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Spis skrétow

AMF zmienne pole magnetyczne

APTES (3-aminopropylo)trietoksysilan

CNT nanorurki weglowe

CT tomografia komputerowa

DMEM komorkowe medium hodowlane

FBS ptodowa surowica bydlgca

Fl obrazowanie fluorescencyjne

FWHM szerokos¢ piku w potowie jego wysokosci

FTIR-ATR spektroskopia w podczerwieni z transformatg Fouriera wykorzystujaca zjawisko ostabionego
catkowitego odbicia

HDD heksadekanadiol

HRTEM wysokorozdzielcza transmisyjna mikroskopia elektronowa
HSP biatka szoku cieplnego

ICDD migdzynarodowa baza danych krystalograficznych
LOD gestos¢ optyczna $wiatta lasera

LSPR lokalizowany powierzchniowy rezonans plazmonowy
MMA metakrylan metylu

MPS system mononuklearnych fagocytow

MPTS (3-merkaptopropylo)trimetoksysilan

MRI magnetyczny rezonans jadrowy

NIR promieniowanie elektromagnetyczne z zakresu bliskiej podczerwieni
PAMAM poli(amidoamina)

PDA polidopamina

PEG glikol polietylenowy

PEI polietylenoimina

PET pozytronowa tomografia emisyjna

PMMA poli(metakrylan metylu)

PVA poli(alkohol winylowy)

PVP poliwinylopirolidon

SAED dyfrakcja elektronowa z wybranego obszaru

SAR wspotczynnik absorpcji wiasciwej

SERS powierzchniowo wzmocniona spektroskopia Ramana
SPR rezonans plazmondw powierzchniowych

STEM transmisyjna skaningowa mikroskopia elektronowa

STEM-EDS transmisyjna skaningowa mikroskopia elektronowa z mikroanaliza dyspersji energii
TDD tetradekanadiol

TEM transmisyjna mikroskopia elektronowa
TEOS tetraetoksysilan

THF tetrahydrofuran

VTES trimetoksywinylosilan

XRD rentgenowska dyfrakcja proszkowa
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1. Streszczenie

Praca doktorska dotyczy projektowania nowoczesnych nanomateriatow funkcjonalnych
wykorzystujacych zdolnos¢ do generowania ciepta pod wpltywem bezkontaktowej
I jednoczesnej stymulacji czynnikami zewnetrznymi takimi jak zmienne pole magnetyczne oraz
Swiatto lasera z zakresu I i Il optycznej bramki biologicznej. Efekt ten moze by¢ z powodzeniem
uzyty w selektywnej i lokalizowanej hipertermii w celu eliminacji komorek nowotworowych.
RdAwnoczesne zastosowanie obu czynnikdw indukujacych ciepto pozwala na rozwigzanie
problemu spadku efektywnosci indukcji temperatury z zakresu terapeutycznego i umozliwia
zmniejszenie stosowanego stezenia nanomateriatdbw w hipertermii. Materiaty ferrytowe
wykazuja wysoka wydajnos¢ konwersji czynnikdw stymulujacych w trybie synergii, ktéra
czesto przekracza 1000 W/g, a dla najbardziej efektywnych struktur o kontrolowanej morfologii
moze by¢ ona wigksza niz 3000 W/g. Efektywnosc¢ ta silnie zalezy od parametréw zmiennego
pola magnetycznego, stosowanej gestosci optycznej zrédia $wiatta, stezenia nanoferrytow,
rozmiaru, ksztattu czastek i ich postaci (homo-, heterostruktury, struktury wielowarstwowe,
hybrydy). Bardzo istotng kwestia jest koniecznos¢ funkcjonalizacji powierzchni
nanomateriatéw, ktdra jest wieloaspektowa. Bezposrednio przektada si¢ ona na zwigkszenie
biokompatybilnosci, efektywnosci konwersji na ciepto i ma wpltyw na inne istotne parametry
takie jak stabilnos¢ koloidalna czy tez ograniczenie odziatywan migdzyczasteczkowych.
Zbadano interakcje nanomateriatow z réznymi liniami komdrek nowotworowych raka piersi
i wskazano na zroznicowanie obserwowanych efektdw biologicznych oraz modulacji
odpowiedzi komodrek na stres cieplny. Projektowanie wysokowydajnych materiatow
generujacych ciepto moze znaczaco ograniczy¢ zjawisko termotolerancji komorek i zwiekszy¢
efektywnos¢ hipertermii. Waznym aspektem pracy doktorskiej byto opracowanie oraz
optymalizacja technik wytwarzania nanomateriatdw o kontrolowanych wiasciwosciach
I budowie takich jak goracy nastrzyk (rapid hot-injection), wzrost na rdzeniach (seed-mediated
growth), otrzymywanie heterostruktur o mieszanych wiasciwosciach magnetyczno-
plazmonowych oraz hybryd na polimerach syntetycznych. Uzyskane wyniki wskazuja na
koniecznos¢ dalszego uzupetnienia wiedzy oraz wprowadzenia nowych technik pomiarowych
umozliwiajacych precyzyjny pomiar temperatury najlepiej na pojedynczych obiektach.
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2. Abstract

