.1:1.0 ratio +100 mmol L™
citric acid at 80 °C for 3 hr (supernatant fraction).

b and ¢) indicating the appearance and variation in a wide plasmonic
absorption band peaked in a vicinity of 520-540 nm, characteristic of nm-
scaled gold crystals [84]. With increased sonication time, this absorption
band red-shifts towards a longer wavelengths and lower energies signaling
on increase in the thickness of gold shell around the ferrite NP core as has
been reported in [85].

According to the previous studies, the covering of magnetite NPs
with a gold shell resulted in their saturation magnetization and block-
ing temperature (T,) values decrease [66, 67]. Consequently, to preserve
the magnetic properties of core, the gold shells ought to be uniform and
as thin as possible. The influence of gold shell formed via VitC-assisted
reduction on the magnetic properties of Co-ferrite core material we ascer-
tained from the Mdssbauer spectra and T, variables with the recording
temperature increase from cryogenic to 75 K for the case of ultra-small
cobalt ferrite NPs in a mean size less than 2.0 nm (Figure 15.6). For
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Figure 15.7A Light absorbance spectra versus concentration of ascorbic acid from 5 to
40 umol L. In the Inset: calibration plot of ascorbic acid at A = 263 nm. B: Absorption
spectra of ultra-small Co-ferrite NPs grown as in Figure 15.5 and neutralized by ascorbic
acid to pH = 6.0 (a) at various stages of their subsequent sonication with 0.4 mmol L™
HAuCI, at ambient temperature for one (b), two (c) and three (d) days. After the first and
next day, 0.15 mL of ascorbic acid (0.05 mol L™") and 0.4 mL of HAuCl, (0.01 mol L") was
added for further gold reduction. For (a) and (d) spectra the ferrofluids were diluted 16
times.

this reason, dried NPs as well as their ferrofluid probes were cooled to
7-10 K and the Mossbauer spectra were recorded under transmission
mode. Several Mossbauer spectra were recorded further as the sample
temperature increased to 75 K. Note that T, indicates the temperature
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Figure 15.8 TEM (a) and HRTEM (b) views of CoFe,O,@Au NPs synthesized as in
Figure 5 after surface functionalization with VitC and reduction of [AuCl,]" ions through
two days sonication in a 20 pmol L™ HAuCl, solution containing the excess of VitC. In
(c), the histogram and log-normal distribution plot of the synthesized core-shelled NPs.
Bellow, the scheme used for gold deposition and shell formation onto the surface of
CoFe,O, NPs.

above which NPs are superparamagnetic. Typical Mdssbauer spectra of
ultra-small Co-ferrite NPs with @__ = 2.0 nm in the aqueous ferrofluid
at various recording temperatures are depicted in Figure 16.10a, while
Having established the conditions of gold ions reduction with methionine
amino acid through iterative addition of chlorauric acid and methionine
to the suspension of CoFe,O, NPs, similar as addition of VitC, hydroxyl-
amine and glucose [86] we further succeed in the synthesis of cobalt ferrite
and magnetite NPs using methionine amino acid as reducer variations in
the hyperfine fields for the same gold-covered NPs with temperature are
presented in Figure 15.10b. As seen, NPs covered with a gold shell in dry
and ferrofluid states demonstrate a somewhat lower T, than naked one;
most likely due to a less effective coupling of the magnetic dipole moments
in the lager CoFe,O,@Au NPs justifying the observations reported earlier
for gold coutings of magnetite and maghemite [66, 67, 85].
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Figure 15.9 The scheme used for Vitamin-C assisted gold deposition and shell formation
onto the surface of CoFe,O, NPs.
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Figure 15.10 Méossbauer spectra of CoFe204 NPs (@mean = 2.0 nm) dispersed in an
aqueous solution before Au deposition at indicated temperatures and (b) the dependences
of normalized average hyperfine field for the same CoFe204 NPs before and after Au
deposition in the solution and powder state on temperature, as indicated.

It is noticing that VitC-assisted gold shell formation around Co ferrite
NP method differs from the reported ones in such aspects as magnetic core
material, small and ultra-small NP size, biodegradable reductant and sim-
ply controllable processing. In addition, we have found that high stabil-
ity of ultra-small Co-ferrite Nps, fabricated by co-precipitation way under
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conditions of this study, remains approximately the same after replace-
ment of OH" ions by VitC or ascorbic acid species.

15.6 Methionine-Induced Deposition of Au’/Au*
Species

Several years ago we have found that sequential addition of D,L-
methionine and HAuCl, low concentrated aqua probes to the suspen-
sion of cobalt ferrite NPs allow coating them with gold shell [87]. To
verify this finding, we have synthesized three groups of CoFe,O, NPs
different in size, namely from ultra-small to 15 nm-sized via a typical co-
precipitation way (Figure 15.11). The deposition of gold was conducted
later through sonication of cobalt ferrite NPs in the solution containing
0.9 mg mL™' NPs, 0.3 HAuCl,, 0.3 mmol L' methionine and NaOH (to
adjust the pH to 12.0) at physiological temperature and stirring condi-
tions for several hours. Figure 15.10 shows the TEM and STEM images
of ultra-small cobalt ferrite NPs in average size of 1.85 nm after reveal-
ing the NP size increase to 2.45.

To determine the structure of gold as well as organic shell formation
around the Co ferrite NP, gold-coated CoFe,O,@Au NP core was dis-
solved in 1:1 HCl solution and the remaining precipitates were collected
by centrifugation for subsequent TEM investigations. Figure 15.12
shows the TEM images of gold-coated CoFe,O, NPs before (a) and
after (c, d) dissolution of magnetic core in HCI. The selected area elec-
tron diffraction (SAED) pattern of gold coated ferrite NPs presented in
Figure 15.12b clearly demonstrated the diffraction from 0.238 nm and
0.282 nm gold lattices (111) with the atoms spacing 0.235 nm and (110)
with atoms spacing 0.28 nm, respectively. In this way, it was found that
in the case of one-step gold plating, the thin platelet gold corpuscles
remained after dissolution of NPs core allowing us to conclude about
their true nature: most probably they are the fragments formed from
the shell of CoFe,O,@Au NPs. In the case of NPs coated with thicker
shell by repeating the deposition process, the shape of gold bubbles
remaining after core etching (Figure 15.14d) resembles the shape of
CoFe,0,@Au NPs, pointing to the nice covering of ferrite NPs with
gold by methionine-induced deposition approach reported herein.
Note that application of amino acids such as L-lysine, D,L-methionine,
L-arginine, etc. as the capping agents in the co-precipitation reaction of
magnetic NPs have been suggested earlier by several authors [88-91].
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Figure 15.11 TEM images of nanoparticulated products synthesized in the deoxygenated
solution containing 50 CoCl, +50 Fe,(SO,), + 75 mmol L™ diglycolic acid +NaOH up to
pH =12.4 at 80 °C for 3 hr (a, b) and by hydrothermal treatment at 130 °C for 10 hr (c).
The size distribution histograms of corresponding NPs are shown on the right. nm after
processing. Similar results were also obtained in the case of sonication CoFe,O, NPs with
average size of 4.93 nm (Figure 15.11b) and 14.6 nm (Figure 15.11c¢). In these cases, the
average size of ferrite Nps increased to 6.6 and 17.1 nm, respectively.
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Figure 15.12 TEM (a) and STEM (b) images of CoFe,O,@Au NPs fabricated by
methionine-directed gold deposition. In (c) EDX spectrum of gold-plated NPs. In the
green circled Inset: HRTEM image of the products demonstrating the Au lattice spacing
ca. 0.235 nm (scale bar 5 nm). Upon the plating, an average size of CoFe,O, NPs increased
from 1.85 to 2.45 nm.

It is commonly accepted that superparamagnetic magnetite NPs capped
with amino acids are spherical, more uniform in size, more biocompat-
ible, and possess stability for months. We have also determined that
cobalt ferrite NPs hydrothermally synthesized in an alkaline solution
containing CoClZ, FeCls, and D,L-methionine at 130 °C for 10 hr are
spherical and ~6.0 nm-sized (Figure 15.15). The stabilization of cobalt
ferrite NPs with metnionine molecules confers them strong non-foul-
ing properties not allowing aggregate. The XRD pattern of these NPs

139



636 PHOTOENERGY AND THIN FILM MATERIALS

Figure 15.13 Size distribution histograms for cobalt ferrite NPs after gold deposition
from the alkaline (pH = 12.2) solution containing 0.3 HAuCl, and 0.3 mmol L' D,L-
Methionine at 37 °C for 4 hr. Lines are fits to lognormal distributions. On the left side
TEM views of corresponding CoFe,O,@Au NPs.
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Figure 15.14 TEM images of the CoFe,O,@Au NPs (a) and gold products remaining after
CoFe,0,@Au NPs etching in the HCI (1:1) solution for thinner (c) and thicker (d) shells.
In (b) the SAED spectrum taken from the scope of gold-coated cobalt ferrite NPs.

(Figure 15.15c) implied the formation of pure, inverse spinel struc-
ture CoFe,O,, because all diffraction peaks observed at 2@ positions
matched well with the standard polycrystalline CoFe,O, diffraction data
summarized in the PDF Card No.: 00.022-1086. applied magnetic field
before (1) and following their sonication in the gold acid solution (2)
revealing the saturation magnetization value decrease from initial 27
emu g to 21 emu g at H = 4.4 kOe supporting the claim that gold
species are deposited onto the magnetic core remaining superparamag-
netic. The deposition of gold species at the surface of magnetite NPs was
confirmed also by high-resolution TEM image of CoFe,O,@Met NPs
after gold deposition and EDX investigations (see Figure 15.16). From
these results, the formation of numerous gold species at the surface side
of Met-stabilized ferrite NPs is obvious. Moreover, our investigations
have shown that methionine molecules are capable reduce the gold ions
at the NP surface side with more than 99% yield [92].

To determine the size of gold species tethered to the NP surface via Met-
induced deposition, they were detached from ferrite NP surface, collected
by centrifugation, spread on freshly cleaved mica substrate and imaged

141



638 PHOTOENERGY AND THIN FILM MATERIALS

3
< t } o t t
2 -4 -2 2 4
wv
2 d
g #ol H/kOe
2 4

. ~7 o

o o
=
1 1 1 1 _30 T
20 30 40 50 60 70 80

(c) 20/ deg (d)

Figure 15.15 (a) TEM image of cobalt ferrite NPs synthesized hydrothermally in the
solution containing 25.0 mmol L™ CoClZ, 50 mmol L! FeC13, 0.2 mol L' methionine, and
NaOH to pH = 12.4 at 130 °C for 10 hr. The size distribution histogram and XRD pattern
of the as-formed NPs are shown in (b) and (c), respectively, whereas in (d) the magnetic
responses of as-formed (1) and sonicated NPs in a 10 mmol L™ HAuCl, solution, kept at a
pH =12.2 °C and 37 °C temperature for 4 hr (2) are presented.

using AFM (Figure 15.17). From this observation, the vast majority of gold
species tethered to ferrite NP surface was 1.85 nm-sized.

To determine the state of gold species, X-ray photoelectron spectros-
copy (XPS) investigations were further conducted. Figure 15.18 depicts the
characteristic XP spectrum of as-grown CoFe, O,@Au-Met NPs. The anal-
ysis of the Au 4f | core-level spectrum revealed the binding energy (BE)
value 83.94 eV typical for metallic Au® [93]. The fitting of the Au 4f core-
level spectrum using two spin-orbit split Au 4f, | and Au 4f, , components,
however, shows an additional shoulder peaked at 85.74 eV which could be
ascribed to the presence of Au* [93]. The relative distribution areas of Au°
and Au* BE reveals the ~13.7% fraction of Au* species from the total gold
content attached to ferrite NP surface equaled to 1.39 at.% (Table 15.1). To
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Figure 15.16 High resolution TEM image of CoFe,O,@Met NPs after sonication in 15
mmol L™ HAuCl, solution at 37 °C for 4 hr (a) and the selected area EDX spectrum (b).

our best knowledge, there is only one Au’/Au* anchoring method reported
recently by us which uses the methionine amino acid both for control on
the magnetic NP growth and the subsequent surface decoration with gold
quantum dots [92]. Magnetic measurements showed that, compared with
naked CoFe,O, NPs, decorated with Au’/Au* ones exhibited just some
lower magnetic saturation and coercivity values (Figure 15.15d). To the
end, we suspect that entrap of extremely active Au* species into the fer-
rite NP shell can have a dramatic effect on the nonspecific uptake of these
hybrid NPs in the body.

15.7 Application Trends

15.7.1 Imagining

The advantages of iron oxide-based NPs relay on biocompatibility, bio-
degradability [94], easily injection into tumor cells [95, 96], and a con-
trolled generation of heat in the oscillating magnetic field [97]. Of these,
magnetic NPs have found successful applications as magnetic resonance
imaging (MRI) contrast enhancing and hypothermia agents for cancer
detection and therapy [98-101]. In addition, due to well-known gold
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Figure 15.17 AFM 3D image (a) and size distribution histogram (b) of Au species
removed from the surface of CoFe,O,@Met-Au NPs.

surface functionalization capability Fe,O,@Au NPs linked with various
aptamer molecules. As reported in several papers [102-104] hyperthermia
effect of superparamagnetic NPs depends on the thickness and structure of
gold shell around them. Usually, the temperature rise and the time required
to reach the therapeutic temperature, i.e. 42 °C, are faster for gold-coated
NPs by a 4-5 fold difference at the same concentrations. This enhancement
was linked with the ability of gold-coated NPs to retain superparamag-
netic feature in the oscillating magnetic field much better as compared to
the naked NPs. Besides, it has been established that maghemite (Fe,O,)
NPs are cytotoxic to different cell types [105, 106]. Their coating with gold
shells prevent the seepage of Fe into cellular milieu and Fe-induced intra-
cellular formation of reactive oxygen species. Consequently, gold-coated
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Figure 15.18 Deconvoluted X-rays photoelectron spectrum of Au 4f.

Table 15.1 Elemental ID and quantification of CoFe,O,@Met-Au NPs.

Name Peak BE FWHM, eV | Area (P) CPS | Atomic %
Au4f 83.94 1.96 12435.07 1.39
Cls 284.87 2.88 18041.56 36.02
Nls 399.98 2.24 2647.25 3.02
Ols 530.21 3.03 55974.26 40.37
Fe2p3 710.75 3.70 63210.72 12.68
Co2p3 780.67 3.29 36815.35 6.47

superparamagnetic NPs are attributed to a new generation of multifunc-
tional NPs for diagnosis, therapy, and thermolysis of cancer cells [107].

In recent nanomedicine, uniformly sized superparamagnetic NPs cov-
ered with gold shell are successfully used as magnetic resonance imaging
(MRI) T, contrast-enhancing agents. As reported, the formation of gold
shell enhances MRI contrast. In addition, due to well-known gold surface
functionalization capability of Fe,O,@Au NP linked with various aptamer
molecules [108], organic species [109], silica shells [110], and polymers
[111] are prospective multimodal contrast agents for bioimaging. In vivo
tests performed by Li et al., [109] for imaging of tumor HeLa cells in mice
through injection of the Fe,O,@Au NPs revealed an obvious darkening of
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tumor regions even after 10 min post-injection. Also, due to good X-ray
absorption gold-coated magnetic NPs can be used as computed tomog-
raphy contrast agents with dual modality [112, 113]. For example, Cai
et al., [114] developed poly(g-glutamic acid(PGA) and poly(L-lysine)
(PLL) followed by entrap of gold NPs. The MRI tests have shown that
Fe,O,@Au NP caped with PGA and PLL can be used both for MRI and for
computed tomography.

For fluorescent imaging of integrin avp3 mAb cancer cells Zhou and
co-workers [115] developed contrast probes comprised of Fe,O,@Au
NPs labeled with fluorescein isothiocyanate. Due to generation of photo-
acoustic and microwave-induced thermoacoustic signals these NPs can be
applied for photoacoustic imaging and microwave-induced thermoacous-
tic tomography.

Red-photoluminescent gold clusters stabilized with proteins such as
bovine serum albumin (BSA) [116], lactoferrin [117], human insulin
[118], etc. possessing good photostability, long life time, and biocom-
patibility gained a great attention during last years. However, the con-
jugation of magnetic NPs with fluorescent gold clusters remains a great
problem to date because of fluorescence quenching in hybrid nanostruc-
tures. The pioneering approach for the attachment of red-fluorescent
gold clusters to the surface of superparamagnetic NP has been reported
by Sreenivasan group [82]. According to this suggestion, gold clusters
were prepared separately by well-known green synthesis way using BSA.
As reported, this cluster tethered to the surface of magnetic NP through
dopamine NPs. The analysis of the Au 4f | core-level spectrum revealed
the binding energy (BE) value 83.94 eV typical for metallic Au° [93]. The
fitting of the Au 4f core-level spectrum using two spin-orbit split Au
4f and Au 4f,, components, however, shows an additional shoulder
peaked at 85.74 eV which could be ascribed to the presence of Au* [93].
The relative distribution areas of Au’ and Au* BE reveals the ~13.7%
fraction of Au* species from the total gold content attached to ferrite NP
surface equaled to 1.39 at.% (Table 15.1). To our best knowledge, there
is only one Au’/Au* anchoring method reported recently by us which
uses the methionine amino acid both for control on the magnetic NP
growth and the subsequent surface decoration with gold quantum dots
[92]. link (see scheme 15.1) remains fluorescent. Such hybrid NPs were
successfully used to remove C6 glioma cancer cells from blood and lym-
phatic fluids. Currently, Sony et al., [119] reported the design of super-
paramagnetic NPs with the attached red-fluorescent gold nanocluster
(NC) and a specific targeting agent erlotimib for in vitro imaging and
killing of pancreatic cancer cells. This result was achieved via four steps:
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Scheme 15.1 The attachment of gold clusters to the surface of magnetite NP via
dopamine anchors.

(i) synthesis of positively charged Fe,O, NPs using Arginine amino acid
as reducer, (ii) synthesis of bovine serum albumin (BSA) templated gold
clusters under microwave heating, (iii) conjugation of Fe,O, NPs with
Au NCs via sonication together in the PBS buffer under vigorous stir-
ring, (iV) the drug loading to Fe,O,@AuNCs surface via sonication at
25 °C for day according to presented Scheme 15.2.

15.7.2 Hyperthermia

Hyperthermia is based on the local heating of body tissues. This therapeu-
tic phenomenon is based on the higher sensitivity of tumor cells to heat in
comparison with the health ones since exposure of tumor cells at 42-46 °C
results in opoptosis and at 46-49 °C to their killing whereas of health cells
not. Superparamagnetic NPs inducing size-dependent heat in the oscil-
lating magnetic fields, microwaves, and infrared radiation have been uti-
lized successfully during past two decades for hyperthermia of cancer cells
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Scheme 15.2 Formation stages of red-fluorescent Fe,O,@Au NC@erlotinib
nanoparticulate species.