Doctoral thesis was devoted to the development and engineering of modern functional
nanomaterials using their ability to heat generation under the action of non-contact
and simultaneous stimulation with alternating magnetic field and laser light from the It and 11"
optical biological window, which can be successfully used in a selective and localized
hyperthermia to eliminate cancer cells. The use of both heat-inducing stimulants in a so-called
synergy mode allows to solve the problem of efficiency decrease upon contact with
the biological system and can lead to the minimization of nanomaterials concentration
in hyperthermia. It was shown that ferrite materials possess a high conversion efficiency of both
stimulants in the synergy mode, which exceeds 1000 W/g, and for the most effective structures
with controlled morphology can be higher than 3000 W/g depending on alternating magnetic
field parameters, laser optical density, nanoferrites concentration, particle size, distribution,
shape, and their form (homo-, heterostructures, multilayer structures, hybrids). It was
underlined that particle surface functionalization is mandatory. It plays a complex role which
directly translates into increase of the ferrite biocompatibility, efficiency of heat generation,
affects other important parameters such as colloidal stability, and reduces the interparticle
interactions between ferrite particles. One of the important achievements was study of the
nanomaterials' interaction with various, model breast cancer cell lines. Diverse biological
effects and heat-response modulation were found that are dependent on the cancer cell line type.
Therefore, the development of materials with a high ability to heat generation can significantly
reduce cell thermotolerance and increase the effectiveness of hyperthermia. For the presented
doctoral thesis one of the main aspects were focused on the development and optimization
of techniques of nanomaterials fabrication with controlled properties and structure such as rapid
hot-injection, seed-mediated growth, synthesis of complex and multifunctional
heterostructures, inorganic-organic hybrids, and composites based on synthetic polymers.
The obtained results indicate the need for further studies that will allow knowledge broadening
regarding heating mechanisms, and development of new measurement techniques that will

enable precise temperature measurement on a single particle.
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3. Cel pracy

Celem pracy doktorskiej byto zbadanie efektu synergii konwersji zmiennego pola
magnetycznego i promieniowania elektromagnetycznego z zakresu bliskiej podczerwieni
na energi¢ cieplng na wybranych nanomateriatach z rodziny ferrytow (MFe20.),
ich heterostruktur oraz kompozytow jako potencjalnych kandydatow do zastosowan
biomedycznych. W pracy doktorskiej skupiono si¢ na opracowaniu oraz optymalizacji metod
syntezy réznej klasy nanomateriatbw o kontrolowanym rozmiarze, ksztaicie, sktadzie
chemicznym oraz okresleniu interakcji z wybranymi komdrkami nowotworowymi w celu

weryfikacji mozliwosci wykorzystania nanostruktur w magnetofototermii.
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Uniwersytet Rzeszowski, Pozawydziatowy Zamiejscowy Instytut Biotechnologii
Stosowanej i Nauk Podstawowych (obecnie Instytut Biotechnologii, Kolegium
Nauk Przyrodniczych, Uniwersytetu Rzeszowskiego), studia drugiego stopnia,
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7. Wstep teoretyczny

7.1. Wplyw stymulacji temperaturowej na uklady biologiczne

Termoterapie albo bardziej og6lne okreslenie temperaturowo stymulowane procesy
biologiczne to szeroko pojeta grupa technik medycznych opierajacych si¢ na zdolnosci
do podnoszenia temperatury ciata w celu wykorzystania jej wptywu na funkcjonowanie
organizmu zardwno na poziomie komdrkowym, jak i catych tkanek oraz organdw!.
Do indukowania ciepta wykorzystuje si¢ rozne czynniki takie jak mikrofale, ultradzwigki, fale
0 czestotliwosci radiowej, promieniowanie elektromagnetyczne z zakresu bliskiej podczerwieni
(ang. near-infrared, NIR), zmienne pole magnetyczne, perfuzje cieptej krwi czy tez ciepte
kapiele!™. Istotne biologicznie zakresy temperatury wplywajace na homeostaze
i funkcjonowanie organizmu to®:

. diatermia obejmujaca zakres od 37 do 41°C, ktdrej towarzyszy przyspieszenie krazenia
krwi, metabolizmu, zwigkszenie efektywnosci dyfuzji przez btony komdrkowe! co sprzyja
lepszemu dostarczeniu substancji aktywnych i tlenu do tkanek oraz zwicksza wrazliwos¢
na farmaceutyki. Przektada si¢ to na wigksza efektywnos¢ chemioterapii i kierunkowego
dostarczania lekdow!?71%  Diatermia stosowana jest w fizjoterapii i przyczynia sie
do zmniejszenia bolu regenerowanych obszaréw oraz poprawia elastycznos¢ i wytrzymatosé
tkanek na rozciaganie!’.

o Hipertermia obejmuje zakres od 42 do 48°C i ze wzgledu na obszar dziatania mozna ja
podzielic na: (1) hipertermi¢ catego ciata, (1) hipertermi¢ regionalng obejmujaca duza
powierzchnie (cate tkanki, organy lub konczyny), a takze (Ill) hipertermi¢ lokalizowana
koncentrujaca si¢ na wyselekcjonowanym obszarze lub fragmencie tkanki badz organu
(np. zmiany nowotworowe). Jest ona niezmiernie istotna w przypadku leczenia wrazliwych
organow lub mocno skomplikowanych operacyjnie zmian chorobowych, w ktérych ryzyko
uszkodzenia zdrowej tkanki musi zosta¢ zminimalizowane!?°. W omawianym zakresie
temperatury obserwuje sie dezaktywacje komorek, denaturacje biatek, blokowanie
mechanizmow naprawczych DNA, synteze biatek szoku cieplnego (ang. heat shock protein,
HSP) oraz $mier¢ komoérek na drodze apoptozy (Rys. 1.)2. Roéznice w budowie
I funkcjonowaniu miedzy tkanka zdrowsa, a mikrosrodowiskiem guza cechujacym si¢ m.in.
chaotycznym uktadem naczyn krwionosnych, niskim pH i wrazliwoscia na stres oksydacyjny
indukowany cieptem’*® powoduja, ze hipertermia znalazta zastosowanie w leczeniu choréb
nowotworowych zarébwno jako samodzielna terapia oraz skojarzona z chemoterapia,

radioterapia, immunoterapia czy tez terapig fotodynamiczna®®. Jedna z mozliwosci bardziej
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precyzyjnego wykorzystania hipertermii jest zastosowanie nanomateriatdw zdolnych
do generowania ciepta z uzyciem czynnikbw zewnetrznych (zmienne pole magnetyczne,
ultradzwieki, $wiatto z zakresu NIR)*14,

. Termoablacja obejmuje stosowanie wysokiej temperatury (>48°C), ktéra dla krétkich,
czasOw ekspozycji powoduje gwattowng denaturacje biatek, uszkodzenie DNA, destabilizacje
bton komorkowych, organelli. Konsekwencja zastosowania termoablacji jest natychmiastowe
zniszczenie komorek i catych obszaréw tkanek. Natomiast w przypadku skrajnie wysokiej
temperatury (>100°C) prowadzi ona do zweglenia (karbonizacji) badz odparowania
(waporyzacji) komérek. W wyniku ablacji nastepuje smier¢ komoérkowa na drodze nekrozy.
Zjawisko to moze powodowaé uwolnienie sktadnikow komérki i skutkowaé¢ uszkodzeniem
zdrowych komorek znajdujacych sie w bezposrednim otoczeniu guza oraz wywotywa¢ silng

odpowiedz immunologiczna291516,
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Smierci komorki
Rysunek 1. Efekty oddziatywania wysokiej temperatury na materiat biologiczny*’.
7.2. Nanomaterialy w hipertermii

Nanotechnologia daje naukowcom potgzne narzedzie umozliwiajace projektowanie
zaawansowanych nanomateriatow o wyszukanych wiasciwosciach fizykochemicznych, ktore
moga znajdowac szerokie zastosowanie w biomedycynie umozliwiajac jednoczesna realizacje
zadan zwigzanych z terapia i diagnostyka (teranostyka). Nanomateriaty sa wykorzystywane
w technikach bioobrazowania takich jak magnetyczny rezonans jadrowy (ang. magnetic
resonance imaging, MRI), tomografia komputerowa (ang. computed tomography, CT),
pozytronowa tomografia emisyjna (ang. positron emission tomography, PET), obrazowanie
fluorescencyjne (ang. fluorescence imaging, Fl). Intensywnie stosuje si¢ je jako wielofunkcyjne
nanoplatformy w systemach dostarczania lekow, terapiach przeciwnowotworowych, inzynierii

tkankowej i innych®918-20,
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Materiaty o rozmiarach nanometrycznych wykazuja odmienne  wiasciwosci
fizykochemiczne w poréwnaniu do swoich odpowiednikow w wigkszej skali. Fenomen ten
polega na tym, ze wraz ze zmniejszajacym Si¢ rozmiarem czastek drastycznie zwigksza sig¢
stosunek powierzchni nanomateriatu do jego objetosci (Rys. 2.). Jednym z efektow jest zatem
zwigkszenie frakcji atomow znajdujacych sie na powierzchni w stosunku do wnetrza czastki,
co prowadzi do pojawienia si¢ zupetnie nowych, ekscytujacych zjawisk!?2122 Nanoczastki
zyskuja unikatowe wlasciwosci optyczne, magnetyczne, mechaniczne, katalityczne oraz
zmienia si¢ ich reaktywnos¢ chemiczna. W kontekscie wiasciwosci biologicznych maty
rozmiar w znaczacy sposob utatwia internalizacje nanomateriatbw w komérkach zaréwno
na drodze pasywnej endocytozy (fagocytoza, pinocytoza), jak i aktywnej (endocytoza
receptorowa), a z kolei duza powierzchnia whasciwa jest potencjalnym zrodiem efektywnych

interakcji z uktadami biologicznymil?923,

S=6u? S=12u? S=241u% S=48u?
V=1ud V=1u V=1u® V=1u®
S/V = 6:1 S/V =121 S/V = 24:1 S/V =48:1
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Rysunek 2. Zmiana stosunku powierzchni do objetosci jako potencjalne zrédto odpowiedzialne za unikatowe
wiasciwosci nanoobiektow.