[120-125]. It is worth noticing that gold shells improved in times the hyper-
thermic effect of magnetic NPs especially in a low frequency oscillating
magnetic fields [126]. As also reported, the gold shells decreased cytotoxic-
ity of magnetic NPs and induced biocompatibility [126]. Furthermore, the
typical surface Plasmon resonance of gold from the visible light range in a
vicinity of 520-530 cm™ [127] can be simply shifted to the near infrared by
the increase in the NP size and gold shell thickness [125]. Consequently,
the irradiation of tissues with entrapped gold as well as gold-coated NPs
with an infrared laser can also increase the temperature of surrounding tis-
sues causing hyperthermia therapy [70, 128, 129]. For example, Ren et al.,
reported destruction of cancer cells due to the Fe,O,@Au NPs photother-
mal heating just after 2 min of the NIR treatment with 3.5 W cm*power.
Moreover, the combined light and magnetic field irradiations of Fe,O,@Au
NPs injected in the HeLa cancer cells results in a quick rise of the medium
temperature to 47 °C within 5 min and in the killing of tumor cells [130].
Similar multifunctional behavior of theranostic Fe,O,@Au-HA NPs were
observed by Jingchao et al., both in vivo and in vitro tests with HeLa cells
allowing to conclude that just thin gold shell on the Fe,O, NP displayed a
huge role in hyperthermia treatments efficiency [109].
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Figure 15.19 AFM image (a) and antimicrobial activities (b) of the synthesized Fe,O,@
Au NPs after 24 hr their incubation with gram-negative A. baumannii (a), S. enterica (b)
and gram-positive S. aureus (c), M. luteus (d). For comparison, the behavior of pure D,L-
methionine and magnetite NPs is presented.

15.7.3 Antimicrobial Agents

It is commonly accepted that gold NPs are nontoxic and biocompatible.
Currently, Xie and co-workers [131] reported that small-sized gold NPs
possess cytotoxity against several cancel cells. To check this effect, we per-
formed a set of antimicrobial tests with ultra small Au’/Au* NPs attached
to the surface of magnetite Nps via Methionine-templated growth and gold
deposition way [132]. In these experiments, two multidrug resistant gram-
negative microorganisms (A. baumanni and S. enterica) and two gram-
positive ones (S. aureus and M. luteus) were tested. Bacterium survival
data after 24 hr incubation with bare Fe,O, and gold-decorated Fe,O,@
Au NPs are shown in Figure 15.19. For comparison, the survival results of
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all tested bacteria sonicated with methionine alone are also presented. As
seen, any antimicrobial effects can be viewed for the nude Fe,O, NPs and
D,L-Methionine amino acid. Contrary, the incubation of Fe,O,@Au NPs
with all bacteria tested in this study demonstrated more or less antimi-
crobial efficiency. Most significant, e.g., about 90%, reduce was obtained
for M. luteus population whereas in the cases of A. baumannii, S. enterica,
and S. aureus incubation with a same content of Fe,O,@Au NPs result in
reduction of bacteria population survival to 55, 60% and 43%, respectively.

15.7.4 Bio-Separation

In previous studies [38, 74, 133, 134] Fe,O,@Au NPs have been consid-
ered as a material that is well suitable for separation of cells and proteins.
For example, in 2007 Zhong group [133] reported the formation of func-
tionalized Fe,O,@Au and Fe,O, @Au NPs of controllable sizes from 5 to
100 nm via conjugation of magnetic NPs with gold NPs prepared sepa-
rately for their application in thermally activated separation of biomol-
ecules. To achieve this goal, gold NPs were capped with alkanethiolates
whereas magnetic NPs — with oleic acid and oleylamine. These results have
been reached owing to a simple capability of plasmonic gold shell attach
highly specific aptameric and antibody species through the Au-S bond [19,
134-138] for detection, collection, and bio-separation of cancer targeting
cells in blood and body liquids at the early stage of cancer [139, 140]. By
this way, the separation capability of various cancer cells has been demon-
strated even at 0.001% concentrations [141].

Gold-coated magnetic NPs can be also used to recognize and concen-
trate bacteria with external magnetic field. For example, Wang et al., [81]
synthesized MnFe,O,@Au NPs conjugated with Staphylococcus aureus
antibody for recognition and separation of S. aureus with a detection limit
10 cells in mL. Although numerous other suggestions have been reported
during last decade, protein-based separation and purification is still dif-
ficult in practice [142-145].

15.7.5 Targeted Drug Delivery

Chemotherapy treatments relay on the injection of the large amount of
drug to the patient body thus affecting non-diseased tissues. Therefore,
magnetic NPs targeted drug delivery to tumor sites are nice alternative
to chemotherapy [140, 145-149]. The application of magnetic NPs func-
tionalized with antibody, enzymes or nucleotide molecules for targeted
drug delivery have been reported in several papers [150, 151]. Gold shells
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Scheme 15.3 Formation steps of multifunctional nanomicelles composed of DOX
as therapeutic agent, Fe,O,, gold shell, and cholesteryl succinylsilane (CSS) template
according to [150].

have proven to be desirable instrument not only for improving biocompat-
ibility and stability of magnetic NPs but also for their surface function-
alization with the linkers required to attach drug and antigen molecules
[140, 149, 152]. To combine magnetic resonance imaging, targeted drug
delivery, light-induced drug release and photothermal therapy, hybrid type
nanomicelles composed of gold-coated Fe,O, NPs, doxorubicin (DOX)
drug molecules, and CSS-type silane nanomicelles have been synthesized
using a Scheme 15.3 [153]. These nanomiceles possess surface Plasmon
absorbance in the NIR region, NIR-induced hyperthermia, and controlled
release of encapsulated drug during NIR illumination.

15.8 Outlooks

In summary, this review describes the recent progress on iron oxide-based
nanoparticles coating with gold species and shells. The main issue is devoted
to superparamagnetic NPs in size from a few to 20 nm can successfully be
applied in nanomedicine. Also, this review not seeks to cover all aspects of
the gold-coated superparamagnetic Au NPs fabrication recipes reported in
the hundreds of papers and several reviews presenting jus more interesting
and prospective recent findings. What’s more, the biocompatible magnetic
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NPs with attached gold QDs containing a significant amount of extremely
active Au* ions can be a useful tool for biomedical investigations because
these NPs except their own distinct functionalities offer a possibility to
bind and carry various ligands and drugs into tumor cells allowing their
intracellular movements to be controlled by magnetic field.

Looking at the future of this field, we envisage the main strategy for
controllable decoration of magnetic NPs with gold species and subsequent
formation of gold shells through the grafting of stabilizing molecules
such as amino acid Methionine of Agninine capable to reduce later the
gold-containing species directly at the surface. The interactions between
MeFe,0,@Au’/Au* NPs and DNA resulting in the damage of the DNA
double helix chains by Au* ions and apoptosis of the HeLa cells has yet to
be evidenced by further studies.
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In this study we examined the influence of ultra-small gold and magnetite-gold nanoparticles (NPs) stabilized
with p,L.-methionine, Fe30,@Au@Met, on their antibacterial efficacy against three of twelve the worst bacterial
family members included in the World Health Organization (WHO) list. In particular, gram-negative
Acinetob b ii, Sal lla enterica and gram-positive methicillin-resistant Staphylococcus aureus and
Micrococcus luteus were tested. Apart from the synthesis, gold species reduction and NP stabilization, an excess of
methionine has been used herein to detach ultra-small gold NPs from the Fe;04,@Au@Met surface, collect them
and investigate. The antimicrobial efficiency of the ultra-small (@ ~ 1.8 nm) Au@Met NPs and Fe;0,@Au@Met
NPs was evaluated through the quantitative analysis by comparing with that of naked magnetite NPs, p,.-Met
and BSA. It has been determined that compared with the control sample, 70mgL~" probe of Au@Met NPs
exhibited the killing efficiency of 84.4-58.5% against gram-negative bacteria and 89.1-75.7% against gram-
positive bacteria. The composition, structure, and morphology of the synthesized and tested herein NPs were
investigated by inductively coupled plasma optical emission spectrometry, magnetic measurements, FTIR, XRD,

XPS, AFM and HRTEM.

1. Introduction

It is commonly accepted that contrary to silver, gold in the metallic
state is highly stable, biocompatible, and not cytotoxic even in the
nanoparticulated size [1]. Au° nanoparticle (NP) antimicrobials render
the grafted drug molecules, such as ampicillin, peptides or zwitterionic
ligands [2-6]. On the other hand, antimicrobial behavior of gold ions is
well-known, has been widely investigated, and well-reviewed in Djuran
and Glidic paper [7]. According to the some recent reports, Au’ NPs
reduced down to the nanocluster size, e.g <2.0nm in diameter, may
also exhibit the antimicrobial activity against some fungi and bacteria
strains. For example, Zheng et al. [8] synthesized and tested 6-nm sized
Au® NPs and <2.0-sized gold nanoclusters both templated and pro-
tected with the 6-mercaptohexanoic acid. Although these NPs possessed
quite similar surface zeta-potential, a remarkable antimicrobial efficacy
has been established just for nanoclusters against S. aureus and E. coli
killing roughly from 95 to 96% of their population. Besides, it was
concluded that the antimicrobial effect is not derived from the surface
ligand and its content. On the contrary, Zhang et al. [9] reported that
cationic ligands of gold NPs contributed to their antimicrobial activity.

* Corresponding author.
E-mail address: arunas.jagminas@ftme.lt (A. inas).

https://doi.org/10.1016/j.msec.2019.04.062

This effect has been attributed to the strong ionic interaction with the
bacteria indicating that positively charged ligand molecules of Au NPs
are responsible for the bacteria membrane permeability increase.
Eventually, Chen et al. have synthesized gold clusters in lysozyme
template and demonstrated their significant antimicrobial efficacy
against two strains of multidrug-resistant bacteria [10].

Inspired by these works, in this study, we synthesized and tested
ultra-small gold and gold-functionalized magnetite NPs comprised of
Au®/Au™ for possible inactivation of multi-drug resistant bacteria. To
the best of our knowledge, the antimicrobial behavior of ultra-small
gold NPs stabilized with the amino acid has not been investigated
against the most dangerous microorganism such as methicillin-resistant
Staphylococcus aureus, Acinetobacter baumannii, and Salmonella enterica.
For comparison, the antimicrobial efficacy of the magnetite NPs deco-
rated with Au®/Au”* species as well as typical red-luminescent gold
clusters formed and templated in a bovine serum albumin (BSA) matrix
was also tested herein. It should be noted that Salmonella serotypes are
associated with three distinct human disease syndromes: bacteremia,
typhoid fever, and enterocolitis, whereas enterocolitis is the second
most frequently bacterial food-borne disease causing roughly 1.4
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million illnesses [11] and approximately 550 annual deaths per year
just in the United States [12]. Consequently, the interest in Acineto-
bacter serotypes has risen sharply over the recent years from both the
scientific and public community since they cause a wide spectrum of
infections that include pneumonia, bacteremia, meningitis, urinary
tract infection, and wound infection [13,14].

2. Experimental
2.1. Chemical reagents and materials

All the reagents in this study were at least of the analytical grade
and, except NaOH, were used as received. Iron(Ill) chloride hexahy-
drate (FeCl36H20, =99%), iron(Il) chloride tetrahydrate (FeCly4H,0,
=99%), tetrachloroauric(Ill) acid tetrahydrate (HAuCls4H-,0,
=99.9%) p,.-methionine (=99%), M9 5X minimal microbial growth
medium (33.9 gL~ Nay,HPO,, 15gL~! KH,PO,4, 5gL~" NH4Cl and
2.5 gL’1 NaCl, pH = 7) and bovine serum albumin (BSA, 96%) were
supplied by Sigma-Aldrich Chemical Co. Nutrient agar (3gL~" beef
extract, 15gL~"! peptone and 15gL~' agar) and Nutrient Broth
(1gL~! glucose, 5g L~ " peptone, 6 gL~ " sodium chloride and 3gL~*
yeast extract) were obtained from Liofilchem. Sodium hydroxide was
purified by preparation of a saturate solution resulting in the crystal-
lization of other sodium salts. Following the analysis, this solution was
diluted to the 2.0molL~" concentration and applied. Milli-Q grade
water was used (18 MQ) for preparation of all solutions.

Gram-positive methicillin-resistant Staphylococcus aureus (MRSA)
(ATCC 433300), Micrococcus luteus (GTC-BTL, B-30S) and gram-nega-
tive Acinetobacter baumannii (ATCC BAA-747), Salmonella enterica (GTC-
BTL, B-25) bacteria strains were obtained from the Nature Research
Centre collection of microbial strains.

2.2. Synthesis of NPs

In this study, the synthesis of ultra-small gold NPs was carried out in
the following way (Fig. 1). In the first step, magnetite NPs were syn-
thesized from the alkaline solution containing 15mmolL~" FeSO,,
30mmol L' FeCl;, and 0.2 mol L™! p,.-methionine (Met) amino acid,
as chelating agent, and NaOH up to pH=212.35 + 0.1 at 130°C for
10 h hydrothermally using the 10 °Cmin~' ramp. Then, as-grown NPs
were collected by centrifugation at 7500 rpm for 5 min, carefully rinsed
several times with water and dried at 60 °C. In the second step, the
surface of magnetite NPs was loaded with ultra-small gold nanocrystals
via Met-induced chemical reduction of the chloroauric acid according to
our previous work [15]. Briefly, Fe30,@Met NP probe (3.5 mg) was
dispersed in 5 mL of water under ultrasound agitation until the mixture
became bright mustard-coloured. Then, 3.5 mL of this suspension was
transferred into a glass reactor along with 5mL of Met (10 mM) and
HAuCl, (4 mM) solutions under stirring. The solution pH was adjusted
to ~12.4 with 2M NaOH drop-wise and the synthesis was conducted at
37°C for 4h under mild stirring. The products identified as
Fe;0,@Au@Met NPs were washed thoroughly with water and ethanol
for further examination. In the third step, ultra-small gold NPs were

NaOH

CHeg,

e
Fe*
Met

Fe;0,@Met
2
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detached from the surface of Fe;04@Au@Met NPs by chemical means.
To achieve this result, Fe;0,@Au@Met NPs were sonicated in the 0.3 M
Met solution under ultra-sound agitation for 7 min resulting in Fe3O4
removal from the surface of magnetite NPs viewed from the suspension
colour changes from bright brown to light pink. Finally, Au@Met NPs
were separated from the magnetic ones using a permanent magnet,
rinsed and stored at 4 °C for characterization and further experiments.

2.3. Measurements and equipment

The morphology of the as-growth NPs was investigated with the
transmission electron microscope (TEM) FEI Tec-nai F20 X-TWIN op-
erated at an accelerating voltage of 200 kV. TEM images were recorded
using a Gatan Orius CCD camera. The nanoparticles subjected to TEM
observations were dispersed in ethanol and drop-cast on a carbon-
coated nickel grid. The size distribution histograms of Fe;O,@Met,
Fe;0,@Au@Met and Au@Met NPs were estimated using the Image J
software. The average diameter of particles was estimated by analyzing
high resolution TEM images. For this purpose, at least one hundred of
NPs were randomly selected and measured.

Phase analysis of magnetite and Fe30,@Au@Met NPs was carried
out using a diffractometer SmartLab (Rigaku) with rotating Cu anode.
CuK,, radiation (a = 0.154183 nm) was separated with the multilayer
bent graphite monochromator. The XRD patterns were performed in the
Bragg-Brentano scan mode in the 2theta range from 10 o to 80° with the
step size of 0.02° and a counting time of 8s per step. Phase identifi-
cation was performed using the powder diffraction database PDF4 +
(2015). The size of NPs was determined by the Halder-Wagner (H-W)
approximation.

X-ray photoelectron spectroscopy (XPS) experiments were carried
out in order to obtain information about the chemical state of ultra-
small gold NPs deposited as well as detached from the magnetite sur-
face on the upgraded Vacuum Generator “VG ESCALAB MK II” (VG
Scientific) spectrometer fitted with a new XR4 twin anode. The non-
monochromatised MgKa X-ray source was operated at hv = 1253.6 eV
with the 300 W power (20 mA/15kV). During the spectral acquisition,
the pressure in the analysis chamber was lower than 5107 Pa. The
spectra were acquired with the electron analyzer pass energy of 20 eV
and resolution of 0.05eV.

Infrared spectra were recorded in the transmission mode on an
ALPHA FTIR spectrometer (Bruker, Inc., Germany) equipped with a
room temperature detector DLATGS. The spectral resolution was set at
4cm™?. Spectra were acquired from 64 scans. Samples were dispersed
in the KBr tablets. Parameters of the bands were determined by fitting
the experimental spectra with Gaussian-Lorentzian shape components
using GRAMS/A1 8.0 (Thermo Scientific) software.

The amount of gold in the Fe;0,@Au@Met and ultra-small Au@
Met NP probes was estimated using an inductively coupled plasma
optical emission spectrometer ICP-OES OPTIMA 7000DV (Perkin
Elmer). In this way, a small pinch of nanopowders was dissolved in the
aqua regia solution. Then, a calibration curve was drawn using a series
of calibration standard solutions in the HCl:HNOj (3:1 by volume)
acidic matrix as the unknown solutions. All measurements were carried

Au@Met

Fe;04@Au@Met

Fig. 1. The scheme illustrating fabrication of Fe;0,@Met, Fe;0,@Au@Met, and ultra-small Au@Met NPs.
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Fig. 2. (A): The FTIR spectra of pure Met (a) and as-synthesized NP samples “b, ¢, d and e” corresponding to Fe;0,, Met-caped Fe;0., gold-capped Fe;0,4 and gold
species detached from the magnetite, respectively. In (B): the magnetic response plots of magnetite NPs before (1) and after (2) gold deposition.

out at emission peaks A, = 267.595 nm and As, = 242.795 nm.

The morphology of ultra-small gold NPs, spin coated onto the mica
surface, was also investigated with the atomic force microscope (AFM)
Veeco AFM dilnnova (Veeco Instruments Inc.) in a tapping mode.
TESPA-V2 cantilevers (Veeco Instruments Inc.) with a tip curvature of
8 nm were used. Images were acquired at the scan rate of 1 Hz per line
with the 512 x 512 pixel image resolution. Image processing included
flattening to remove the background slope caused by the irregularities
of the piezoelectric scanner. The analysis was performed using the
SpmLabAnalysis software (Veeco Instruments Inc.).

Magnetization measurements were accomplished using a vibrating-
sample magnetometer calibrated by a Ni sample of similar dimensions
as the studied sample. The magnetometer was composed of the vi-
brator, the lock-in amplifier, and the electromagnet. The magnetic field
was measured with a test meter FH 54 (Magnet-Physics Dr. Steingrover
GmbH).

2.4. Antimicrobial activity of as-grown nanoparticles

Antimicrobial assessments of the synthesized Fe;0,@Au@Met NPs
and ultra-small gold nanocrystals were tested against gram-negative A.
baumannii and S. enterica and gram-positive S. aureus (MRSA) and M.
luteus bacteria strains using the serial dilution method. Following these
investigations bacteria strains were propagated in the Nutrient agar
medium at 37° + 1°C for 24 h. The fresh cultures were harvested and
diluted in the sterile M9 minimal microbial growth medium to yield
colony-forming units (CFU) inoculum of 6.4-8 x 108 for bacteria cells,
based on the optical density at 600 nm (OD600). The range of OD600
was obtained to be between 0.08 and 0.1. Then, 100 pL probe of the
diluted microorganism suspension was collected at the logarithmic
stage of growth and transferred in a 96 well cell culture plate. Finally,
100 L of water containing 140 mgL ™" or 60 mgL ™" of Fe;0,@Au@
Met or ultra-small gold NPs was added to the liquid medium, resulting
in their final concentration of 70 and 30 mgL ™!, respectively, and in-
cubated further for 24 h with 150 rpm shaking. In these investigations,
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p,.-methionine and magnetite NPs were used as negative controls.
During the cultivation, 100 uL of suspension was taken from each re-
action mixture, diluted in the glass tube via the broth dilution method
and spread on the Nutrient Broth agar media plate using a stainless steel
spreader. The growth of microorganisms was tested after incubation at
37° + 1°C for one day. Each assay was performed in triplicate with
three independent experiments.