Na przestrzeni ostatnich lat szczegdlng uwage przyciaga zjawisko hipertermii indukowanej
z uzyciem nanomateriatdw zdolnych do bezkontaktowego generowania ciepta pod wptywem
czynnikéw zewnetrznych (Rys. 3.). Zastosowanie nanoczastek w postaci bezposredniego
wlewu dozylnego umozliwia ich akumulacje w tkance zmienionej chorobowo. Zlokalizowane,
a wigc precyzyjne dziatanie moze prowadzi¢ do zwigkszenia efektywnosci terapeutycznej przy
jednoczesnym zminimalizowaniu efektéw ubocznych. Wykorzystanie inteligentnych
nanostruktur pozwala na opracowanie wielu strategii obejmujacych m.in. stymulowanie
procesOw regeneracyjnych, termiczne niszczenie komdérek nowotworowych, ale réwniez
umozliwia projektowanie wielofunkcyjnych platform do dostarczania i uwalniania
farmaceutykow?!#10.212224-26 * \\/  gbrebie zastosowan w temperaturowo stymulowanych
procesach biologicznych na bazie nanomateriatdbw najczesciej stosuje si¢ hipertermie
magnetyczng, w ktdrej ciepto indukowane jest za pomoca zmiennego pola magnetycznego oraz
fototermig, w ktorej czynnikiem stymulujacym jest promieniowanie elektromagnetyczne

z zakresu NIR. Stad tez nanoczastki musza cechowacé sie¢ bardzo dobrymi wiasciwosciami
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optycznymi i/bagdz magnetycznymi. Sposrdd wielu réznego rodzaju zwiazkéw i struktur
w indukcji ciepta najczesciej stosuje sie nastepujace klasy materiatow:

o nanoczastki metali, w szczeg6lnosci srebra (Ag), ztota (Au) oraz platyny (Pt).
Ich wiasciwosci optyczne silnie zaleza od rozmiaru i morfologii, a efekt zwigzany
z powierzchniowym rezonansem plazmonowym (ang. localized surface plasmon resonance,
LSPR) stanowi podstawe ich ogromnego potencjatu aplikacyjnego. W skrocie, w wyniku
oddziatywania promieniowania elektromagnetycznego nastepuje kolektywna oscylacja plazmy
elektronbw na powierzchni nanostruktur (rezonans plazmonéw powierzchniowych,
ang. surface plasmon resonance, SPR). Zjawisko to prowadzi do wytworzenia na powierzchni
nanoczastek silnego lokalnego pola elektrycznego, ktérego efektem ubocznym jest
generowanie strat cieplnych. Nanoczastki metali cechuja si¢ szerokim zakresem spektralnym
absorpcji, a potozenie pasm absorpcyjnych mozna kontrolowa¢ za pomoca ich rozmiaru
i ksztattu®19,

o Nanostruktury weglowe w tym dwuwymiarowy (2D) grafen oraz powstajace w wyniku
zwiniecia grafenu jednowymiarowe (1D) nanorurki weglowe (and. carbon nanotubes, CNT).
Wiasciwosci fizykochemiczne struktur opartych o grafen wynikaja z efektow generowanych
przez efekt rozmiarowy (wazny jest stosunek srednicy do dtugosci - ang. aspect ratio). Grafen
i jego rozne postacie wykazuja bardzo dobre wiasciwosci absorpcyjne i stanowig ciekawa
alternatywe w stosunku do innych substancji stosowanych w fototermii219:27:28,