3. Results and discussion
3.1. Synthesis and characterization of Fe30,@Met nanoparticles

In this study, gold NPs, ultra-small, quite uniform in size, and
containing zero-valent gold were synthesized on the surface of mag-
netite NPs by reducing the gold acid with Met molecules capped at the
surface of Fe;04. For this purpose, magnetite NPs were synthesized
hydrothermally employing both Fe?>* and Fe®* salts at the 2:1 molar
ratio as precursors and Met amino acid as the stabilizing agent for
control over the uniformity of the NPs growth. The adapted con-
centration of iron salts (45 mmol L ™) and Met (0.2 mol L~ '), synthesis
temperature (130°C) and duration (10h) allowed us to grow the
spherical NPs (Fig. 1S). The morphology of NPs synthesized via this
hydrothermal approach was investigated further by high-resolution
TEM and is depicted in Fig. 1S, part B revealing that as-grown NPs
possess mainly an average diameter of roughly 11 nm and quite narrow
size distribution (Fig. 2S). Besides, from the HRTEM image inspection
(Fig. 1S, part B) as-grown NPs are single crystalline as clearly indicated
by atomic lattice fringes and most probably they grow preferentially
along the (311) direction with a lattice interatomic distance of ca.
0.252 nm. It should be noted that the XRD pattern taken from the scope
of these NPs (Fig. 3S) demonstrated a set of diffraction peaks clearly
seen at 260 positions: 18.28, 30.08, 35.43, 43.06, 53.42, 56.94, 62.53,
70.94, 73.97, 74.97, and 78.93. These peaks matched well with the
diffraction peaks characteristic of polycrystalline Fe;04 planes (111),
(220), (311), (400), (422), (511), (440), (620), (533), (622), and (444),
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respectively, (PDF Card No. 04-005-4319), and confirmed the forma-
tion of a face-centered cubic (fcc) crystal structure (space group Fd-3m,
a=p=vy=2839% A). It is also seen that the average size of Fe;O4 NPs
estimated from the XRD pattern using Halder-Wagner approximation
equaled to ca. 11.9 * 0.15nm was consistent with the data obtained
from the HRTEM observations complementing the fact that our syn-
thesized NPs are quite uniformly-sized.

To probe the Met adsorption on the NPs surface, the FTIR spectra of
pure p,.-Met, as well as the synthesized and chemically modified Fe;04
NPs were collected and are depicted in the part (A) of Fig. 2. The FTIR
spectrum of pure Met (a) shows a set of numerous peaks most intense at
the 1413 and 1581 cm ™! which according to the literature [16-19] are
due to the symmetric and asymmetric stretching vibrations of —COO™
group. The two peaks located at 1515 and 1637 cm ™" correspond to
symmetric and asymmetric deformation vibrations of NH;* group, re-
spectively [16,17]. Thus, infrared spectrum confirms zwitterionic
structure of studied compound. The intense band near 1341 cm ™" is
associated with symmetric CH; deformation vibration with contribu-
tion from deformation vibration of CH group, §(CH) [17]. The clearly
defined band at 551 cm ™' belongs to out-of-plane deformation of car-
boxylate group, y(COO™) [17].

According to the literature [20-22], the vibration band with the
peaks at 628 and 587 cm ™! in the spectrum of as-grown Fe;O4 NPs
should be assigned to the stretching modes of the Fe—O bond both at
the tetrahedral sites and on the surface of magnetite NPs. Besides, the
FTIR spectrum of as-grown Fe3O4 NPs has an additional broad shoulder
peaked at 1630 cm ™! attributable to the asymmetric C=O stretching
vibration of deprotonated carboxyl group —(COO ™) [23] in the Met
molecule bound to the surface of Fe;0,4. The intense bands from both
Fe30, and Met species are visible in the spectrum of Met-capped Fe3;04
(curve c of Fig. 2A) indicating presence of adsorbed Met in zwitterionic
form.

3.2. Fe;0,@Met NPs decoration with ultra-small gold nanoparticles

Fig. 3 shows the formation of numerous gold species on the surface
of methionine-stabilized Fe304 NPs after their sonication in the HAuCl,
solution under adapted herein conditions. From the TEM inspection,
however, it was difficult to determine the size distribution of attached
gold species, although most of them seem to be spherical and <2.0 nm-
sized (Fig. 3B). From the literature the attachment of gold seeds [24]
and functionalization of magnetite Nps with gold-containing shells [25]
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resulted in the saturation magnetization (M) decrease although in the
case of gold nanograins attachment onto magnetite nanocrystals with
an amino-terminated silane [26] M, decrease was insignificant. There-
fore, the attachment of gold species to the magnetite surface was ver-
ified by EDX and FTIR spectra and magnetization investigations. Fig. 2A
shows the room-temperature magnetization plots as a function of the
applied magnetic field for Fe;0,@Met NPs before (1) and after (2) their
sonication in the chloroauric acid solution. From these measurements,
the saturation magnetization value of magnetite NPs decreased from 27
to 21 emu-g ™! (at Hyay = 4.4 kOe) supporting the proposition that gold
species were deposited although NPs remained superparamagnetic. The
deposition of gold onto the surface of Fe;0,@Met NPs has also been
certified by EDX spectra (see Fig. 45). In addition, the FTIR spectrum of
gold-decorated Fe;04@Met NPs (Fig. 2B, sample d) clearly evidenced
the bond with Met molecules even after the careful NP rinse.

3.3. Detachment and characterization of Au@Met NPs

To remove ultra-small gold NPs from the surface of magnetite NP for
the first time we have used the same methionine amino acid as a de-
taching agent. This procedure was conducted via ultrasound agitation of
gold-coated magnetite NPs in methionine solution attributing the de-
tachment effect to the stronger interaction of the amino acid with gold
nanocrystals compared to the Au-Fe;0,4 bond. The obtained light-pink
solution due to dispersion of ultra-small gold NPs was further in-
vestigated by sampling on the Lacey grid followed by AFM and TEM
observations for the particle size inspection. As seen from Fig. 4 images,
the detached ultra-small gold nanocrystals exhibit mainly the spherical
particle morphology with an average diameter of 1.8 nm and a quite
narrow size distribution. It is noteworthy, that they seems to be not
aggregated.

3.4. Antimicrobial activity of Au@Met and Fe30,@Au@Met NPs

For these investigations, we have chosen three the worst bacterial
family members included in the World Health Organization (WHO) list
of the drug-resistant bacteria that pose the greatest threat to human
health and for which new antibiotics are desperately needed [27].
Therefore, the antimicrobial activity of ultra-small gold and
Fe;0,@Au@Met NPs was investigated against gram-negative A. bau-
mannii (ATCC BAA-747), S. enterica (GTC-BTL, B-25) and gram-positive
methicillin-resistant S. aureus (ATCC 433300), and M. luteus (GTC-BTL,

Fig. 3. TEM (A) and HRTEM (B) images of magnetite NPs after decoration with gold nanocrystals via methionine-induced HAuCl, reduction.
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Fig. 5. Antimicrobial activities of the synthesized Au@Met and Fe;0,@Au NPs
after 24 h incubation with gram-negative A. baumannii (a), S. enterica (b), and
gram-positive S. aureus (MRSA) (c), M. luteus (d). For comparison, the behavior
of pure p,.-methionine and magnetite NPs is presented.

B-30S) by assessing the colony forming units (CFU). During this in-
vestigation, the microorganisms were incubated in the M9 liquid
medium together with 70 or 30 mg L~ ! of Au@Met either Fe;0,@Au@
Met NP probes, respectively, under shaking for 24. The percentage ra-
tios of bacteria survival obtained from these assays are shown in Fig. 5.
Moreover, 100 mg L™ 'of p,.-methionine and 1 gL~" of Fe;0,@Met NP
probes were also investigated as the negative control samples. It can be
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easily seen that Au@Met and Fe30,@Au@Met NPs show the highest
killing efficiency against the M. luteus bacteria strain. These results
further support the idea that human pathogenic microorganisms are
more virulent and resistant than antibiotic-susceptible microbes such as
M. luteus [28]. A positive correlation was also found between the con-
centration of Au in NPs and bacteria survival. In comparison with the
control sample, 70mgL~" of Au@Met NP probe exhibits the killing
efficiency of 84.4-58.5% against gram-negative bacteria and
89.1-75.7% against gram-positive bacteria. In addition, Fig. 6 shows
the quantity of gram-negative and gram-positive microorganisms
grown on the Nutrient agar plates demonstrating a significant reduction
of the colonies count. From these tests, one unanticipated finding was
that the decreasing of the concentration of gold NPs approximately in
the 2.3 times results in the weakening of bacteria assessment by 3.05,
2.52, 1.35, and 1.04 fold against A. baumannii, S. enterica, S. aureus
(MRSA), and M. luteus bacteria, respectively. These results seem to be
consistent with other investigation which determined that 6 nm-sized
AuNPs showed no concentration dependent antibacterial effect against
B. subtilis and E. coli microorganisms [8]. It should be noted that S.
enterica demonstrated the strongest resistance against the ultra-small
gold and Fe;0,@Au@Met NPs.

It is noteworthy, however, that in the case of Fe30,@Met NPs, as
well as p,L.-methionine amino acid, the same amount of colony forming
units as for the control sample was grown. From the antimicrobial ac-
tivity tests of methionine, this stabilizing agent of gold species and
magnetite Nps is nontoxic because this is an amino acid and can be
easily metabolized by bacteria [29]. Having in mind the biocompat-
ibility and non-toxicity of gold materials even in the nm-scaled di-
mensions, the established antimicrobial behavior of the synthesized
Au@Met nanocrystals as well tethered to the surface of Fe30, NPs

169



R. Zalnéravicius, et al.

Materials Science & Engineering C 102 (2019) 646-652

Fig. 6. Photographs showing the antimicrobial activity of Au@Met nanocrystals for growth inhibition of gram-negative (a-b) A. baumannii, (c-d) S. enterica (top row)
and gram-positive (e-f) methicillin-resistant S. aureus, (g-h) M. luteus (bottom row) microorganisms incubated in the Nutrient agar plates. All the microorganisms
were cultivated in liquid M9 medium without (a, c, e, g) and with (b, d, f, h) 70 mgL’l Au@Met species for 24 h.
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Fig. 7. XPS survey of gold-coated magnetite NPs (A) and high-resolution deconvoluted XP spectrum of Au 4f (B).

required explanation. We hypothesized that one possible explanation of
such behavior should be ascribed to the composition and structure of
ultra-small gold species because the methionine shell showed no cyto-
toxicity and antimicrobial efficacy. In an attempt to shed light on the
reasons for the strong bactericidal effect of Au@Met nanocrystals and
Fe;0,@Au@Met NPs, X-ray photoelectron spectroscopy (XPS) in-
vestigations of these species were further performed. Fig. 7A displays
the XPS survey spectrum of the tested Fe;0,@Au@Met NP sample re-
vealing the clear signals from Fe, O, C, S, and Au. The carbon and sulfur
peaks were tentatively assigned mainly to the methionine molecules
attached to the magnetite and gold NPs. The deconvoluted

Au 4f XP spectrum taken from the scope of Fe;0,@Au@Met NPs is
presented in Fig. 7B. It is clear that the main Au 4f;,, photoelectron
peak is located at a binding energy (BE) 83.94 eV characteristic of the
pure metallic Au® [30]. The fitting of this spectrum was further per-
formed using the two spin-orbit split Au 4f;,, and Au 4fs,, components,
separated by 3.56 eV. In addition, the Au 4f plot fitting revealed an
additional shoulder peaked at 85.74 eV indicating the presence of Au*
[23,31]. Based on the relative contents of Fe, O, N, C, S, and Au mea-
sured by high-resolution XPS, the average content of the deposited gold
was estimated roughly to be 1.67 at.% of the total NP mass. We suggest
that the main reason for the antimicrobial activity of our Fe;0,@Au@
Met NPs as well as Au@Met nanocrystals should be ascribed to the
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presence of Au™ ions on the surface of gold species. Therefore, we at-
tributed this effect to the small gold species size coupled to their
composition, particularly Au®/Au”, capable to interact with bacteria
cell walls and membranes. The interaction between ultra-small gold
Nps containing Au” and bacteria is expected induce a metabolic im-
balance in bacterial cells and protein denaturation that kills bacteria.
Note that metallic gold (Au®) is inert, highly stable, and not easily
dissociate into ions [32] remaining highly biocompatible even in the
few-nm size [33].

4. Conclusions

Antimicrobial properties of ultra-small gold species as well as
tethered to the surface of magnetite NPs have been studied against
multidrug-resistant gram-negative A. baumannii, S. enterica and gram-
positive S. aureus (MRSA), M. luteus bacteria strains using the serial
dilution method. Uniformly sized gold species were formed by reduc-
tion of the gold acid with the Met capped to the surface of super-
paramagnetic magnetite NPs of the average size of 11.9 = 0.15nm.
Both the attached to magnetite surface (Fe;0,@Au@Met) and alone
(Au@Met) gold species were tested. It was determined that 70 mgL’l
Au@Met NPs probe exhibited the killing efficiency of 84.4-58.5%
against gram-negative bacteria and 89.1-75.7% against gram-positive

170



R. Zalnéravicius, et al.

bacteria. Numerous methods have been applied for characterization of
the synthesized gold species shown to be spherical, average sized
(=1.8nm) and composed of AW’ + Au™. The strong antimicrobial ef-
ficiency of Met-capped gold species against several most dangerous
bacteria was related to the presence of single-valent gold on the surface
side.
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Abstract

Biocompatible superparamagnetic iron oxide nanoparticles (NPs) through smart chemical functionalization of their surface with
fluorescent species, therapeutic proteins, antibiotics, and aptamers offer remarkable potential for diagnosis and therapy of disease
sites at their initial stage of growth. Such NPs can be obtained by the creation of proper linkers between magnetic NP and fluores-
cent or drug probes. One of these linkers is gold, because it is chemically stable, nontoxic and capable to link various biomolecules.
In this study, we present a way for a simple and reliable decoration the surface of magnetic NPs with gold quantum dots (QDs) con-
taining more than 13.5% of Au®. Emphasis is put on the synthesis of magnetic NPs by co-precipitation using the amino acid
methionine as NP growth-stabilizing agent capable to later reduce and attach gold species. The surface of these NPs can be further
conjugated with targeting and chemotherapy agents, such as cancer stem cell-related antibodies and the anticancer drug doxoru-
bicin, for early detection and improved treatment. In order to verify our findings, high-resolution transmission electron microscopy
(HRTEM), atomic force microscopy (AFM), FTIR spectroscopy, inductively coupled plasma mass spectroscopy (ICP-MS), and
X-ray photoelectron spectroscopy (XPS) of as-formed CoFe;O4 NPs before and after decoration with gold QDs were applied.
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Introduction

In current nanomedicine, biocompatible iron oxide-based NPs
have attracted particular interest due to their size-dependent
magnetic, optical and chemical properties that allow for the
design of NPs for multimodal imaging and photothermal
therapy of cancer cells [1]. Dual-imaging probes, capable to
perform simultaneously magnetic resonance and fluorescent
imaging, allow for a more rapid and precise screening of the
oncological disease sites. This is frequently achieved by
covering magnetic NPs with shells containing luminescent
quantum dots (QDs) [2-6]. The target molecules can be at-
tached to the surface of magnetic NPs through biocompatible
links such as Au—S— [7]. Iron oxide NPs can be coated with
polymeric or silica shells containing incorporated gold NPs
[8-10]. However, in this case the size of the magnetic NPs in-
creases up to ten times [9], resulting in a significant decrease in
the saturation magnetization value of the magnetic core. To
eliminate this drawback, several methods for the deposition of
the gold directly onto the surface of magnetic NPs have been
proposed that are based on the reduction of Au(IIl) species by
the typical reducing agents such as borohydride, ascorbic acid
and citric acid [11-14]. However, the direct-deposition proto-
cols are mainly suitable for covering y-Fe,O3 NPs. The forma-
tion of a gold shell on magnetite (Fe3O4) or ferrite surfaces
through reduction of chloroauric acid by citrates or borohy-
dride is usually problematic due to the formation of pure gold
crystallites in the solution [5,15]. The deposition of gold onto
the surface of magnetic iron oxide-based NPs can also be
achieved via their impregnation with hydroxylamine [16],
vitamin C [17] or methionine [18,19], which are capable to
reduce the gold ions at the surface of NPs. However, in this
case, uniform coating of magnetic NPs can only be obtained via
precise control of the precursor content and all steps of the
multistep process [17,18]. As a result, this way is time-
consuming and it does not fully prevent the formation of gold
crystallites in the plating solution. Moreover, to avoid the
aggregation of magnetic NPs during or at the end of the synthe-
sis they must be covered with capping materials such as acid
anions [20,21], surfactants [22] or proteins [23]. Besides, for in
vivo and in vitro applications of magnetic NPs their capping
materials should be biocompatible and allow for the attachment
of gold species. In recent publications amino acids such as
methionine [19] and lysine [24] have been reported to be effec-
tive capping agents to control the size of magnetite [19] and Co
ferrite [24] NPs during co-precipitation synthesis [25]. The
main goal of the methionine capping was the application of
Fe;O04@Met NPs for the adsorption of water pollutants.

In this study, we report a novel synthesis protocol for super-
paramagnetic cobalt ferrite NPs capped with a biocompatible
methionine shell (CoFe,O4@Met), which in turn is capable to
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reduce and attach the gold species. In this way, hybrid magneto-
plasmonic cobalt ferrite NPs decorated with Au®/Au!*
quantum dots (QDs) were formed for the first time. The forma-
tion of plasmonic gold QDs at the surface of iron oxide-based
NPs was confirmed by HRTEM, AFM, FTIR, XPS and chemi-
cal analysis.

Results and Discussion
Synthesis and characterization of
methionine-functionalized cobalt ferrite

nanoparticles

A hydrothermal approach was applied to synthesize the super-
paramagnetic cobalt ferrite NPs stabilized with methionine. The
proposed approach differs from the reported one [19] in the
nature of magnetic NPs, the composition of the aqueous solu-
tion applied, synthesis atmosphere and modes. It involves the
preparation of an alkaline aqueous solution containing CoCl,
FeCl3, methionine, and NaOH up to pH 12.4, followed by auto-
claving at 130 °C for 10 h. To the best of our knowledge,
methionine has not been applied before for hydrothermal syn-
thesis and stabilization of cobalt ferrite NPs as the capping
ligand and reducing agent of gold ions. The interest in NPs
capped with methionine was based on the current under-
standing that methionine can reduce chloroauric acid from alka-
line solutions anchoring Au® at the surface of the NPs [18].
As-synthesized NPs were characterized by TEM, XRD, FTIR
and magnetic measurements. Figure 1a depicts the TEM image
of the as-grown NPs that have been carefully rinsed and reveals
their spherical shape and a size distribution in the range of (3.0
— 8.5) nm with a mean value of 5.7 nm (Figure 1b). Further-
more, the stabilization of cobalt ferrite NPs with metionine mol-
ecules confers them strong non-fouling properties not allowing
aggregate. The XRD pattern of these NPs (Figure 1c) implied
the formation of pure, inverse spinel structure CoFe;Oy, as all
diffraction peaks at 2@ positions: 18.29 (111), 30.08 (220),
35.44 (311), 43.06 (400), 53.45 (422), 56.97 (511) 62.59 (440),
and 74.01 (533) match well with the standard polycrystalline
CoFe;04 diffraction data summarized in the PDF Card
No. 00.022-1086. The average size of as-grown Nps, calculated
by the Scherrer formula [26] from the (311) XRD line broad-
ening ~ 6.0 nm, it is a close proximity to the one calculated
from the TEM data (5.8 nm, Figure 1b).