o Kropki kwantowe, czyli substancje na bazie materiatbw potprzewodnikowych
0 rozmiarze do 20 nm (np. CdSe)?*32. W kropkach kwantowych wykorzystywany jest szeroko
opisywany w literaturze efekt ograniczenia kwantowego (ang. quantum confinement effect),
ktory pozwala na ksztattowanie wielkosci przerwy wzbronionej za pomoca rozmiaru czastki®®-
%, Podobnie jak w przypadku materiatéw wykazujacych luminescencje jednym z efektow
ubocznych prowadzacych do indukcji ciepta sg procesy nieradiacyjne zwigzane z powrotem
czastki ze stanu wzbudzonego do stanu podstawowego bez emisji kwantu swiatta i dyssypacji
energii na drgania sieci krystalicznej (fonony sieci), ktore w konsekwencji generuja ciepto1%-2¢,
o Nanomateriaty (nanokrysztaty) domieszkowane pierwiastkami ziem rzadkich.
Najczesciej mowa tu o matrycach krystalicznych domieszkowanych tréjdodatnimi jonami
lantanowcow (Nd**, pary Yb*/Er®* i inne). Do jednych z najbardziej efektywnych naleza
nanoczastki domieszkowane wysokimi stezeniami Nd®*. Obserwowany wzrost temperatury jest
nastepstwem ztozonych proceséw o charakterze nieradiacyjnym obejmujacych relaksacje
wielofononows, krzyzowa, wygaszanie stezeniowe, ktérych prawdopodobienstwo drastycznie
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wzrasta wraz ze zwiekszeniem ilosci centrow aktywnych oraz zmniejszaniem sie ich wzajemnej
odlegtosci. Zastosowanie kationdw Nd** zapewnia wysoka selektywnos¢ indukcji ciepta, gdyz
dtugosé fali swietlnej 808 nm jest dopasowana do potozenia pasma absorpcji Nd** i dodatkowo
znajduje sig w zakresie spektralnym obejmujacym pierwsza optyczng bramke biologiczng
(minimum absorpcji uktadu biologicznego)t?*’. Interesujacym aspektem zwigzanym
z wykorzystaniem tego typu nanomateriatdbw w aplikacjach biomedycznych sa mozliwosci
ich zastosowania do doktadnego pomiaru temperatury w oparciu o termometrie emisyjng®8%.
. Nanoczastki magnetyczne, ktére ze wzgledu na swoje bardzo dobre wiasciwosci
magnetyczne, optyczne, stabilnos¢ chemiczng, a takze wystepowanie zjawiska
superparamagnetyzmu znajduja szerokie zastosowanie w magnetotermii jak i fototermii.
Najwiekszy potencjat aplikacyjny wykazuja nanoczastki tlenkow zelaza takie jak magnetyt
(FesOs o mieszanej walencyjnosci zelaza) oraz magemit (y-Fe20s3). Wiasciwosci obu tych
materiatdw roznig sie¢ dos¢ znaczaco. Dla przyktadu y-FeoOs cechuje si¢ stabg zdolnoscig
do absorpcji $wiatta NIR i gorszymi wiasciwosciami magnetycznymi niz FesOs. Za to jest
bardziej stabilny chemicznie i nie ulega reakcji Fentona przez co nie generuje wolnych
rodnikow tlenkowych i jest postrzegany jako bardziej biokompatybilny i bezpieczny*®4,
Ze wzgledu na bardzo dobre wiasciwosci magnetyczne i optyczne w pracy doktorskiej wybrano
magnetyt oraz pozostate ferryty (domieszkowane metalami grupy przejsciowej) jako
potencjalne substancje, ktore beda charakteryzowaty sie¢ wysoka efektywnoscig konwersji
zmiennego pola magnetycznego i promieniowania elektromagnetycznego z zakresu NIR

na energie cieplngh252242,

hipertermia magnetyczna
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Rysunek 3. Koncepcja zastosowania nanomateriatbw w nowoczesnych terapiach zwalczania chordb

neoplastycznych w oparciu o zjawisko hipertermii lokalizowanej.
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7.3. Mechanizmy konwersji zmiennego pola magnetycznego na energie cieplng

Materiaty magnetyczne cechuja si¢ zdolnoscia do konwersji zmiennego pola
magnetycznego (ang. alternating magnetic field, AMF) na energi¢ cieplna. Indukcja ciepta
odbywa si¢ na drodze generowania strat cieplnych na drodze trzech gtéwnych mechanizméw
(I) strat zwigzanych z petla histerezy (pole koercji, Pn), (Il) strat spowodowanych pradami
wirowymi (Pw) oraz (lIl) strat resztkowych (Pr), na ktdére sktada si¢ relaksacja Néela

i Browna? 12144344 Qgdlnie, catkowite straty mozna opisa¢ za pomoca ponizszego rownania:

Pca{kowite straty energetyczne = Ph + Pw + Pr- (1)

Pierwszy mechanizm zwigzany jest z dyssypacja energii w postaci ciepta podczas petnego
cyklu magnetyzacji. Wynika on ze zjawiska histerezy magnetycznej (Rys. 4.) i wystepuje
w materiatach magnetycznych o strukturze domenowej. W trakcie przytozenia zewngtrznego
pola magnetycznego momenty magnetyczne poszczeg6lnych domen orientujg si¢ rownolegle
z kierunkiem pola, az do osiaggniecia nasycenia magnetyzacji (pierwotna krzywa
namagnesowania, Rys. 4. odcinek od a do b). Usunigcie zmiennego pola powoduje
zmniejszenie indukcji magnetycznej do wartosci namagnesowania szczatkowego (Br,
remanencja). Nastgpnie uzycie zewnetrznego pola magnetycznego o kierunku przeciwnym
skutkuje przemagnesowaniem domen magnetycznych i ich reorientacje zgodnie z biezacym
kierunkiem pola magnetycznego. Uzyskane w petnym cyklu przemagnesowania krzywe tworza
tzw. petle histerezy. Jej pole powierzchni odpowiada energii cieplnej (stratom energetycznym)
wygenerowanej w cyklu magnetyzacji. Ksztalt petli histerezy niesie ze soba informacje
0 wilasciwosciach magnetycznych materiatu. Wartos¢ energii  zewnetrznego pola
magnetycznego niezbedna do przejscia materiatu z namagnesowania Szczatkowego
do namagnesowania zerowego (Rys. 4. od ¢ do d) okreslana jest pojeciem Kkoercji
magnetycznej. Pozwala ona na podziat materiatow na magnetyki twarde o duzym polu koercji
oraz magnetyki migkkie o matym polu koercji. Te ostatnie charakteryzuje wysoka wartosé
nasycenia namagnesowania w pordwnaniu do twardych magnetykow®®®. Ciekawym
technologicznym rozwigzaniem jest projektowanie nanoczastek o strukturze typu rdzen-
otoczka (ang. core-shell), ktore zbudowane moga by¢ z dwoch magnetykdéw roznego typu
(twardy-miekki lub miekki-twardy). Ich wihasciwosci magnetyczne beda wypadkows cech
obu komponentow. Ten sposéb manipulowania magnetyzmem pozwala na korzystne
zwigkszenie odpowiedzi materiatu na zmienne pole magnetyczne i moze skutkowaé wieksza