Magnetization measurements were further performed to eval-
uate the gold deposition onto the surface of cobalt ferrite NPs.
Figure 1d shows the room-temperature magnetization plots as a
function of applied magnetic field for CoFe,O4@Met NPs
before (1) and after (2) their sonication in the chloroauric acid
solution. It was found that the saturation magnetization value of
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Figure 1: a) TEM image of cobalt ferrite NPs synthesized hydrothermally in a solution containing 25.0 mmol-L=" CoCl, 50 mmol-L~" FeCls,
0.2 mol-L~" methionine, and NaOH to pH 12.4 at 130 °C for 10 h. The size distribution histogram and XRD pattern of the as-formed NPs are shown in
panels b) and c), respectively. In panel d) the magnetic responses of as-formed (1) and sonicated NPs in a 10 mmol-L~" HAuCl, solution, kept at a

pH 12.2, at 37 °C for 4 h (2) are presented.

CoFe,04@Met NPs decreases from 27 to 21 emu-g™! (at
Hypax = 4.4 kOe) upon sonication supporting the claim that gold
species are deposited but the NPs remain superparamagnetic.
The high-resolution TEM image of the CoFe,O4@Met NPs
after gold deposition with methionine and the EDX spectrum of
these NPs are shown in Figure 2.

5 Energy.kV 10

Figure 2: HRTEM image of CoFe;04@Met NPs after sonication in
15 mmol-L~1 HAuUCl, solution at 37 °C for 4 h (a) and their EDX spec-
trum (b).

The HRTEM image shows the formation of numerous gold
species at the surface of methionine-stabilized CoFe,O4@Met
NPs. In accordance with HRTEM image and EDX spectrum,
the ICP-MS analysis of the gold plating solution performed
before and after 30 min of sonication of the NPs indicated the
reduction of ca. 99.3% of gold ions. From the HRTEM inspec-
tion, however, it was difficult to determine the size distribution
of the attached gold species, although some of them seemed to
be spherical with a diameter of ca. 2.0 nm. More precise results
were obtained by the determination of the size of gold species
that were removed from the NP surface by the ultrasonic agita-
tion of 10 mg CoFe,O4@Met/Au NPs probe in 10 mmol-L~!
methionine solution. As a result a reddish-pink solution was ob-
tained after 20 min processing (see inset in Figure 3). This
process is most likely due to the stronger capping of Au NPs
with methionine molecules than with CoFe,O4@Met/Au NPs.
Note that no fluorescence was seen under UV and blue-light ex-
citation of this solution. Typical UV-vis absorption spectra of
aqueous methionine, tetrachlorauric acid and gold species solu-
tion are shown in Figure 3.

The pure methionine solution does not exhibit any absorption
peaks in the measured spectral range. For the chloroauric acid
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Figure 3: Absorption spectra of methionine (1), tetrachlorauric acid (2)
and reddish-pink colored solution of gold species (inset) collected from
the CoFe;04@Met—-Au nanoparticles initially (3) and after dilution to
one half (3') and to on quarter (3").

solution, however, a clearly resolved absorption peak at 291 nm
is observed. The UV—vis absorption spectrum of the solution
containing the gold species collected from the surface of the
cobalt ferrite NPs (Figure 3, plot 3) exhibits two absorption
shoulders at 522 and 377 nm. The former seems to be origi-
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nated from the surface plasmon absorption of metallic Au [27-
29]. The position of this band mainly depends on the size of Au
species [30]. So the absorption position of this peak indicates
that the size of the methionine-stabilized gold species is
extremely small. This assumption was further verified by AFM
of gold species spread on a freshly cleaved mica substrate
(Figure 4a).

According to these investigations, the shape and size of gold
species attached to the surface of magnetic NPs were estimated.
The vast majority of species are 1-2 nm sized gold quantum
dots (QDs) (Figure 4b). Control experiments demonstrated that
the gold species detached from the surface of magnetic NPs
coalesced upon dilution of the analyzed Au@Met solution.
Consequently, it can be assumed that a significant part of the
NPs larger than 2-3 nm are coalesced ultra-small gold QDs.

The state of gold species formed and attached to the surface of
methionine-stabilized cobalt ferrite NPs was also investigated
using X-ray photoelectron spectroscopy (XPS). The surface
chemical composition of the CoFe,O4@Met—Au NPs is
presented in Table 1, whereas the typical core-level spectrum of
the deposited gold is presented in Figure 5. As shown, the main
Au 417/, photoelectron peak is located at a binding energy (BE)

250
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Figure 4: a) AFM 3D image and b) size distribution histogram b) of Au species removed from the surface of CoFe;04@Met-Au NPs.
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Table 1: Elemental composition of CoFe,04@Met—Au NPs.

name

Au 4f
Cis
N 1s
O1s
Fe 2p
Co 2p

Intensity / a.u.

peak B
(eV)

83.94

284.87
399.98
530.21
710.75
780.67

E FWHM peak area atom %

(eV) (arb. un.)

1.96 12435.07 1.39
2.88 18041.56 36.02
224 2647.25 3.02
3.03 55974.26 40.37
3.70 63210.72 12.68
3.29 36815.35 6.47

Au 4f

85
Binding Energy / eV

Figure 5: Deconvoluted X-ray photoelectron spectrum (XPS) of Au 4f.
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value of 83.94 eV, typical of pure metallic Au® species [31].
The fitting of the Au 4f core-level spectrum is performed
further by using two spin—orbit split Au 4f7,; and Au 4f5/; com-
ponents, separated by 3.56 eV. Surprisingly, the Au 4f curve
fitting shows an additional shoulder peaked at 85.74 ¢V indicat-
ing the presence of Au" species [31,32]. Their relative distribu-
tion reveals a fraction of about 13.7% of Au" on the NPs sur-
face of the total deposited gold content of 1.39% (Table 1). It is
noticeable that plasmonic gold NPs upon excitation with
nanosecond laser light the wavelength of which corresponds to
the maximum absorption peak can create hot electrons in the
conductive band of gold and, as a result, generate especially
active singlet oxygen (10,), ‘OH and 0, [33,34].

FTIR spectra

Figure 6 compares the infrared spectra of cobalt ferrite NPs
grown via the methionine-assisted hydrothermal approach, and
methionine as well as methionine sulfoxide. The FTIR spec-
trum of the same NPs sonicated in an aqueous solution of
chloroauric acid at 37 °C for 4 h is presented. The character-
istic peaks of methionine are at 1582 cm™, assigned to antisym-
metric v,4(COO) and symmetric v{(COO) stretching vibrations
of the COO™ group, whereas the bands in the spectral region of
1277-1341 cm™! are due to the coupled vibration of CH, anti-
symmetric deformation and CH deformation modes [35,36].
According to the literature data [27], the band at 1516 cm™! is
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Figure 6: FTIR spectra of methionine (a, a'), methionine sulfoxide (b, b’), cobalt ferrite NPs stabilized with methionine (c, c’), and the same NPs after
decoration with gold (d, d') within the indicated wavenumbers.
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associated with the symmetric deformation vibration of NH;*,
33(NH3). Besides, the typical methionine S—C stretching mode
at 685 cm™! [37,38] and a clear resolved C—S—C stretching
mode, v(CSC), peaked at 554 cm™! [39] are present in the spec-
trum. In the FTIR spectra of methionine and methionine sulf-
oxide a broad and strong band peaked at 2950-3002 cm ™!
belongs to the symmetric stretching of NH3" ions [40]. In the
spectrum of Co ferrite NPs, presented in Figure 6¢, the intense
and broad band peaked at 591 cm™! belongs to Fe—0/Co-O
stretching vibrations in the tetrahedral metal complex [41]. The
broad band, peaked near 1515 cm™!, belongs to 34(NHz) mode
and is indicative of the presence of charged amino groups
[35,37]. The symmetric C—H deformation mode is also ob-
served at 1341 cm™! in the FTIR spectra of both pure methio-
nine and CoFeyO4@Met. The attachment of methionine mole-
cules during the synthesis of NPs can also be proven by the
presence of the vibration modes in the frequency range of
2961-2855 cm™ !, attributable to the symmetric stretching of
NH;" ions [42]. The frequency of v¢(COO) downshifts from
1414 to 1387 cm™! upon stabilization of ferrite NPs with
methionine molecules. The band near 1515 cm™!, however, can
only be seen in the CoFe,O4@Met FTIR spectrum after sonica-
tion of NPs in the chloroauric acid-containing solution. The
well-resolved band peaked at 1385 cm™! is also characteristic
for the FTIR spectrum of NPs after their sonication in the
chloroauric acid solution (Figure 6d). As has been previously
reported, such frequency downshift is due to the direct interac-
tion of the carboxylate group of the amino acid with the NP sur-
face [43]. We also suspect that the appearance of the signifi-
cantly stronger symmetric vibration mode in the FTIR spec-
trum of gold decorated NPs at 1515 cm™! due to cooperative
vibrations of -CH3 and —-NH; groups is indicative of the oxida-
tion of methionine to methionine sulfoxide. However, this
mechanism requires more specific evidence and needs to be
studied.

Conclusion

Superparamagnetic methionine-coated cobalt ferrite nanoparti-
cles with an average size of ca. 6 nm were hydrothermally syn-
thesized via co-precipitation. Then the stabilizing shell of
methionine molecules attached to Np surface was successfully
applied for the reduction of the chloroauric acid. The formation
of ultra-small Au®/Au* QDs with a mean size of ca. 1.5 nm at
the surface of magnetic NPs, which retains their magnetic,
binding and conjugation properties, has been confirmed by
HRTEM, AFM, XPS and magnetic investigations. Contrary to
the previous works reported on the formation of Au® nanopar-
ticulate shells with thicknesses above 10 nm, we obtained nu-
merous Au’/Au* QDs at the surface of magnetic NPs stabilized
with a biocompatible methionine shell. In this way, the initial
saturation magnetization of the CoFe,O4@Met NPs
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(ca. 27 emu-g™!) decreased by ca. 22%. Besides, the formation
of more than 13.5% of extremely active Au™ species of the total
gold content at the surface can have a dramatic effect on the for-
mation of the surface protein corona in the bloodstream that
affects CoFe,04@Met—Au NPs passive targeting and uptake
into tumor cells.

The elaborated functionalization of magnetic NPs with gold
QDs represents a promising multi-task platform for linking
magnetic NPs with specific targeting ligands, such as aptamers
and antibodies. This synthesis way may also be explored in
future to design superparamagnetic, methionine-stabilized plas-
monic magnetite NPs decorated with Au®/Aut! QDs.

Experimental

Chemicals: All chemicals, including Co(1I) and Fe(III) chlo-
rides, and HAuCly-4H,0 were of analytical grade, purchased
from Aldrich and used without further purification. NaOH was
purchased from Poch SA (Poland) and purified by preparation
of a saturated solution, which lead to crystallization of other so-
dium salts. D,L-methionine (99% purity) and D,L-methionine
sulfoxide (>99.0% purity) were purchased from Sigma-Aldrich
Co. Distilled water was used throughout the experiments.

Synthesis of Co-ferrite nanoparticles: Superparamagnetic
cobalt ferrite nanoparticles were synthesized by a hydrothermal
approach in an alkaline solution (40 mL) of Co(II) and Fe(III)
chlorides, at a molar ratio 1:2, at 130 °C for 10 h using a
10 K'min™! ramp. The total metal salt concentration was
75 mmol-L™!. Methionine (0.2 mol-L™!) was used as the
reducing and capping additive. The pH value of the solution
was kept at 12.4 by addition of 2.0 mol-L™' NaOH solution. The
required quantity of NaOH solution was determined by an addi-
tional blank experiment. In the subsequent experiment, this
quantity was placed in the reactor, and mixed with the other
components, during several seconds under vigorous stirring.
The as-grown products were collected by centrifugation at
8500 rpm for 3 min and carefully rinsed 5 times using fresh
portions (10 mL) of HyO. Afterwards, the NPs were dried at
60 °C. The collected NPs were studied and subjected to further
processing within the following two days.

Gold deposition: The deposition of gold onto the Co ferrite
surface was carried out through the methionine-induced chemi-
cal reduction of HAuCly. Briefly, 3.5 mL of NP solution was
diluted to 5 mL under ultrasonic agitation for 10 min and
2.0 mL of HAuCly (10 mmol-L™!) was introduced into the reac-
tion medium under ultrasound agitation. The solution was alka-
lized to the required pH value by addition of 2.0 mol-L™! NaOH
under vigorous stirring. The deposition process was performed
at 37 °C for 4 h under mild mixing conditions. The products ob-
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tained were collected by magnetic separation, carefully rinsed
several times with deionized water and re-dispersed in ethanol
for further examinations. For TEM observations, a drop of NPs
suspension was placed onto a lacey grid, whereas for FTIR and
magnetic investigations the suspension was dried at 60 °C.

Analysis: The concentration of gold remaining in the
deposition solution was determined by inductively coupled
plasma mass spectrometry. Measurements were made on
emission peaks at Ay = 267.595 nm, A, = 242.795 nm,
Aco = 228.616 nm and Ag, = 238.204 nm using an OPTIMA
7000DV (Perkin Elmer, USA) spectrometer. Calibration curves
were made using dissolved standards (1 to 50 ppm) in the same
acid matrix as the unknown samples.

Characterization: The morphology of as-grown products was
investigated using a transmission electron microscope (TEM,
model MORGAGNI 268) operated at an accelerating voltage of
72 keV. The average size of nanoparticles was estimated from
at least 150 species observed in the TEM images. High-resolu-
tion transmission electron microscopy (HRTEM) studies of
as-synthesized products were performed using a LIBRA 200 FE
at an accelerating voltage of 200 keV. X-ray powder diffraction
experiments were performed on a D8 diffractometer (Bruker
AXS, Germany), equipped with a Gobel mirror as a primary
beam monochromator for Cu Ka radiation. Upgraded vacuum
generator (VG) ESCALAB MKII spectrometer, fitted with a
new XR4 twin anode, was used for XPS investigations. The
non-monochromatised Mg Ka X-ray source was operated at
hv =1253.6 eV with 300 W power (20 mA/15 kV) and the pres-
sure in the analysis chamber was lower than 5 x 1077 Pa during
spectral acquisition. The spectra were acquired with an electron
analyzer pass energy of 20 eV and resolution of 0.05 eV and
with a pass energy of 100 eV. All spectra were recorded at a 90°
take-off angle and the binding energies (BE) scale was calibrat-
ed by measuring of the C 1s peak at 284.6 eV. The spectra cali-
bration, processing and fitting routines were done using Avan-
tage software (5.918) provided by Thermo VG Scientific. Core-
level peaks of Fe 2p, Co 2p, Au 4f, C 1s and O Is were
analyzed using a nonlinear Shirley-type background and the
calculation of the elemental composition was performed on the
basis of Scofield’s relative sensitivity factors. The FTIR spectra
were recorded in transmission mode with a Bruker Vertex 70v
vacuum FTIR spectrometer over the wavenumber range of
4000—400 cm™!. A 7 mm thick KBr discs were prepared under
high pressure by mixing the powdered samples with KBr
powder. Samples for AFM measurements were prepared by
casting a drop (20 pL) of gold NP solution on freshly cleaved
V-1 grade muscovite mica (SPI supplies, USA). The drop of
solution was removed after 60s by spinning the sample at
1000 rpm. The commercially available atomic force micro-
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scope (AFM) dilnnova (Veeco instruments inc., USA) was used
to take three-dimensional (3D) images of gold nanoparticles.
TESPA-V2 cantilevers (Veeco Instruments Inc., USA) with a
tip curvature of 8 nm were used. Measurements were per-
formed in the tapping mode in air. Images were acquired at the
scan rate of 1 Hz per line with the 512 x 512 pixel image reso-
lution. Image processing included flattening (2nd order) to
remove the background slope caused by the irregularities of the
piezoelectric scanner. The analysis was performed using the
SpmLabAnalysis software (Veeco Instruments Inc., USA).

Magnetization measurements were accomplished using a
vibrating-sample magnetometer calibrated by a Ni sample of
similar dimensions as the studied sample. The magnetometer
was composed of the vibrator, the lock-in amplifier, and the
electromagnet. The magnetic field was measured by a
testameter FH 54 (Magnet-Physics Dr. Steingrover GmbH).
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ABSTRACT

The use of biocompatible precursors for the synthesis and stabilization of fluorescent gold nanoclusters (NCs) with strong red
photoluminescence creates an important link between natural sciences and nanotechnology. Herein, we report for the first time the cost-
effective synthesis of Au nanoclusters by templating and reduction of chloroauric acid with the cheap amino acid food supplements. This
synthesis under the optimized conditions leads to formation of biocompatible Au NCs having good stability and intense red
photoluminescence, peaked at 680 to 705 nm, with a quantum yield (QY) of =7% and average lifetime of up to several ps. The
composition and luminescent properties of the obtained NCs were compared with ones formed via well-known bovine serum albumin
reduction approach. Our findings implied that synthesized Au NCs tend to accumulate in more tumorigenic breast cancer cells (line

MDA-MB-213) and after dialysis can be prospective for bio imagining.
Keywords: gold nanoclusters, proteins, materials chemistry, red-photoluminescence, bio imaging.

1. INTRODUCTION

In the past decade, ultra-small gold nanoparticles (USNps)
[11, 1 to 3 nm in size, and nanoclusters (NCs) [2], < 1.5 nm in size,
have received a great deal of attention because they can exhibit
strong photoluminescence and, in contrast to semiconducting
fluorescent quantum dots, comprised mainly of cadmium selenides
and tellurides [3-5], are nontoxic in vivo and biocompatible. It
should be noted, that to achieve strong
photoluminescence of gold NCs and USNps nearly monodisperse
size distribution is required because the addition of even one atom
can induce significant changes in their properties [5]. Moreover,
stable and high purity products free from AuCl; ion inclusions are
required for the application of gold USNps and NCs in in vivo bio
imaging tests. On the other hand, purification by dialysis and
rinsing/centrifugation procedures frequently leads to destruction of
surroundings, which stabilize NCs.

To produce Au NCs, the method which involves ablating
the material with plasma under high pressure has been reported by
Smalley et al. three decades ago [6]. Later, this method has been
successfully applied to synthesize close-shell Auy;, Auss (n=3) and
Auyy; (n=4) USNps [7]. Schmidt et al. [8] have prepared Au
USNps with quite uniform size of 1.4 nm by the reduction of
Ph;PAuCI with highly toxic diborane in benzene. Similarly, 1.5
nm sized gold particles have been obtained by reduction of AuCly
with NaBH, in aqueous solution containing triphenylphosphine
[9]. Numerous syntheses have been also reported for thiol-
stabilized gold USNps, namely Au,s [10], Ausg [11,12], Augg [13],
Augg [14], Aujgp [15,16], Auys [17], Auss; [18], and others [19].
To obtain nearly monodisperse Au USNps of 1.3 and 1.6 nm size,
Kim et al. suggested the encapsulation in dendrimers by capping
the cysteine as a bound ligand around USNps and examined the
process in terms of size, composition and environment [20]. The

however,

synthesis of biocompatible, red-luminescent gold NCs with
emission peak at 640 nm and QY=~6% has been first reported by
Ying et al. [21]. The authors used encapsulation of Au(III) ions by
thiol groups, present in cysteine residues, in alkaline solution of
bovine serum albumin (BSA) and the subsequent reduction.
Similarly, for cells bio imagining, Liu et al. [22] successfully
prepared water-soluble fluorescent Au NCs capped with
dihidrolipoic acid and modified with polyethylene glycol, BSA
streptavidin, demonstrating that proteins  are
advantageous as reducing and stabilizing agents. During past
several years, Au NCs have been also successfully synthesized
using other proteins such as lysozyme [23,24], trypsin [25], pepsin
[26], bovine [27] and human insulin [28] and horseradish
peroxidase [29]. The formation of fluorescent Au NCs in protein-
containing solutions was attributed to complexation of AuCl} ions
to Au(l) and the subsequent reduction to Au’ by tyrosine or
tryptophan residues [30] and stabilization with cysteine residues,
although exact formation and stabilization mechanisms are still an
open question. Recently, the effects of size and amino acid
contents in the several suitable proteins, namely bovine serum
albumin, lysozyme, trypsin and pepsin, on the fluorescent
properties of fabricated Au NCs have been investigated in detail
demonstrating that photoluminescence spectrum, emission lifetime
and photo stability depended on the concentration ratio of amine
and tyrosine/tryptophan-containing residues [31]. It was also
presumed that application of multiple proteins containing amine
and thiol groups is a prerequisite to obtain stable, well fluorescent
product [31]. However, it seems likely that fluorescent properties
(intensity and wavelength of emitted light) of Au NCs, fabricated
by protein-templating approach, depend also on the source, size
and purity of protein, pH of solution applied and concentration
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ratio of all reaction counterparts. In addition, due to large
molecular weight of proteins, the overall size of fluorescent Au
NCs formed and stabilized in protein solutions can attain several
tens of nanometres, which makes it difficult to preserve the
composition and properties of the shells in in vivo environments.
To avoid this problem, Bao et al. [32] reported the formation of
blue-fluorescent Au NCs by templating AuCl; ions in the
biological small-sized buffer MES and L-ascorbic acid solution.
However, in this case the yield of Au NCs was poor due to the
concomitant formation of Au Nps.

Herein, we report for the first time the cost-effective
synthesis of Au NCs by reduction of chloroauric acid with amino

2. EXPERIMENTAL SECTION
2.1. Materials. All tested amino acids (purity > 99.0%) in powder
form, glucose and HAuCl,; were purchased from Sigma-Aldrich
Co. High quality amino acids food supplement INTRA BCAA’S
was purchased from Stockton-on-Tees. Analytical grade NaOH
was purchased from Reachem (Slovakia). Ultra-pure water
(18 MQ cm) was obtained using Water purification system and
used in all experiments. The pH of the resulting solutions was
adjusted by addition of 1.0 M NaOH solution under continuous
stirring.
2.2. Synthesis of amino acid- )s gold na
this study, the red-fluorescent gold nanoclusters (AuNCs) were
synthesized through the amino acids food supplement (AAFS)
templating and reduction of AuCl; in alkaline medium at a
physiological temperature of 37 °C. In a typical synthesis, 7 mL of
an aqueous solution were prepared by dissolving 0.140 g of AAFS
together with HAuCl, and NaOH to make pH within 10.0 to 13.5.
Resulting concentrations of amino acids and HAuCl, were 5
mg/mL and 3 pM/mL, respectively. After the addition of base, the
synthesis reaction was conducted at 37 °C for up to 20 h.
Similarly, various mixed compositions of pure amino acids with
the total amount of 5 mg/mL with and without various additives,
such as glucose, starch and citric acid, were tested. For
comparison, bovine serum albumin-encapsulated gold clusters
were also synthesized under the same conditions. The resultant
clear yellow-coloured Au NCs solutions were examined using
high resolution transmission electron microscopy, AFM, UV-vis
and fluorescence spectroscopy.
2.3. Spectroscopic characterization of Au NCs. Absorption
spectra of investigated Au NCs solutions were measured using the
Jasco V670 spectrophotometer. Hellma Optik (Jena, Germany)
quartz cuvette with 1 cm length optical path was used for all
optical spectra
photoluminescence decay kinetics were measured with a time-
correlated single photon counting spectrometer Edinburgh-F900
(Edinburg instruments, United Kingdom). A picosecond pulsed
diode lasers EPL-375, EPL-405, EPL-470 emitting picosecond
duration pulses were used for the excitation. “FAST” software
package for the advanced analysis of Au NC FL multi-exponential
3. RESULTS SECTION

In the first setup, several currently popular amino acid food
supplements, namely Anabolic Whey protein (AWP), Natural

Tated 1

s. In

measurements.  Photoluminescence and

acid food supplement (AAFS) resulting in the formation of stable
and biocompatible NCs, with
photoluminescence (PL), peaked at 660 to 705 nm, and average
lifetime of up to several ps. We note that application of cheap
amino acid cocktails, instead of earlier proposed pure and
significantly expensive BSA [21], insulin [27,28] and others,
makes this synthesis very attractive. We also found that
synthesized Au NCs after dialysis are non-toxic and covered with
protein-based shells quite similar with Au@BSA NCs. To assess
viability and versatility of synthesized products,
experiments were performed by incubation with two breast cancer
cell lines differing in malignancy.

characteristic intense red

in  vitro

decay kinetics was used. The stationary photoluminescence
properties of the synthesized Au NCs solutions were registered on
Cary Eclipse spectrophotometer (Varian Inc., USA). All
photoluminescence spectra were corrected for the instrument
sensitivity.

The quantum yield (QY) of gold nanoclusters formation

was calculated by comparing the fluorescence intensities of the
sample to that of a standard laser dye 2-[2-[2-(4-Dimethylamino-
phenyl)-vinyl]-6-isopropyl-pyran-4-ylidene]-malononitrile (DCM)
in methanol, which QY was 33-34%.
2.4. Live cell imaging and confocal laser scanning microscopy.
Human breast cancer cell lines MCF-7 (ECCC No. 86012803) and
MDA-MB-231 (ATCC No. HTB-26TM) were purchased from
European Collection of Cell Cultures and American Type Culture
Collection, respectively. The cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM), which was supplemented with
10% fatal bovine serum, 100 U/ml penicillin and 100 mg/ml
streptomycin. All media and supplements were purchased from
Gibco (UK). Cells were cultured in 25 ¢cm® culture dishes in a
humidified 37 °C, 5% CO? atmosphere and sub cultured twice a
week. To evaluate Au NCs accumulation, MCF-7 and MDA-MB-
231 cells were plated in 8-well chambered cover-slips (Nunc,
USA) at an appropriate density (5 x 104 cells per well) and
cultured in a CO, incubator for 24 hours. Next day cells were
washed three times with phosphate-buffered saline (pH 7.4) (PBS)
and treated with 3 mM/L Au NCs for 24 hours. After treatment,
MCEF-7 and MDA-MB- cells were routinely rinsed 3 times with
DME medium and then were analysed by the confocal Nikon
Eclipse TE2000 C1 Plus laser scanning microscope equipped with
CO2 Microscope Stage Incubation System (OkoLab, Italy).
Measurements were done using 60x/1.4 NA oil immersion
objective (Plan Apo VC, Nikon, Japan) and 488 nm argon-ion
laser. To visualize Au NCs photoluminescence, the 621-755 nm
band pass filter was applied. The images were further processed
using the EZ-C1 Bronze version 3.80 (Nikon, Japan) and ImageJ
1.41 software (NIH, USA). An Atomic force microscope
(Dimension 3100a Nanoscope, Veeco Instruments Inc.) was used
to image the fabricated films.

Whey protein (NWP), 100% Milk Complex (MC), 100% Whey

protein professional (WPP), and Branched Amino Acids
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supplement (BCAA’S), can be purchased in the market, were
tested as reducers of chloroauric acid in an alkaline medium and
physiological temperature (37 °C). It is of note that after 20 h
synthesis, the red-fluorescent Au NCs were obtained only in the
case of BCAA’S. In all other cases, to obtain even light reddish
excitation, the synthesis ought to be continued by week (Fig. 1).
Therefore, further investigations were carried out with BCAA’S
food supplement.

690 nm Texe=470nm

100000 |
= 80000 | 1
s
2
“Z 60000 -
=
2
-E 40000 |
— 2 670.nm
~

20000 - 3 670 nm

0 ‘ R R R R
500 550 600 650 700 750 800
Wavelenght (nm)

Figure 1. Fluorescence spectra of Au NCs formed from the alkaline
(pH=12.0) solutions containing 3 uM/mL HAuCl, and 20 mg/mL amino
acid food supplements: (1) BCAA*S, (2) 100% Milk complex and (3)
100% Whey protein professional after 20 (1) and 200 h (2,3) synthesis at
37°C.

In order to find the optimal conditions for the synthesis of
Au NCs in the solution of BCAA’S food supplement and HAuCly
at physiological temperature of 37 °C, the dependence of PL
properties such as intensity and wavelength range of the obtained
products on the variation of the content of all precursors and pH
was investigated. Figs. 2a and 2b depict the absorption and PL
spectra of light yellow coloured solutions obtained after reduction
of 3.0 mM/L HAuCl, with different contents of BCAA’S and pH
value, respectively, after 20 h synthesis. Judging from the intensity
of red PL it seems that AuNCs with the maximum fluorescence
emission in the range between 670 and 690 nm are synthesized in
the solution containing 16-20 mg/mL of BCAA’S (Fig. 2a, curves
3 and 4) at pH=12.0 (Figure 2b, curve 3). If concentration of
BCAA’S exceeds 20 mg/mL, the PL intensity of Au NCs
decreases and the peak shifts by 10 nm towards higher
wavelengths region (Fig. 2a, curve 5). When concentration of
BCAA'’S was lower than 8 mg/mL, formation of stable Au NCs
band was not observed et all. Besides, in contrast to the synthesis
of Au NCs from the other reported protein solutions [22-31], only
weak red PL in the 660 to 770 nm spectral region was determined
for the BCAA’S synthesis products formed in the solutions with
pH 10.0 and 11.0 (Fig. 2b, PL spectrum 1). Note that increase of
pH to 12.0, resulted in an obvious increase of UV light absorption
in the longer wavelengths region (Fig. 2b). However, further
increase of pH, resulted in the significant absorption decrease
perhaps due to conformational changes of BCAA’S proteins
resulting in the spatial redistribution of fluorophores.

Fig. 3a shows photoluminescence excitation spectrum and
PL spectra of BCAA’S-mediated Au NCs formed in the optimized
solution under various excitation wavelengths. As seen, the PL
intensity of the obtained Au@BCAA’S NCs and emission light
peak strongly depend on the excitation light decreasing with Aey.
Again, the photoluminescence excitation spectrum of Au NCs
solution (Ae,,=690 nm) has a band at 510 nm and a gradual slope

towards the longer wavelength addition,
photoluminescence excitation spectrum does not coincide with
absorption spectrum of Au@BCAA’S NCs.

region. In

Absorbance (a.u.)
PL intensity (a.u.)

Absorbance (a.u.)
PL intensity (a.u.)

400 500 600 700

Wavelength (nm)

Figure 2. (a) Absorption and PL spectra of Au NCs formed via BCAA’S
food supplement-mediated synthesis in the 3.0 uM/mL HAuCly solution
containing: 8 (1); 12 (2); 16 (3); 20 (4) and 24 (5) mg/mL BCAA’S; all
kept at a pH = 12.2 and 37 °C for 20 h. (b) Absorption and PL spectra of
Au clusters fabricated in 3.0 pM/mL HAuCl, solution containing
20 mg/mL BCAA’S at pH: 11.0 (1); 11.5 (2) 12.0 (3) and 12.5 (4) at
37 °C for 20 h. A.x= 470 nm. In the Inset, the colour of fabricated Au NCs
under UV irradiation is shown.

The lifetime of red PL of Au@BCAA’S NCs with
non-exponential decay typically exceeds several ps (Fig. 3b). Such
long lifetimes are not typical for Au NCs fabricated via templating
of AuCly in the similar alkaline solutions using proteins such as
BSA [22,24] and others [31] but are close to lifetimes of lipoic
acid-protected Au NCs, synthesized recently [33].

It was found that the PL spectrum of BCAA’S-mediated
Au NCs solution shifted slightly from the peak position of 705 nm
to 680 nm upon dilution and after six fold dilution integral
intensity decreased about 14 times (Fig. 4a). It is worth noticing
that neutralizing of as-formed Au@BCAA’S NCs solutions by
addition of citric acid, blue-shifted the PL peak position only
insignificantly, namely about 4.0 nm/pH. At the same time, the PL
intensity and lifetime of Au NCs changed only slightly (Fig. 4b
and 4c), allowing to expect such photoluminescence lifetimes also
after insertion of Au NCs into bio entities for cells imaging.

The quantum yield (QY) of ~7.0% was obtained for
Au@BCAA’S NCs fabricated
optimized conditions. Note that such QY is higher than reported
for red-luminescent Au NCs synthesized by BSA protein-directed
reduction of chloroauric acid [21]. Furthermore, the obtained in
this study Au@BCAA’S NCs typically have photoemission peak
position at from 670 to 705 nm, indicating on the inclusion of

red-luminescent under the
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Au27-Au29 atoms in each nanocluster, based on the spherical
Jellium model [34].
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Figure 3. (a) Variation of the PL spectra of BCAA’S-mediated Au NCs

formed in the optimized solution with the excitation light wavelength

(nm): 405 (1); 488 (2) and 543 (3). (b): Typical photoluminescence

intensity decay for BCAA’S-mediated Au NCs at PL band peak position

690 nm.

Fig. 5 depicts variation of absorbance and PL spectra of
Au@BCAA’S NCs solution upon dialysis for 24 and 48 hours. As
seen, the dialysis results in the significant increase of PL intensity,
light absorption decrease and blue-shift of PL spectra peak from
700 nm to 680 nm. The analysis of solutions before and after
dialysis have showed that only 42.5% of chloroauric acid was
consumed for Au@BCAA’S NCs formation under the optimized
synthesis conditions determining a lower PL intensity of these
NCs with respect to Au@BSA NCs. However, we found in this
study that addition of some amino acids to the synthesis solution
of BCAA’S and chloroauric acid can significantly increase or
decrease the PL intensity of the synthesized NCs (Fig. 6) and the
yield of red-luminescent gold clusters. The most effective
influence was obtained using leucine, serine and glutamic acid
whereas the addition of cysteine hindered the formation of red
luminescent gold NCs. On the other hand, the addition of cysteine
resulted in the formation of blue fluorescent gold clusters
possessing emission peak at 495 nm (spectrum 5 in Fig. 6).

The AFM topography images of dialyzed Au@BCAA’S
NCs and Au@BSA NCs synthesized according to [21], for
comparison, are shown in Fig. 7. From these observations, the
average size of gold clusters stabilized with BCAA’S is quite
similar to ones formed via BSA reduction of chloroauric acid
under a same conditions, while the calculated size distribution
histograms demonstrated some larger Au@BCAA’S NCs with a
main size of 2.7 nm instead of ~2.0 nm [21].

The FTIR spectra of the BCAA’S, BSA and corresponding
gold nanoclusters Au@BCAA’S and Au@BSA before and after

0 2000 10000

dialysis were also studied to compare the composition of shells
stabilized these NCs. As seen (Fig. 8), the FTIR spectra of
Au@BCAA’S and Au@BSA NCs after the complete purification
by dialysis for 48 h are quite similar implying on the
compositional similarity of shells stabilizing these NCs. The bands
corresponding to amide I (CO stretch) in a vicinity of 1658-1643
cm’ and amide II (CN stretch and NH in-plane) band in a vicinity
of 1515-1544 cm™ [33] are clearly seen in the spectra of both
clustered products.
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Figure 4. Variation of the PL spectra of 3.0 uM/mL Au NCs solution
mediated with 20 mg/mL BCAA’S upon dilution (a) and neutralization
(b). The Inset in (a) shows the colour of Au NCs solutions before and
after dilution by the extent indicated under solar light illumination. In (c):
the emission light intensity decay of corresponding Au NCs (b) solutions
under excitation with A, of their peak positions.

Besides, in the both cases, the dialysis of NCs results in the
more prominent and stronger vibrations of these bands. The exact
reasons of this phenomenon is not clear and probably can be
linked with more ordering distribution of the corresponding
protein residues around gold nanocrystal after dialysis. To the end,
the wide vibration band appearing at ~700 cm™ in all samples was
assigned to —~NH, and -NH wagging and that of 1398 = 1 cm™ to
C=0 stretching of COO-.
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Figure 5. Typical absorption (a) and PL (b) spectra of Au@ BCAA’S
clusters before (1) and following the dialysis for 24 h (2) and 48 h (3).
Aexe= 470 nm. In the Inset, the scheme of dialysis is shown.
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Figure 6. PL spectra of gold clusters fabricated at 37 °C for 20 h in the
solution containing 15 mg mL"' BCAA‘S and 3.0 pM/mL HAuCl,
without (1) and with addition of 15 mM Leu (2), Ser (3), Glutamic acid
(4) and Cis (5).

The data presented in Table 1 revealed a significantly lower

concentration of most amino acids (AA), except Ala, Glu and Val,
in the BCAA’S additive with respect to ones in other tested herein
food supplements can be used for red-photoluminescent Au NCs
formation from alkaline medium at physiological temperature of
37 °C. However, the percentage of branched AA (Leu, Ileu and
Val) in the BCAA’S approximated to 30% from the total
contamination of all AA, what is about 50% more than in the
100% MC and 100% MPP food supplements.
Again, based on the recent discussion [31], the lower
concentration of —S- and —SH containing entities in BCAA’S, as
well as Thr and Trp, not allow us to explain the significantly
higher efficiency of BCAA’S, with respect to 100% MC and
100% MPP usage.

T 141 0eg

Long period

Figure 7. The AFM and 3D deflection images of gold clusters fabricated
using food supplement BCAA’S (a) and BSA reducers (b) under a same
synthesis and dialysis conditions. In (c) the size distribution histogram
calculated from the corresponding profile-grams for Au@BCAA’S NCs

(left side) is presented.
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Figure 8. (a) FTIR spectra of pure BCAA’S (1), and BCAA’S-
encapsulated Au NCs before (2) and after (3) dialysis. (b) a same for pure
BSA protein (1) and Au NCs generated by BSA-encapsulated Au NCs
before (2) and after (3) dialysis.

Thence, it can be inferred that other BCAA’S components, such as
carbohydrates, could be responsible for the higher reduction
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capability of BCAA’S. At a same time, it can be deduced that
except —S- and —SH containing AA, others can also stabilize Au
NCs bonding via amino groups to gold, as predicted in [31].