wydajnoscia generowania ciepta®®4’.
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Rysunek 4. Schematyczne przedstawienie petli histerezy wraz z podstawowymi wielkosciami
charakteryzujacymi materiat magnetyczny*.
Kolejnym mechanizmem jest ten zwigzany z indukowaniem pradéw wirowych
pod wplywem dziatania zmiennego pola magnetycznego. Przede wszystkim bedzie on zalezat
od klasy materiatu (przewodnik, potprzewodnik, dielektryk) oraz parametréw przytozonego

pola (Rys. 5.)%.
pierwotne pole
magnetyczne
prad zmienny | —,

prady wirowe

2

wtoérne pole magnetyczne

‘ material przewodzacy prad elektryczny

Rysunek 5. Schemat przedstawiajacy powstawanie pradéw wirowych?,

Prady wirowe, generowane w wyniku uzycia zbyt wysokich wartosci czestotliwosci i natgzenia
zmiennego pola magnetycznego, moga oddziatywac bezposrednio na kationy zelaza znajdujace
sie w ugrupowaniu hemowym krwi. Co z kolei moze wywota¢ niepozadane skutki uboczne
I efekt niespecyficznego obszarowo generowania ciepta. Bezpieczenstwo terapii
magnetotermicznej bedzie zalezne od dostosowania parametrdw zmiennego pola
magnetycznego. Przyjmuje sig, ze iloczyn czestotliwosci 1 natgzenia zaproponowany przez
Atkinsona i Brezovicha powinien byé mniejszy niz 4,85 x 108 A/ms. Z kolei Hergt twierdzi

ze winien on byé nie wiekszy niz 5 x 10° A/ms*=1, Mimo, ze hipertermia indukowana
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magnetycznie badana jest od wielu lat i wiadomo, ze jej efektywnos¢ zalezy od bardzo wielu
czynnikéw, to w fachowej literaturze znalez¢ mozna niewiele prac dotyczacych korelacji
pomiedzy parametrami pola magnetycznego, czasem ekspozycji a wystgpieniem efektow
ubocznych czy tez rodzajem tkanki®?.

Ostatnim mechanizmem generowania ciepta pod wplywem zmiennego pola
magnetycznego sa straty resztkowe wynikajace z relaksacji Néela i Browna’'2%%, Mechanizm
relaksacji Néela polega na reorientacji momentu magnetycznego wewnatrz nanoczastki
zgodnie z kierunkiem przytozonego pola magnetycznego (Rys. 6b.), a jej czas relaksacji
wyrazony jest wzorem:

ﬂ
Ty = Toekt, (2)

gdzie: K - oznacza statg efektywnej anizotropii, V - objetos¢ materiatu magnetycznego, k - stata
Boltzmana, T - temperatura bezwzgledna. Natomiast relaksacja Browna polega na fizycznej
reorientacji catej nanostruktury zgodnie z kierunkiem przytozonego pola magnetycznego (Rys.

6b.). Czas relaksacji Browna mozna wyznaczy¢ zgodnie z ponizszym réwnaniem:

5 =708 (3)

gdzie: i - lepkos¢ medium, Vi - objetos¢ hydrodynamiczna, k - stata Boltzmana, T - temperatura
bezwzgledna. Relaksacje Browna i Néela moga wystepowaé jednoczesnie, a dominujgcym
procesem jest ten, ktory ma krotszy czas relaksacji. Efektywny czas relaksacji (z) wyraza si¢

wzorem:

— INTB (4)

TR+TN
Zarowno relaksacja Néela i Browna zalezg od rozmiaru nanoczastek. Wykazano, ze ta pierwsza
bedzie miata dominujacy charakter w przypadku matych obiektow, a druga odgrywa istotng
role w kontekscie duzych czastek. Ponadto czynnikiem wptywajacym na relaksacje Browna
jest lepkos¢ medium. Lepkos¢ (jej wzrost) ogranicza mobilnos¢ nanoczastek i ich rotacje czego
efektem jest spadek efektywnosci generowania ciepta*>*. W przypadku stosowania hipertermii
magnetycznej in vivo preferowane sg zatem nanomaterialy o mniejszej srednicy
hydrodynamicznej, w ktorych dominuje relaksacja Néela. Maty rozmiar czastek jest rowniez
korzystny w przypadku internalizacji w komdrkach. Jak zatem wida¢, dobranie odpowiedniego
rozmiaru czastek ma krytyczne znaczenie w kontekscie zwiekszania wydajnosci generowania

ciepta w oparciu o powyzsze mechanizmy?2,
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Rysunek 6. Typowy przebieg zaleznosci indukcji magnetycznej od natgzenia pola magnetycznego dla
materiatdw superparamagnetycznych (a). Mechanizmy relaksacji Néela i Browna (b)*.