To assess which amino acid favoured the formation of
red-fluorescent Au NCs, twenty individual amino acids in
0.15 mol/L concentration were incubated each with 3.0 pM/mL
AuCly alkaline solution at pH = 12 and 37°C for 20 hours. The
results obtained in these experiments indicated that only in the
solution containing histidine amino acid, bluish-green fluorescent
Au NCs without larger Au nanoparticles were formed (Fig. 9a,
plots land 1°). However, the photoluminescence intensity of the
obtained Au@histidine NCs solution was exceptionally poor and
decayed rapidly (Fig. 9b). Note that similar results were obtained
recently by creating fluorescent Au@His NCs capped
with molecules of organic fluorescent dye MPA in the acidic
solution, emphasizing the crucial role of histidine imidazole group
[35].

No red-fluorescent Au NCs were formed by the templating
of AuCly in the alkaline solutions containing single amino acid.
On the other hand, the reduction of AuCly ions to the metallic
state was observed in the solutions containing methionine,
isoleucine, leucine, alanine, threonine, asparagine, lysine,
aspartate and phenylalanine, forming plasmonic Au nanoparticles
(Fig. 10 a). The excitation of resulting solutions with UV light
resulted mainly in the blue or bluish-green luminescence (Fig.
10b). As from early report [24], this effect could be explained by
the formation of exceptionally small Au clusters composed of only
several gold atoms.

2 ey 470nm 2 ( a)
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PL intensity (a.u.)
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Figure 9. (a) Typical absorption (1, 2) and photoluminescence (1°, 2°)

spectra of gold clusters produced by reduction of 3.0 pmol/mL HAuCl, in

the alkaline medium (pH = 12.0) with 20 mg/mL histidine (1) and

20 mg/mL BCAA’S (2) at 37 °C for 20 h. (b) Photoluminescence decay

plot for Au@histidine NCs under excitation with A, = 375 nm light.

Table 1. The contents of indicated amino acids in a 100 g of tested food supplements.

Food

Amino acid

supplement Ala Arg Asp Cys Glu Gln Gly His Ileu Leu Lys Met Phe Pro Ser Thr

100% MC 334 147 763 154 - 1267 098 1.19 448 742 6.72 1.54 2.17 392 322 4.62 098 1.86 4.13
100% wpPP 337 178 7.6 206 - 147 128 124 47 828 746 1.6 223 423 3.73 48 127 236 434
BCAA‘S 399 039 2.1 049 34 - 0.3 0.7 134 396 297 038 0.58 1.21 096 1.36 0.42 0.52 3.08

In the subsequent experiments, solutions of several mixed
amino acids were prepared with 3.0 pM/mL HAuCl, and NaOH
up to pH = 12.0 and left at 37 °C for 5, 10, 15, 20, 25 and 30 h.
The cocktails of amino acids (AA) with the total content of
30.0 mg/mL were composed from the following groups: (A)
branched AA (leucine, isoleucine, valine); (B): -S- and —SH
groups containing AA (methionine, cysteine), (C): =NH and =N-
groups containing AA (histidine, arginine, tryptophan, proline)
and (D): two COO- groups containing AA (aspartic, glutamic) at
various concentration ratios. In this way, it was found that
formation of fluorescent Au NCs in the solutions containing
dominant amount of branched AA, e.g. 30%, like in the tested
BSAA'’S case, proceeds very slowly. The resultant products, even
30 h long synthesis, demonstrated quite
photoluminescence in comparison with Au NCs formed in the
BCAA’S-containing solution at the same pH and other conditions.
Variations in the composition of AA cocktail by increasing the
content of sulphur- as well as nitrogen-containing AAs up to 30%
resulted mainly in the formation of non-red-fluorescent solutions,
implying that other reductants could be responsible for the
formation of red-fluorescent Au NCs in the AAFS-templated
solutions. With this in mind, the influence of typical carbohydrates

after weak

such as glucose and sucrose, which are the constituents of food
supplement, was also tested herein. From these experiments, it
was found that addition of up to 10% of carbohydrates to the
synthesis solution composed of histidine and HAuCl, as well as
AA mixture cocktails and HAuCly results in the formation of 5 to
6 times more intense bluish-green fluorescence. Further increase
in the concentration of glucose and sucrose up to 25% from the
total content of AA, with other conditions being the same, led to
the formation of more intense blue-fluorescent Au NCs under UV
illumination. In these red-
photoluminescent Au NCs were formed. These experimental
findings of amino
carbohydrates in the encapsulation  of
red-photoluminescent Au NCs. Further investigations are in
progress.

experiments, however, no

revealed the crucial role acids and

formation and

Cellular internalization behaviours of our red-luminescent
BCAA’S-Au NCs were further visualized by fluorescence
confocal microscope imaging in two human breast cancer cell
lines with different degree of malignancy. After 24 h, MCF-7 and
MDA-MB-231 cells internalized different amounts of Au NCs
(Fig. 11).
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Figure 10. (a): UV-vis absorption spectra of 3.0 pumol/mL HAuCl,
alkaline solutions (pH = 12.0) after 20 h of incubation with 0.15 mM/L
alanine (1), threonine (2) and phenylalanine (3) at 37 °C. In (b) excitation
(1) and photoluminescence (2) spectra of methionine templated
3.0 pmol/mL AuCly solution kept at 37 °C for 20 h. In the Inset (b) the
PL colour of as-formed Au NCs under UV illumination is shown.

No detectable intracellular uptake of Au NCs was observed
in MCF-7 cells, however numerous bright red luminescent spots
illuminating the cell cytoplasm were clearly observed in MDA-

4. CONCLUSIONS

In this study, the formation of red-photoluminescent gold
nanoclusters (Au NCs) were studied by the templating of AuCly
alkaline solutions with several food supplements composed of
amino acids cocktails. We found that in the case of branched
amino acids food supplement, BCAA’S, application the obtained
Au NCs are characterized by good stability, intense red
photoluminescence, peaked in the vicinity of 690 nm with
surprisingly long lifetime attaining several microseconds and high
quantum yield. In vitro investigations also implied that fabricated
Au NCs tend to accumulate in more tumorigenic breast cancer
cells (line MDA-MB-213) and are promising candidates for bio
imagining.
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ABSTRACT: Functionalized superparamagnetic nanoparticles (Nps) are
among the most investigated research topics. In this study, we present an
efficient protocol for gold deposition onto the surface of cobalt ferrite
(CoFe,0,) Nps by a simple one-pot reduction of AuCl,” ions with amino
acid methionine, which, in turn, produces the biocompatible stabilizing shell. In
contrast to previously reported gold deposition recipes, the one suggested herein
is distinguished by the simplicity and prevention of monogold crystallite
nucleation and growth in the deposition solution bulk. To demonstrate the
preferential deposition of gold onto the surface of ferrite Nps, high-resolution
transmission electron microscopy (HRTEM), energy-dispersive X-ray spectros-
copy (EDX), inductively coupled plasma mass spectrometry, and Fourrier-
transformed infrared spectroscopy (FTIR) investigations have been performed.
The innovative gold deposition method is expected to open new horizons for the
design of biocompatible water dispersible gold/methionine-functionalized ferrite

nanoparticles by a simply controllable way.

1. INTRODUCTION

Among various functional nanostructures, gold-coated and
decorated magnetic nanoparticles (Nps) have attracted huge
attention because of their biological compatibility and recently
demonstrated potential applications in nanomedicine, biosens-
ing, drug delivery, cells separation, etc. In fact, surface coating
of superparamagnetic Nps with a biocompatible polymeric,
organic, or precious metal shell is a well-known tool to tune the
interactions between Nps, their saturation magnetization,
surface energy, and other properties.k3 A number of protocols
for attachment of gold species to the surface of magnetite
(Fe;0,) and maghemite (y-Fe,0O3) Nps, such as sonochemical
treatment, galvanic replacement, reverse micelles, laser ablation,
and chemical reduction, among others, have been suggested
during the past decade.*”'* The reported gold tethering
strategies can be grouped into a few well-defined approaches.
According to the first of them, gold seeds prepared separately
can be attached to the surface of magnetic Nps by
coprecipitation together with or after formation of a polymeric
shell.'*'® As a result, the true and hydrodynamic size of Nps
increases drastically, frequently becoming not suitable for many
biomedical applications. For example, it has been reported that
the initial size of Fe;O, Nps (~10 nm) and Co Nps (~12 nm)
increased up to 100 nm."* Another approach is direct coating of
iron oxide Nps in the aqueous solutions by reduction of Au(III)
species.'*™" In fact, direct deposition methods are suitable for
the covering or decoration of metallic or y-Fe,O; nanoparticles
because the formation of gold shell on the magnetite (Fe;0,)
or ferrite surfaces by a common approach involving citrate or
borohydride reduction is problematic due to preferable

-4 ACS Publications @ Xxxx American Chemical Society
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formation of pure gold crystallites.>*° The direct coating of
hydrophilic magnetite Nps, fabricated by thermal decom-
position of organometallic precursors such as acetylacetonates
and Me(CO),, by high-temperature-induced reduction of gold
species has been also reported.“’n In this case, however,
additional coating of gold-covered Nps with amphiphilic
molecules such as lypopolysaccharides is required in order to
obtain hydrophobic Nps suitable for biomedical as well as
bioanalytical applications.”*** Lastly, the deposition of gold
onto the surface of magnetic nanoparticles can be achieved via
strong adsorption of some organic molecules, such as
hydmxylamine25 or Vitamin C,*® capable of reducing
subsequently the gold-containing ions and bind as-formed
crystallites. To prevent gold crystallite formation in the plating
solution bulk, this method, however, requires the precise
control of the concentration of AuCl,” ions as well as Vitamin
C in the crystallochemical environment.

This work was based on our observation that, in contrast to
other amino acids, methionine in alkaline medium is prone to
reduce AuCl,~ species at the walls of the glass vessel instead of
nucleation and growth of Au’ particles in the solution bulk. In
the presence of CoFe,O, Nps, however, the covering of
magnetic Nps instead of glass vessel walls was observed. The
advantage of our functionalization method consists of its high
yield, simplicity, and prevention of gold crystal formation. In
addition to TEM observations of an increase in the Np size
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Figure 1. TEM images of nanoparticulated products synthesized in the deoxygenated solution containing SOCoCl, + 50Fe,(SO,); + 7S mmol L™
diglycolic acid + NaOH up to pH = 12.4 at 80 °C for 3 h (a, b) and by hydrothermal treatment at 130 °C for 10 h (c). The size distribution

histograms of corresponding Nps are shown in the right.

upon the deposition procedure, the formation of core/shell
morphology was further confirmed by HRTEM, FTIR, SAED,
XRD, and EDX analysis.

2. EXPERIMENTAL SECTION

Chemicals. The chemicals used in this study, including
Co(II) and Fe(IIl) salts, HAuCl,-4H,0, and diglycolic and
citric acids were of analytical grade, purchased from Aldrich and
used without further purification. NaOH was purchased from
Poch SA (Poland) and purified by preparation of saturated
solution, which led to the crystallization of other sodium salts.
All tested amino acids, including D,L-methionine (99% purity)
as well as dopamine hydrochloride and b,L-methionine
sulfoxide (>99.0%), were purchased from Sigma-Aldrich Co.
Deionized distilled water was used throughout the experiments.

Synthesis of Co Ferrite Nanoparticles. In this study,
ultrasmall (<2.0 nm) and small (~5.0 nm) cobalt ferrite
nanoparticles were synthesized from the complex-assisted
alkaline solutions of Co(II) and Fe(III) salts by the
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coprecipitation method in a thermostated glass reactor at 80
°C and ambient pressure for 3 h under continuous argon gas
bubbling, as reported earlier.*” Briefly, the working solution was
prepared from CoCl, and Fe,(SO,); salts and 75 mmol L™
diglycolic acid; the total metal salt concentration was 100 mmol
L™". All solutions were deoxygenated with argon before mixing.
The pH of solutions was kept at the level of 12.4 by addition of
5.0 mol L™ NaOH solution. The required quantity of NaOH
solution was determined by an additional blank experiment. In
the subsequent experiment, this quantity was placed in the
reactor and mixed with the other components, during several
seconds under vigorous stirring. To obtain ultrasmall CoFe,O,
Nps, the as-grown products were centrifuged at 8500 rpm for 3
min and carefully rinsed 5 times using fresh portions (10 mL)
of H,O. The supernatants of the last three centrifugations were
combined, rinsed again with ethanol, and collected by
centrifugation. Afterward, ultrasmall Nps were dried at 60 °C.
Small Nps, collected by centrifugation, were also carefully
rinsed with water and dried. To obtain larger cobalt ferrite Nps,
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the hydrothermal synthesis from the similar solution at 130 °C
for 10 h was performed followed by several rinsing/
centrifugation procedures and drying at 60 °C. The collected
Nps were studied and subjected to further processing within
the following week.

Gold Shell Formation. The deposition of gold shell onto
the Co ferrite surface was conducted via amino acid
methionine-induced chemical reduction of HAuCl, in the
suspension of CoFe,O, Nps. Briefly, 25 mg of Nps was
dispersed in 20 mL of aqueous 30 mmol L™ p,L-methionine by
ultrasonic agitation for 30 min. Afterward, the equimolar
content of chlorauric acid was introduced into the reaction
medium, and the solution was alkalized to the required pH by
addition of 1.0 mol L™' NaOH under vigorous stirring. The
deposition process was performed at 37 °C for 4 h under mild
mixing conditions. The products obtained was collected by
centrifugation at 8500 rpm for 6 min, carefully rinsed several
times with pure water, and redispersed in ethanol for further
examinations. For TEM observations, a drop of Np suspension
was placed onto the Lacey grid, whereas for FTIR
investigations the suspension was dried at 60 °C. To obtain a
thicker gold shell, the deposition procedure was repeated using
the same Np probe.

Analysis. Infrared spectra were recorded in the transmission
mode on an ALPHA FTIR spectrometer (Bruker, Inc.,
Germany) equipped with a room-temperature detector
DLATGS. The spectral resolution was set at 4 cm™". Spectra
were acquired from 100 scans. Nanoparticulated samples were
dispersed in KBr tablets. Parameters of the bands were
determined by fitting the experimental spectra with Gaus-
sian—Lorentzian shape components using GRAMS/Al 8.0
(Thermo Scientific) software.

The concentration of gold remaining in the deposition
solution was determined by inductively coupled plasma mass
spectrometry analysis. Measurements were made on emission
peaks at Ay, = 267.595 nm and 4,, = 242.795 nm using a
OPTIMA 7000DV (PerkinElmer, USA) spectrometer. Calibra-
tion curves were made using dissolved standard within the 1—
50 ppm concentration range in the same acid matrix as the
unknown samples. In some experiments, the magnetic core of
CoFe,0,@Au Nps was dissolved in HCI (1:1) by sonication at
ambient temperature for 50 h.

Characterization. The morphology of as-grown products
was investigated using a transmission electron microscope
(TEM, model MORGAGNI 268) operated at an accelerating
voltage of 72 keV. The average size of nanoparticles was
estimated from at least 200 species observed in their TEM
images. High-resolution transmission electron microscopy
(HRTEM) studies of as-synthesized products were performed
using a LIBRA 200 FE at an accelerating voltage of 200 keV.

X-ray powder diffraction experiments were performed on a
D8 diffractometer (Bruker AXS, Germany), equipped with a
Gobel mirror as a primary beam monochromator for Cu K,
radiation.

XPS measurements were carried out to obtain information
about the elemental chemical states and surface composition of
the CoFe,O, and CoFe,O,@Au nanoparticles. Upgraded
Vacuum Generator (VG) ESCALAB MKII spectrometer fitted
with a new XR4 twin anode was used. The nonmonochrom-
atized Mg K, X-ray source was operated at h = 1253.6 eV with
300 W power (20 mA/1S kV), and the pressure in the analysis
chamber was lower than S X 107’ Pa during spectral
acquisition. The spectra were acquired with an electron
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analyzer pass energy of 20 eV for narrow scans and resolution
of 0.05 eV and with a pass energy of 100 eV for survey spectra.
All spectra were recorded at a 90° takeoff angle and calibrated
using the C 1s peak at 284.6 eV. The spectra calibration,
processing, and fitting routines were done using Avantage
software (5.918) provided by Thermo VG Scientific. Core level
peaks of Fe 2p, Co 2p, Au 4f, C 1s, and O 1s were analyzed
using a nonlinear Shirley-type background, and the calculation
of the elemental composition was performed on the basis of
Scofield’s relative sensitivity factors.

3. RESULTS AND DISCUSSION

Fabrication and Characterization of Co Ferrite Nps. In
this study ultrasmall and small cobalt ferrite, CoFe,O,, Nps
were synthesized by diglycolic acid-assisted coprecipitation
reaction of Co(II) and Fe(IIl) salts in the degassed alkaline
(pH 12.4) solution at 80 °C for 3 h followed by several rinsing
and centrifugation procedures, as reported earlier.”” TEM
investigations revealed that the resulting Co ferrite Nps, which
remained in supernatant after washings and centrifugations at
8500 rpm for 3 min, are fairly spherical particles, 1.85 nm in
average diameter, whereas those collected at the bottom of the
test tube are also spherical with a mean diameter of 4.93 nm
(Figure 1ab). Larger CoFe,0, Nps, e.g., with @,.,, = 14.6 nm
(Figure 1c), were synthesized in a similar solution containing
CoCl, and FeCly (1:2 at the total concentration of 100 mmol
L™") and 75 mmol L™ diglycolic acid under hydrothermal
conditions at 130 °C for 10 h. In all the cases, EDX and
chemical analysis of Nps dissolved in the HCl solution (1:1) by
inductively coupled plasma mass spectrometry indicated the
CoFe,0, composition close to stoichiometric. The crystalline
nature of cobalt ferrite Nps was verified by X-ray diffraction
investigations. The representative XRD patterns of the tested
ultrasmall and small Nps are shown in Figures 2a and 2b,
respecively. It should be emphasized that the position and
relative intensity of all diffraction peaks match well with
standard CoFe,O, diffraction data, implying the polycrystalline

inverse spinel structure of all tested Nps. The optimization of
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Figure 2. XRD patterns of Nps synthesized under conditions indicated
in Figure 1 for ultrasmall (a) and larger (D, = 4.93 nm) (b) Nps. In
the inset, the typical EDX spectrum of tested cobalt ferrite Nps.
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gold deposition conditions proved that reduction of gold
species on the surface of ferrite Nps takes place at a
physiological temperature of 37 °C in the alkaline to slightly
acidic solutions within a pH window from 12.5 to 5.0. It should
be noted, however, that only in the solutions containing
equimolar contents of chlorauric acid and methionine the yield
of reduction of gold-containing ions attained 99.3—99.9%
without formation of separate Au’ crystals. Surprisingly, the
addition of methionine in excess resulted in the decrease of
reduction yield. With a decrease in reaction medium pH down
to 9.0 and further to 5.0, more than 23% and 29% of chlorauric
acid, respectively, remained in the solution after reaction at 37
°C for 4 h. In both cases, the formation of numerous finely
grained gold crystallites in the reaction solution as well as onto
the surface of Np was also observed. Therefore, in the typical
deposition conditions, an aqueous solution containing 0.9 mg
mL™" CoFe,0,, 0.3 mmol L™ methionine, and 0.3 mmol L™
HAuCl, adjusted to pH = 12.0 by addition of 1 M NaOH was
used. Figure 3 shows the TEM images of the cobalt ferrite Nps
in average size of 1.85 nm after incubation in the gold
deposition solution at 37 °C for 4 h. The chemical analysis of
solution used for deposition confirmed the reduction of more
than 99% of gold-containing ions without any deposition onto
the glass reactor surface. At the same time, ultrasmall cobalt
ferrite Nps, being stable in water for months, after incubation in
the gold plating solution with methionine are prone to deposit
fully at the bottom of the reactor overnight. Furthermore, EDX
analyses of carefully rinsed Nps confirmed the presence of a
metallic gold phase in the tested range of magnetically collected
Nps (Figure 3c), although from the TEM and STEM
observations (Figure 3a and 3b) no formation of pure gold
crystals was seen. Also, in the HRTEM image (inset in Figure
3a), the observed lattice fringes at the surface side have a
characteristic spacing of 0.235 nm, which can be assigned to the
(111) planes of Au’. To determine the size variation of cobalt
ferrite Nps upon the gold deposition, 200 Nps were inspected,
and the results obtained are presented by size distribution
histograms of gold-coated Nps in Figure 4. One can see that
after 4 h sonication in the alkaline equimolar solution of
methionine and chlorauric acid the average size of ultrasmall
Nps increased from 1.85 nm (Figure la) to 2.45 nm (Figure
4a). Similar results were also obtained in the case of covering
CoFe,0, Nps with average size of 4.93 nm (Figure 1b) and
14.6 nm (Figure 1c). In these cases, the average size of ferrite
Nps increased up to 6.6 and 17.1 nm, respectively (Figure 4b
and c). These observations confirmed the conclusion regarding
covering of CoFe,O, Nps with a gold shell.

Further in-depth physicochemical characterization of cobalt
ferrite nanoparticles, functionalized with gold by methionine-
induced reduction, was performed applying several techniques.
The object was to determine the structure of gold as well as the
organic shell formed around the Co ferrite Np during the
above-described treatment. To this purpose, the CoFe,O,@Au
Np core was dissolved in 1:1 HCI solution, and the remaining
precipitates were collected by centrifugation for subsequent
TEM investigations. Figure S shows the TEM images of gold-
coated CoFe,0, Nps before (a) and after (c, d) dissolution of
the magnetic core in HCL The selected area electron diffraction
(SAED) pattern of gold-coated ferrite Nps presented in Figure
Sb clearly demonstrated the diffraction from 0.238 and 0.282
nm gold lattices (111) with the atom spacing 0.235 nm and
(110) with atom spacing 0.28 nm, respectively. As also seen
from Figure Sc, in the case of one-step gold plating, the thin
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10 nm

Figure 3. TEM (a) and STEM (b) images of CoFe,O,@Au
nanoparticles fabricated by methionine-directed gold deposition. In
(c) EDX spectrum of gold-plated nanoparticles. In the green circled
inset, HRTEM image of the products demonstrating the Au lattice
spacing at about 0.235 nm (scale bar S nm). Upon the plating the
average size of CoFe,0, Nps increased from 1.85 to 2.45 nm.

platelet gold corpuscles remained after dissolution of the Np
core, allowing us to conclude about their true nature: most
probably they are the fragments formed from the shell of
CoFe,O,@Au Nps. In the case of Nps, coated thicker by
repeating the deposition process, the shape of gold bubbles
remaining after core etching (Figure 5d) resembles the shape of
CoFe,0,@Au Nps, pointing to the nice covering of ferrite Nps
with gold by the methionine-induced deposition approach
reported herein. Next, to investigate variation in the elemental
chemical states and surface composition of ferrite Nps before
and after the gold plating procedure, they were rinsed carefully,
spread onto the silica surface, and analyzed with XPS.

The characteristic XP spectra are presented in Figure 6a—f,
and their analysis results are listed in Tables S1 and S2 of the
Supporting Information. As seen, the contents of iron and
cobalt at the surface side of ferrite Nps gold-coated under
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Figure 4. Size distribution histograms for cobalt ferrite Nps after gold deposition from the alkaline (pH = 12.2) solution containing 0.3 mmol/mL
HAuCl, and 0.3 mmol L™" methionine at 37 °C for 4 h. Lines are fits to log-normal distributions. In the left side, TEM views of corresponding

CoFe,0,@Au Nps.

conditions of Figure 4 are approximately S to 5.6 times lower
than that for bare CoFe,O, ones. Furthermore, a well-resolved
Au 4f peak with the binding energy (BE) centered at 84.06 eV,
characteristic to metallic gold (6.74 at %; full width at half-
maximum, fwhm = 1.71 €V), appeared to be pointing to the
covering of about 80% of the CoFe,O, Np surface. Finally,
obvious changes in the shape of the O 1s spectrum were
detected after gold plating. Instead of a single O 1s peak at BE
= 530.06 eV, attributable to the Me—O bond, a well-resolved
additional O 1s peak at BE = 532.83 €V, attributable to C=0,
appeared, clearly implying the tethering of organic molecules to
the surface of CoFe,O,@Au Nps.

To investigate the variation of the surface chemical
properties of CoFe,O, Nps upon the covering with a gold
shell, the bare as well as gold-coated Nps were dispersed
ultrasonically in the solution of 13 mmol L™ dopamine
hydrochloride and kept at ambient temperature overnight.
Following careful rinsing and drying they were further
investigated by Fourrier transformed infrared (FTIR) spectros-
copy. Figure 7 compares the infrared spectra of tested magnetic
CoFe,0, and CoFe,O,@Au Nps before and after adsorption of
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dopamine. The infrared spectrum of dopamine hydrochloride is
also shown. Note that the intense and broad absorption band
near 580 cm™' observed for CoFe,0,@Au Nps (Figure 7a)
corresponds to Fe—O and Co—O vibrational modes.”®™>"
Thus, the infrared spectrum of Fe;O, exhibits a characteristic
band near 570—580 cm™!,>>*° while the cobalt oxide (Co;0,)
infrared spectrum shows a doublet at $70/670 cm 2 Several
lower intensity broad bands located near 1380 and 1570 cm™
are visible in the fingerprint spectral region of bare CoFe,0,@
Au Nps (Figure 7a). These bands might be associated with
vibrations of carboxylate and/or amino groups of adsorbed
amino acid methionine used for the formation of nanoparticles
or adsorbed oxidation product of methionine, presumably
methionine sulfoxide.*>** Figure 8 shows the infrared spectrum
of the possible oxidation product methionine sulfoxide. The
strong band near 1032 cm™" belongs to the stretching vibration
of the S=O group, while the feature near 1510 cm™ was
assigned to bending vibration of the NH, group.* The intense
bands at 1586 and 1411 cm™" correspond to carboxylate grouj

asymmetric and symmetric stretching vibrations, respectively.”*
The spectrum of CoFe,0,@Au nanoparticles (Figure 6a)
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Figure 5. TEM images of the CoFe,0,@Au Nps (a) and gold
products remaining after CoFe,0,@Au Nps etching in the HCI (1:1)
solution for Nps coated with a thin (c) and thicker (d) shell. In (b) the
selected area electron diffraction spectrum taken from the gold-coated
cobalt ferrite Nps shown in the part (a).

exhibits similar COO™ bands, however, at lower frequencies. It
is of note that the low intensity broad feature near 1000 cm™
might be associated with the S=O stretching vibration (Figure
S1, Supporting Information). Analysis of complexation of
methionine sulfoxide with nickel(I) ions has revealed a
substantial downshift of the symmetric stretching vibration of
the carboxylate group (down to 1390 cm™) and decrease in
relative intensities of bands corresponding to bending vibration
of the NH, group and stretching vibration of the S=O group.
Similar changes are visible in our spectra, suggesting adsorption

1570

— 1380
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400 500 600 700 800 1000 1200 1400 1600 1800

Wavenumber (cm ') Wavenumber (cm ')

Figure 7. FTIR absorbance spectra of (a) CoFe,0,@Au nanoparticles,
(b) dopamine-modified CoFe,O,@Au nanoparticles, (c) dopamine-
modified CoFe,0, nanoparticles, and (d) crystalline dopamine in the
spectral regions of 400—750 (left panel) and 750—1800 cm™" (right
panel).

of methionine sulfoxide on the surface of Co—Fe—Au
nanoparticles. The adsorption of dopamine results in partial
displacement of surface-bound methionine sulfoxide (inte-
grated intensity of the S=O band decreases by a factor of 1.7
(Figure S1, Supporting Information)).

Incubation of CoFe,O,@Au Nps in aqueous solution
containing dopamine results in the appearance of several new
bands located at 815, 875, 1122, 1265/1291, 1338, and 1490
cm™" (Figure 7b). Comparison with the dopamine infrared
spectrum (Figure 7d) immediately confirms the presence of
adsorbed dopamine on the surface of nanoparticles. The most
intense dopamine bands at 814, 1286, and 1499 cm™ had
equivalent features at 815, 1265/1291, and 1490 cm™" in the
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Figure 6. XPS spectra of the Fe 2p, Co 2p, O 1s, and Au 4f photoelectron for the bare (a—c) and gold-coated (d—f) cobalt ferrite nanoparticles.
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Figure 8. FTIR absorption spectrum of methionine sulfoxide in KBr
tablet.

infrared spectrum of modified nanoparticles. The assignments
of the bands based on previous studies of dopamine and
catechol molecules®* ™ are provided in Table S3 (Supporting
Information). The well-defined band near 1499 cm™ in the
solid state spectrum of dopamine belongs to aromatic ring CC
stretching vibration coupled with in-plane CH bending mode,
while the intense band near 1286 cm™ is associated with ring
CC stretching vibration coupled with C—OH stretching
motion, although isotopic *O/'¢0 substitution experiments
confirmed that in-plane ring stretching vibration has the major
contribution for this mode.*" The deformation vibration of
catechol OH groups is mainly associated with a broad band
near 1341 cm™'. A similar band of dopamine in aqueous
solution disappeared when water was exchanged with D,0.*
The discussed three modes are useful in analysis of interaction
of dopamine with various surfaces 104346 Figure 9 compares
the experimental infrared spectra with fitted Gaussian—
Lorentzian form components of adsorbed dopamine on
CoFe,0, and CoFe,0,@Au nanoparticles and the spectrum
of a crystalline compound in the spectral ranges of diagnostic
bands. It was demonstrated™” that chemical bonding with metal

V(CC)y + V(C-0) V(CC)g + B(CH),
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Figure 9. FTIR absorbance spectra of (a) dopamine-modified
CoFe,0,, (b) dopamine-modified CoFe,0,@Au nanoparticles, and
(c) crystalline dopamine in the spectral region of CC ring stretching
coupled with C—OH stretching (left panel) and CC ring stretching
coupled with CH in-plane deformation (right panel) modes. The fitted
Gaussian—Lorentzian form components are also shown. Spectra are
background corrected by using a polynomial function and normalized

to the most intense band in the frequency region of 1220—1365 cm™.
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oxides through the deprotonated catechol —OH groups results
in broadening and downshift of a characteristic ¥(CC)p +
1(C—0) band near 1286 cm™" (in the case of dopamine) by
~10-20 cm™. In contrast, molecular adsorption through the
intact —OH groups (without deprotonation) causes a slight
increase in the corresponding frequency.”® The higher
frequency ring CC stretching vibration coupled with in-plane
CH deformation also broadens and shifts to lower wave-
numbers upon chemisorption of the catechol group; however,
molecular adsorption induces a slight shift of this mode to
lower wavenumbers as well.>* In the case of CoFe,O,
nanoparticles, our spectral data show the appearance of a
broad (fwhm = 24 cm™) and intense v(CC)y + v(C—0) band
at 1271 cm™" (Figure 9a, left panel). The fwhm value of the
corresponding 1286 cm™ band of crystalline dopamine was
found to be 11 cm™. Such spectral changes suggest chemical
bonding of the catechol group with the CoFe,0, oxide surface
through the deprotonated —OH groups. Considerable down-
shift (15 cm™) and broadening (fwhm increases from 16 to 19
cm™ upon adsorption) of the ¥(CC)y + B(CH)y band
supports this conclusion (Figure 9a, right panel). The lower
intensity higher frequency component near 1297 cm™!
probably belongs to molecularly adsorbed species. Coating of
CoFe,0, nanoparticles by Au results in a considerable increase
in relative intensity of molecularly adsorbed species (1291 cm™
band) and a decrease in relative intensity of the band associated
with chemisorbed dopamine molecules (1265 cm™ band).
Dominant molecular adsorption in this case is consistent with
the observed downshift of the v(CC)y + S(CH)g band at a
lesser extent. Finally, the well-defined band near 1341 cm™ for
crystalline dopamine is assigned to deformation OH vibration,
5(OH).*** 1t was demonstrated that this band disappears
upon water exchange to D,0* or due to deprotonation of
catechol —OH groups.® Thus, observation of the relatively
intense §(OH) band in the case of CoFe,0,@Au nanoparticles
(1338 cm ™ band) and a considerably lower intensity peak near
1333 cm™ in the case of bare CoFe,O, provides an additional
support for the dominant chemisorption state for the latter
system, compared with preferential molecular adsorption at
nanoparticles coated by gold. It should be noted that we do not
have any direct spectroscopic evidence on participation of the
NH, group in the interaction with the studied surfaces; this
might be the case for the CoFe,0,@Au nanoparticles.

The oxidation of amino acid methionine to methionine
sulfoxide by an equimolar amount of chlorauric acid in slightly
acidic aqueous medium has been reported four decades ago.*”
According to the aforementioned report, the oxidation of
methionine proceeds through the formation of the protonated
dihalide—S-methionine complex which in turn hydrolyzes to
methionine sulfoxide and HCl. Upon this reaction, the
intermediate Au(I)—methionine complex is formed reducing
later to Au® but still remaining in the coordination sphere of
sulfur. The role of the protonated amino acid group in further
Au(I) reduction, however, was not envisaged. In our case, the
participation of an unprotonated amino group of amino acid
(due to alkaline medium) in the reduction reaction is highly
expected. However, the exact mechanism of chlorauric acid
reduction reactions with amino acid methionine in alkaline
medium on the surface of cobalt ferrite remains unclear. To
better understand the role of participating water, OH™ ions, and
the intermediate complex of methionine anion attached to the
surface of CoFe,O, Np in the redox process, a set of additional
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investigations is further required. Nevertheless, some conclusive
remarks made from this study can be outlined.

According to Vujati¢ et al,*” the reaction of [AuCl,]~ with
Met proceeds through the binding of methionine sulfur to the
gold atom via exchange of ligands and the formation of
intermediate complexes and later—polymeric [Au'Met(Cl)],
and methionine sulfoxide, Met-SO-CH;. According to ion
chromatograms presented by Wang et al.*® aqueous HAuCl,
due to hydrolysis reaction consists of [AuCl,(OH),_,]~ with x
> 2 at low pH and with x < 2 at high pH. In the case of pHs
>10.35, x = 0 and 1.0 corresponding to the average formula of
[AuCly;(OH);40] . Different Au species exhibit different
chemical reactivity in the reduction reaction in acidic and
alkaline media.*’ For example, application of ascorbic acid, the
reduction ability of which strengthens with increasing pH,
results in the formation of gold colloids exhibiting a strong red-
shift of the surface plasmon resonance (SPR) from typical
525—545 to 787 nm at pH = 10.35 due to formation of Au
colloid assemblas%es consisting of fine crystallites.*” Panda and
Chatttopadhyay™ also studied the synthesis of Au colloids by
H,0, reduction of chlorauric acid at pH ranging from 2.9 to
12.0 and obtained Au Nps with different morphologies.
Therefore, it can be presumed that in the alkaline solution
with L-methionine, similarly to the case of ascorbic acid, the
assemblages of finely grained Au colloids are formed at the
surface of ferrite Nps. Furthermore, according to ref 51 these
positively charged species exhibit much higher Au 4f binding
energy with the S element. We hypothesize that this could be
the reason for gold deposition onto the surface of ferrite Nps,
functionalized with the L-methionine anion through the
—COO™ unit, instead of formation of the bulk crystals. In
accordance with the above discussion and similarly as in ref 49,
we may suggest that the alkaline medium deposition of gold
onto the ferrite Np surface, stabilized with methionine anion,
proceeds via formation of intermediate Au(III)(OH"),
complexes with n = 3, 2, 1, the further slow reduction of
which leads to formation of the two-coordinated [Au(I)—
Met(OH),]” complex. In the presence of water this complex
disproportionates, giving Au’, Au(Il)hydroxide, and methio-
nine sulfoxide.

Furthermore, in accordance with the Pearson theory*” and
the softness of all three functional groups of methionine, the S-
donor atom-containing group has the highest affinity for
Au(III) and Au(I) ions. Therefore, it can be supposed that even
after reduction reaction the methionine sulfur still remains in
the coordination sphere of metallic gold stabilizing Np
(Scheme 1). These data provide an indication on the possible
mechanism but are not sufficient to explain the exact picture of
reactions resulting in the core—shell structure formation.

4. CONCLUSIONS

This study describes a novel and efficient pathway for covering
of various cobalt ferrite nanoparticles with gold shell without
nucleation and growth of the separate gold crystals using amino
acid methionine as a reducer of gold species and stabilizing
agent for Nps. It is supposed that upon initial dispersion of
ferrite Nps in the methionine solution amino acid interacts with
the surface of cobalt ferrite Nps through the carboxyl bond.
From what is known in the acidic and slightly acidic media,"* it
is envisaged that further addition of chlorauric acid and
alkalization of the reaction medium lead to reduction of gold-
containing ions through the formation of an intermediate
complex from methionine sulfur dihalide, OH™, and Au(I)
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Scheme 1. Illustration of Methionine-Induced Chlorauric
Acid Reduction at the Surface of the Cobalt Ferrite
Nanoparticle

pH-12 T e

CoFex04@Au k.

species. The reduced gold atoms still remain in the
coordination sphere of methionine sulfur attached to the
surface of ferrite Np and stabilize it. However, more detailed
studies must be conducted to understand the exact mechanism
of reactions taking place during methionine-induced reduction
and functionalization of magnetic nanoparticles.