Rozmiar czastek magnetycznych jest kluczowym parametrem decydujacym o interakcji
materiatu ze zmiennym polem magnetycznym. Wystepowanie zjawiska efektu rozmiarowego
determinuje wlasciwosci magnetyczne danej substancji a zatem bedzie wptywac
na efektywnos¢ indukcji ciepta w oparciu o przedstawione mechanizmy strat cieplnych. Duze
czastki charakteryzuja sie strukturag wielodomenowa, w ktorych przemagnesowanie odbywa si¢
w wyniku przesuwania $cian domenowych. Cechg charakterystyczng materiatéw
wielodomenowych jest wzrost wartosci pola koercji wraz ze zmniejszajacym si¢ rozmiarem
(Rys.7.). Wzrost ten obserwowany jest do pewnego krytycznego rozmiaru nanoczastek,

przy ktérym pole koercji osigga wartos¢ maksymalna i pdzniej drastycznie spada.

Jednodomenowe Wielodomenowe
AN
o © DT
Super- é
‘paramagnetyki o A

Pole koercji

Rozmiar nanoczastek

Rysunek 7. Zaleznos¢ pola koercji od rozmiaru nanoczastek i ich struktury magnetycznej®®.

Dalsza redukcja rozmiaru warunkuje przejscie struktury z  wielodomenowej

do jednodomenowej. W konsekwencji, gdy magnetyk osiagga graniczny rozmiar ziarna pojawia
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sie¢ stan okreslany mianem superparamagnetycznego. Zjawisko superparamagnetyzmu polega
na tym, iz nanoczastki zaczynaja zachowywac¢ si¢ jak indywidualne momenty magnetyczne
I ulegaja spontanicznemu przemagnesowaniu. Superparamagnetyki cechuja si¢ tym,
ze W przebiegu petli histerezy pole koercji i remanencja maja praktycznie wartos¢ zerows (Rys.
6a.). Powoduje to, ze generowanie ciepta w przypadku tych materiatéw odbywa sie gtdwnie za
posrednictwem mechanizméw resztkowych zwiazanych z relaksacja Néela oraz Browna>>>=>’,

Z punktu widzenia efektywnosci generowania ciepta i koniecznosci o0siggniecia
biologicznie waznego zakresu temperatury istotnym aspektem jest optymalizacja stezenia
nanoczastek magnetycznych w zawiesinach koloidalnych!2°8, Zbyt wysokie stezenie materiatu
moze przyczyni¢ sie do zmniejszenia odlegtosci migdzyczasteczkowych i zwiekszenia
interakcji kolektywnych, co bezposrednio wptywa na takie wielkosci jak koercja, remanencja,
temperatura blokowania, podatnos¢ magnetyczna oraz czasy relaksacji. W takim przypadku
najczesciej obserwowanym rezultatem jest wyrazny spadek wydajnosci indukcji ciepta.
Jednym ze skuteczniejszych sposobOw na ograniczenie tego zjawiska jest zastosowanie
odpowiedniej strategii modyfikacji powierzchni nanoczastek?.

Funkcjonalizacja powierzchni nanomateriatdbw jest zagadnieniem wieloaspektowym
i stosunkowo skomplikowanym. Opracowanie odpowiedniej strategii doboru ligandow
wymaga znajomosci wiasciwosci fizykochemicznych nanomateriatu (Swiadomosé wptywu
funkcjonalizacji na wiasciwosci magnetyczne), wiedzy o sposobach stabilizacji dyspersji
nanoczastek a takze o potencjalnych konsekwencjach wynikajacych z wyboru wiasciwej
molekuty na biokompatybilnos¢ uktadu. Stad podczas projektowania zaawansowanych
nanomateriatdbw  funkcjonalizacja musi gwarantowa¢ osiagnigcie  kilku istotnych
celéw: () zapobiega¢ aglomeracji, (II) zapewnia¢ wysoka stabilnos¢ koloidalna,
(I11) ogranicza¢ magnetyczne oddziatywania migdzyczasteczkowe oraz (IV) zapewnié
biokompatybilnog¢®14:°980 W odniesieniu do pierwszego problemu zwiazanego z aglomeracja
czastek funkcjonalizacja powierzchni powinna umozliwi¢ przygotowanie zawiesiny
koloidalnej ztozonej z indywidualnych i odseparowanych od siebie nanoczastek. Jednoczesnie
wybdr zwigzku chemicznego do modyfikacji powierzchni winien zapewni¢ odpowiednig
stabilnosc¢ koloidu czy to na drodze stabilizacji sterycznej, elektrostatycznej badz o charakterze
mieszanym tak aby dystrybucja nanoczastek w catej objetosci medium byta jednorodna. Oba
cele (1) i (II) pozwolg na zapobieganie sedymentacji nanoczastek, umozliwia rownomierne
przekazywanie indukowanego ciepta w catej objetosci, a zminimalizowana aglomeracja
czastek zapewni wysoka powierzchnig kontaktu i bardziej efektywna wymiang cieplna.
W kontekscie ograniczenia niepozadanych magnetycznych interakcji miedzyczasteczkowych
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cel ten mozna osiggna¢ poprzez dobdr ligandu o odpowiedniej wielkosci, ktory skutecznie
ograniczy oddziatywania wymienne. Istotnym elementem etapu projektowania tego rodzaju
materiatdbw jest rowniez wybdr ligandu w taki sposob, aby caly uktad byt w pemni
biokompatybilny i nie powodowat niepozadanych efektow w wyniku jego oddziatywania
z liniami komoérkowymi czy tez tkankami w zastosowaniu in vivo. Nie sg to zagadnienia proste
I czesto spetnienie wszystkich tych zatozen mocno zaweza mozliwosci wyboru odpowiedniej
czasteczki, ktdra zostanie wykorzystana jako ta wiasciwa. Nalezy rowniez wspomniec, iz czgsto
sam dobdr strategii syntezy nanomateriatdbw wymusza przed ich wiasciwa funkcjonalizacja
powierzchni wykonania procedury wymiany ligandu. Dotyczy to gtéwnie syntez, ktore
prowadzi sic w warunkach silnie hydrofobowych®®. Tego typu techniki otrzymywania
wymagaja zmiany charakteru nanoczastek z hydrofobowego na hydrofilowy, tak aby uzyskac
zawiesiny wodne. Warunkiem skutecznej wymiany ligandu jest zastosowanie substancji
o silnym powinowactwie do powierzchni nanoczastek, co umozliwi szybkie i efektywne
zastapienie ligandu o charakterze hydrofobowym®?,