It is believed that the strategy developed here can easily be
extended to coat nanoparticles composed of other iron oxides
with a gold shell. It was also demonstrated that dopamine
molecules adsorb differently on the surface of bare and gold-
coated CoFe,0, Nps suggesting the prospective application of
this effect as gold shell formation criterion.
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Superparamagnetic properties of ultrasmall CoFe,O, (1-3 nm) nanoparticles before and after gold
plating were studied by Mdéssbauer spectrometry. The nanoparticles in the suspension in water were
compared with same dried nanoparticles. Blocking temperature increases by 10-20 K after drying of the
suspension. Strong dipolar and indirect exchange interactions between nanoparticles in the dried state
were used to explain observed differences. The strength of interactions was estimated by the application
of the multilevel model for the description of Mdssbauer spectra. The strength of interactions between
nanoparticles in the dried state, as it was observed, decreased with temperature. Moreover, the multi-
level model allowed us to determine the superparamagnetic relaxation time and the barrier height. The
results indicate that magnetic anisotropy of CoFe,04 nanoparticles should be similar to the anisotropy of

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The properties of materials in nanostructures may markedly
change [1]. Particularly, magnetic properties also alter due to na-
noscale effects [2], for example, the superparamagnetism of single
domain nanoparticles [3]. Superparamagnetic nanoparticles as the
main constituent are used in ferrofluids applicable in nano-
technology [4-6]. Moreover, magnetic nanoparticles can be used
for a separation of cells, the hyperthermia treatment, as carriers of
drugs in medicine [7-11]. CoFe,04 nanoparticles in comparison
with iron oxide nanoparticles have higher magnetic anisotropy
and can be beneficial, for example, in hyperthermia applications
[12,13]. Furthermore, the size effects on properties can be parti-
cularly interesting to study, especially in the case of ultrasmall
CoFe,04 (1-3 nm) nanoparticles. Enhanced magnetization [14]
and the reduction in Curie temperature [15] were reported for
CoFe,0,4 nanoparticles. A dependence of magnetic anisotropy on
the size of CoFe,04 particles was also observed [16]. However, the
studies of nanoparticles are complicated due to the influence of
size distribution and interactions between the nanoparticles [17-
19]. Strong interactions between superparamagnetic nanoparticles
can lead to the magnetic (superferromagnetic) ordering above a
blocking temperature characteristic of not interacting nano-
particles [3,19]. The superferromagnetic state of nanocrystalline

* Corresponding author.

http://dx.doi.org/10.1016/j.jmmm.2015.04.044
0304-8853/© 2015 Elsevier B.V. All rights reserved.

antiferromagnetic goethite was explained by a partial exchange
coupling between the surface atoms of neighboring nanoparticles
[18,20]. It was shown that dipolar interactions can also be re-
sponsible for the superferromagnetic state in ordered 1D and 2D
assemblies of superspins [3,21]. However, the weak exchange in-
teractions may have an important role stabilizing the super-
ferromagnetic ordering observed for the assemblies of dipolar
interacting Fe nanostripes, isolated Fe, FeCo and Co nanoparticles
in a nonmagnetic matrix [22-27].

The superparamagnetic nanoparticles are frequently char-
acterized by blocking temperature which can be determined by
means of different methods including Mossbauer spectrometry
[28]. However, blocking temperature depends on both super-
paramagnetic properties of nanoparticles and characteristic mea-
surement time of the applied method. The superparamagnetic
dynamics of the magnetic moment of a nanoparticle can be de-
scribed by the application of a multilevel model which allows
obtaining the temperature dependent shape of Mossbauer spectra
of superparamagnetic nanoparticles [29-31]. Herein, the multi-
level method is used to evaluate properties of ultrasmall CoFe,04
nanoparticles prepared by co-precipitation way using Mdssbauer
spectroscopy data at temperatures near superparamagnetic
blocking temperature. The influence of interactions is investigated
using a comparison of same nanoparticles in the frozen suspen-
sion in water with them in a dry state.
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2. Experimental

CoFe,04 nanoparticles are synthesized by co-precipitation
method using CoCly, Fe,(SO4); and NaOH at 80 °C temperature and
12.0 pH [32]. The citric acid which acts as an electrostatic stabilizer
[11] is added to make stable suspensions of nanoparticles in water.
The size of nanoparticles (2-3 nm) is evaluated by means of AFM
and TEM (Fig. 1). Previously prepared CoFe,04 nanoparticles are
covered with Au with an assistance of Vitamin C at 6.0 pH by an
addition of HAuCl during two days as described in Ref. [33].

Mossbauer transmission spectra were collected using the
Mossbauer spectrometer with a source of >’Co(Rh) and the closed
cycle helium cryostat (Advanced Research Systems, Inc.). 2 ml of
suspensions either of CoFe,04 or CoFe,04@Au nanoparticles in
water (the concentration of CoFe,04 was 0.1% of volume) were
placed in the special cell for low temperature measurements. After
the measurements the suspensions were dried on a filter paper
and measured again at same temperature region.

Superparamagnetic blocking temperature Tp of ultrasmall
CoFe,04 nanoparticles is determined using the dependence of
average hyperfine field (B) on temperature (Fig. 2a) at (B) ~ 0.5B,.
Average hyperfine field is evaluated by fitting of a hyperfine field
distribution and a superparamagnetic singlet/doublet to Mdss-
bauer spectrum using Normos Dist software. Average hyperfine
field is obtained by the expression (B) = %, where p; is the
relative area of sextet having the hyperfine field B; in the hyperfine
field distribution. The hyperfine field Bo~53.4T is the average
hyperfine field of a bulk CoFe,04 when T—0 [34,35]. Blocking
temperature is also frequently determined at temperature when
the area of paramagnetic part P is equal to the area of magneti-
cally split part of Mdssbauer spectra P, (Fig. 2b). In this case
blocking temperature (T'p), as it is obtained, is larger by 11-18 K
than Ty (Table 1). It is because (B) is affected by a change in both
the area and hyperfine field distribution.

3.3nm

In addition, the multilevel model is used. It allows us to de-
termine superparamagnetic relaxation time 7 as well as other
parameters. A line shape of Mdssbauer spectrum in the multilevel
model is given by the expression [29]:

I(w) = 2 Re(WM-1) (1)

where elements of the matrix W are the occupation probabilities
of the levels. The levels are associated with the projections S, of
the spin S to the easy magnetic axis and are used to describe dy-
namics of a magnetic moment of a nanoparticle. The diagonal
matrix € in the matrix M=i(o + I') I+ Q + IT describes the static
positions of Mossbauer spectrum associated with the levels.
The matrix I is a diagonal unit matrix and the matrix IT
describes a relaxation rate which is determined by the diffusion
parameter R and the energy difference between levels. The prob-
ability of a jump to the level having higher energy is
R-exp( — AE[kg T) where kg is the Boltzmann constant, T is tem-
perature and AE is the energy difference between the adjacent
levels. When magnetic field H acting on magnetic moment of a
nanoparticle m is collinear to easy magnetic axis magnetic energy
of a nanoparticle:

E =KV sin? § — ygmH cos 6 )

depends only on one angle €. KV (K is the magnetic anisotropy
constant and V is a volume of a nanoparticle) is uniaxial magnetic
anisotropy energy, @ is the angle between magnetic moment of the
particle and the easy magnetic axis and p, is the vacuum per-
meability. The magnetic moment of a nanoparticle m =MV where
M; is volume magnetization. The Eq. (2) defines the energy of the
levels because of cos ¢ =S5,/S. In the case of strong dipolar
interactions between nanoparticles when nanoparticles order in
chains or in assemblies of interacting nanoparticles (superferro-
magnetism) magnetic moments arrange mostly in parallel [18,19].
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—B—1 CoFe,0, suspension
—0—2 CoFe,0, dry
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Fig. 2. Dependence of normalized average hyperfine field (a) and the relative area
of superparamagnetic part of spectrum (b) of ultrasmall CoFe,0,4 and CoFe,0,&@Au
nanoparticles on temperature.

Table 1
Blocking temperature of CoFe,04 and CoFe,0,@Au nanoparticles in the suspension
and a dry state. Ty is found at (B) ~ 0.5B,, and T is determined at equal areas.

Sample Ty Tp
(K) (K)
CoFe,04
In liquid 49 64
Dry 59 75
CoFe,04@Au
In liquid 31 49
Dry 52 63

The strength of interactions between nanoparticles is expressed by
the parameter h=poM;H/2K. The multilevel model is fitted to two
Maossbauer spectra of same nanoparticles, in the frozen suspension
and the dried state, simultaneously. Only the parameter h is used
to describe the difference in the Mdssbauer spectra measured at
same temperature applying one set of parameters for both spectra
together. It is assumed that the interactions between nanoparticles
are negligible, h ~ 0, in the frozen suspension and strong, h > 0, in
a dry state. The superparamagnetic relaxation rate is determined
applying the energy dependence of Eq. (2) and the parameters
a=KV/kgT and h.

The distribution of the parameter « follows the lognormal law:

Table 2

Pla) = 1 ex [_lnz(a/ag)]

V2zaqa 207 3)

because of the lognormal distribution of the nanoparticle size D.
o is median and ¢, is standard deviation of a. Herein, standard
deviation of size op=0,/3 is used as the fitting parameter. The
isomer shift & is the additional fitting parameter which determines
the center position of Mdssbauer spectra. The other parameters of
Mossbauer spectra - the static hyperfine field By(T), the line width
I' - are fixed. The accuracy of these parameters has a little effect
on the evaluation of a superparamagnetic relaxation rate. There-
fore, instead of two sextets having slightly different Mdssbauer
parameters, which are used to fit to Mdssbauer spectra of a bulk
CoFe,04 [34,35], only one line the shape of which is given by Eq.
(1) is applied in our model.

Because a change in the parameters R, « and ¢, can have si-
milar effects on the line shape the parameters can be not always
reliably estimated. However, the variation in the parameters « and
R can be restricted by means of additional relation. Given [21]

_ ks Ty rnK

T 2MV  2Mia (4)

where y, is the gyromagnetic ratio it follows that Ra = yK/2M.
Accordingly, the constraint Ra = const is introduced in the fitting
procedure. The results has shown that the dependences of & and h
on temperature become more stable. Because R mainly depends
on magnetic anisotropy and volume magnetization which are not
exactly known, different values of the product Ra are applied to
evaluate possible uncertainties of results (Table 2).

3. Results and discussion

Blocking temperature of the same nanoparticles in a dry state is
higher that in the frozen suspension (Fig. 2, Table 1). Considering
that CoFe,04 nanoparticles are coated with the surfactant layer
(citric acid) and CoFe,04@Au nanoparticles are coated with Au
direct exchange interactions between nanoparticles in a dry state
are unlikely. Therefore, dipolar as well as indirect exchange in-
teractions (tunnel exchange [27] or RKYY coupling [36]) should to
be used to explain observed differences. The relative contribution
of interactions to the barrier height for superparamagnetic re-
laxation depends on both the strength of interactions and the state
(superparamagnetic, spin-glass like or superferromagnetic [3]) of
the nanoparticle system. For example, it is found that the weak
dipolar interactions may not lead to an increase but to a decrease
in blocking temperature Tz and the barrier height [28]. The ar-
rangement of magnetic moments of nanoparticles is interrelated
with the strength of the interactions. It can be shown that the
dipolar interactions cause increase in the barrier height when the
effective magnetic field due to the interactions acts mostly along
the easy magnetic axis of a nanoparticle, for example, when the

Parameters of the multilevel model used in the description of Massbauer spectra: «o is median of the relative barrier height, o) is size dispersion, 7o is exponential prefactor,
and 7 and 74 are superparamagnetic relaxation time for nanoparticles in the suspension and a in dry state, accordingly. First number in range corresponds to Re=25 mm/s;

the second number — Ra=100 mm/s.

Sample T (K) o o 7, 107105 7,107 %s 74,1075 h

CoFe;04 30 0.33-0.18 2.3-05 23-18 24-18 0.2-0.11
45 0.3-0.15 2.8-06 5.7-6.0 54-58 0.15-0.09
60 0.34-0.17 3.6-0.6 22-25 21-24 0.11-0.07

CoFe;0,@Au 30 0.41-0.24 2.8-06 56-5.7 5.5-5.7 0.22-0.17
45 0.36-0.2 3.3-06 28-30 29-26 0.14-0.09
60 0.58-0.25 5.0-0.7 13-13 12-13 0.07-0.06
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magnetic moments arrange in parallel and nanoparticles order in
chains. In our case when the suspension is dried on a filter paper
the assembly of nanoparticles can be in the state between “su-
perferromagnetism”, “spin-glass order” and superparamagnetism
[3,19]. For example, the magnetic moments may be frozen at low
temperature in lowest energy “superferromagnetic” state but
when temperature increase and the magnetic moments are un-
blocked the average strength of interactions decreases due to the
fluctuations of the direction of magnetic moments.

Blocking temperature (Tp) of CoFe,0,@Au nanoparticles in the
frozen suspension which is determined at (B) ~ 0.5B, (Fig. 2a) is
lower by 18 K than that of CoFe,0,4 nanoparticles. In the case of the
dry nanoparticles, this difference is smaller (Table 1). It is evident
that Au deposition leads to a change in the properties of CoFe,04
nanoparticles similar to that reported for magnetite nanoparticles
[37]. It is noteworthy that CoFe,04@Au nanoparticles are slightly
larger because of Au shell (Fig. 1c) but the decrease in blocking
temperature can be due to the decrease in the size of a magnetic
core by ~0.2-0.4 nm.

The ordering temperature (Curie temperature) of superferro-
magnet which arises only due to dipolar interactions is given by
[19]

~ Hopm?
4r kg (5)

where p is the number of nanoparticles per unit volume. T, is of
order of 4-12 K for 2-3 nm CoFe,04 nanoparticles. It is compar-
able with the difference in blocking temperature for CoFe,04 na-
noparticles in the frozen suspension and the dried state. However,
for CoFe,04@Au nanoparticles, the difference in blocking tem-
peratures between the frozen suspension and the dried states was
similar despite the plating with gold. For nanoparticles separated
by a nonmagnetic shell the indirect exchange coupling such as a
tunnel exchange [27] and RKKY interaction [36] was considered.
RKKY (Ruderman-Kittel-Kasuya-Yosida) exchange interactions
through conducting electrons was used to explain the enhance-
ment of remanence of CoFe,O4 nanoparticles in a poly(aniline)

T

matrix [38] as well as a spin-glass type behavior of transition
metal ions diluted in a noble metal matrix [39]. In the case of
antiferromagnetic nanocrystalline materials the partial direct ex-
change interactions between the nanoparticles were found to be
responsible for the “superferromagnetic” state [18,20]. The meth-
od of effective mean field was applied to take such interactions
into consideration. In the case of exchange interactions Eq. (2) can
be replaced by

E =KV sin? 0 — Jy MZb(T)cos 6 )

Jesr is an effective exchange coupling and b(T) = l\_/l; [Ms is the
order parameter.

h=JopMZb(T)/2KV.

The multilevel model is applied to evaluate superparamagnetic
relaxation timez, median of the relative barrier height a=KV/ksT
and the strength of interactions h (Table 2) using Mossbauer
spectra measured near blocking temperature. Superparamagnetic
relaxation time for the dried nanoparticles is evaluated according
to

In the case of Eq. (6) the parameter

(1—1121% exp(a(l +h))

(7)
where 7, is the exponential prefactor [29]. It is assumed that in the
frozen suspension nanoparticles do not interact significantly. In
this case h ~ 0 and superparamagnetic relaxation time for nano-
particles in suspension is 7 = 79 exp(a).

As mentioned in the previous section, the fitting results are
obtained using the constraint of the parameters: Rag = const. The
results when const is within 25-100 mm/s region (Table 2)
corresponds to value of the magnetic anisotropy constant
K ~(1.3-5)"10° J/m? (Eq. (4)). The change in Rt is used to evaluate
possible uncertainties of parameters. The value of Ra has small
influence to the shape of the line obtained by fitting the multilevel
model to experimental spectra (Fig. 3). Its influence to super-
paramagnetic relaxation time 7 is also small in comparison with
the total range of 7 variation. The other parameters: the prefactor

Relative transmission

v, mm/s

Fig. 3. Mossbauer spectra of ultrasmall CoFe,0,4 nanoparticles before (a,c) and after gold plating (b,d) when nanoparticles are dispersed in water (a,b) and dried on the filter

paper (c,d).
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7o, median of the relative barrier height o, and dispersion of a size
ap considerably depend on the Ra value. The prefactor 7, is cal-
culated according to the relation zp = ﬁ/(ZRao3/2) [29] and is
found to be 5:10~"-5:10"'°s. The parameters ao, op and h, as
presented in Table 2, can change approximately up to 2 times. It is
noteworthy that an increase in Ra over 100 mm/s leads to unlikely,
too small values of 7o and op.

The parameter h is used to evaluate the approximate value of
effective field acting on nanoparticles either due dipolar or indirect
exchange interactions. Considering the dependences of h on Ra
(Table 2) and Ra on K (Eq. (4)) the maximum value of H
is ~ (0.9-1.7)'10° A/m for CoFe,0,4 nanoparticles. It is little larger
for CoFe,04@Au. The parameter h decreases with temperature
approximately two times within 30-60 K temperature region
(Table 2). The strength of dipolar interactions should decrease
when magnetic moments unblock and the system of nanoparticles
becomes more superparamagnetic. The exchange energy con-
tribution (Eq. (6)) decreases with the order parameter as here
<1\71§ > o (B) (Fig. 2a).

The data on median of the barrier height o (Table 2)
are compatible with the magnetic anisotropy constant
K=(1.3-5)"10°J/m> for 2-3 nm-sized CoFe,04 nanoparticles. On
the contrary, the larger value of K ~ 107 J/m?, as are reported in
Ref. [16], would lead to the size of the magnetic core of a nano-
particle of less than 1 nm. 7o depends on temperature because of
R~T [29]. ap dependence on temperature is rather close to ~T !
indicating the validity of our approximations. However, according
to ref. [40], the temperature dependence of 7, may be more
complicated and magnetic anisotropy can also be temperature
dependent.

The experimental evidence of dependence of Curie tempera-
ture on the size of nanoparticles is interesting task where the
application of Mdssbauer spectroscopy is valuable [41]. For
~ 3 nm size CoFe,04 nanoparticles magnetic ordering/Curie tem-
perature T.~ 10K has been obtained by magnetization and ac
susceptibility methods [15]. The blocking temperatures obtained
by different methods are related according to the expression:

T_g B ln(r,?,/ro)
T3 ln(r,},/ro) (8)

where 7, is the characteristic measurement time which is
1077-10"% s for Mossbauer spectroscopy. According to our data
(Table 2) blocking temperature Tz determined at (B)=x 0.5B, is
related with 7,,~5.6'10"°s for non-interacting nanoparticles,
7o~ (0.5-3)'107"%s and In(an/w) is 3-4.5. The factor In(a,/x) is
27-28 for 7,, ~ 100 s which is characteristic of the magnetization
method. Accordingly, Tz=60-90 K obtained from Mdssbauer spec-
troscopy data would correspond to Tz~ 10 K from magnetization
studies.

4. Conclusions

In the study it is obtained that blocking temperature of ultra-
small 2-3 nm size CoFe,04 and CoFe,04@Au nanoparticles in the
dry state is larger by 10-20 K in comparison with them in the
suspension. As it is known superparamagnetic blocking tempera-
ture of CoFe,04 nanoparticles depends on a number of properties:
the size, the composition, magnetic anisotropy and interactions
between the nanoparticles. Herein, the difference in blocking
temperature of same nanoparticles is explained by taking dipolar
or indirect exchange interactions into consideration. These inter-
actions should be strong enough to ensure the order of magnetic
moments of nanoparticles at low temperature similar to

“superferromagnetism”. The strength of interactions, as it is ob-
served, considerably decreases with the transition of system of
nanoparticles to superparamagnetic state. Mossbauer spectro-
scopy data for ultrasmall 2-3 nm size CoFe,04 and CoFe,0,@Au
nanoparticles are consistent with the magnetic anisotropy
(K ~ (1.3-5):10° J/m>) which is rather similar to anisotropy of bulk
CoFe,04. The gold plating of CoFe,0, nanoparticles cause a de-
crease in blocking temperature which could be due to the reduced
(by ~0.2-0.4 nm) size of the magnetic core of nanoparticles.
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