Efektywna metoda modyfikacji powierzchni nanomateriatéw jest zastosowanie zwigzkow
dwufunkcyjnych zawierajacych takie grupy funkcyjne jak -COOH, -OH, -NH>, -SH, ktore
oprdcz wcezesniej wspomnianych celéw, moga pozwoli¢ na dalszg biokoniugacje badz nadadza
sfunkcjonalizowanym nanomateriatom specyficznosci wzgledem konkretnych biomolekut
lub makromolekut (peptydy, biatka, przeciwciata itp.)>%%3, Sity wigzace ligand z powierzchnig
nanomaterialu maja charakter oddziatywan elektrostatycznych przez co tworzone wigzania
chemiczne moga by¢ kowalencyjne, koordynacyjne, jonowe, wodorowe oraz mie¢ charakter
bardzo stabych interakcji van der Waalsa®'4*°. Do funkcjonalizacji nanomateriatow mozna
wykorzystywaé réznego rodzaju czasteczki organiczne lub nieorganiczne. Ponizej krotko
omdwiono jedne z najbardziej popularnych. Natomiast dobdr odpowiednich molekut nie musi
ograniczac si¢ do przedstawionego zestawienia, zalezy od konkretnej sytuacji i przeznaczenia
nanomateriatu:

. male czasteczki i surfaktanty®®45¢ wybor jest bardzo szeroki a jako szczegdlnie
ciekawy przyktad z punktu widzenia niniejszej pracy stanowi funkcjonalizacja pochodnymi
organofosfonowymi (kwasy: etydrynowy, alendronowy, fenylofosfonowy, etylofosfonowy,
dietylenotriaminopentakis(metylo-fosfononowy), (3-aminopropylo)fosfonowy, oktano-1,8-
difosfonowy, nitrylotri(metylofosfonowy))®’. Zwiazki te wykazuja silne powinowactwo
do powierzchni tlenkéw metali mieszanych w tym miedzy innymi ferrytdw wigzac si¢
z nimi silnymi wigzaniami kowalencyjnymi badz koordynacyjnymi. Zapewniajg dobra
biokompatybilnos¢ uktadu modyfikowanego, zabezpieczaja powierzchni¢ nanomateriatow
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przed utlenieniem (wazne w kontekscie Fesz0s) 1 mogag by¢ wykorzystane
w koniugacji z innymi biomolekutami (warunek dwufunkcyjnos¢). Ponadto zwiazki
organofosfonowe maja ogromny potencjat w zastosowaniach biomedycznych. Od lat stosuje
si¢ je w terapii chorob zwigzanych z nieprawidtows przebudowsa w obszarze tkanki kostnej,
takich jak choroba Pageta, osteoporoza, hiperkalcemia czy tez chorobami nowotworowymi
kosci 0 roznej etiologii®®-"2,

o Polimery to ztozone molekuty posiadajace grupy funkcyjne o réznym charakterze, ktére
umozliwiajg skuteczng modyfikacje powierzchni. Pozwalaja one na uzyskanie przez
nanostruktury okreslonej aktywnosci, zapewniaja dobra biokompatybilnos¢. Do najbardziej
popularnych polimeréw wykorzystywanych w funkcjonalizacji nanoczastek naleza glikol
polietylonowy (PEG), poliwinylopirolidon (PVP), dekstran, chitosan, polietylenoimina (PEI),
polidopamina (PDA), poli(alkohol winylowy) (PVA). W przypadku PEG i dekstranéw
ich popularno$¢ zwigzana jest z tym, iz tworza stabilne zawiesiny w roztworach wodnych,
nadajg nanomateriatom wysoka biokompatybilnos¢ oraz wydtuzajg okres poitrwania
nanomateriatdw we krwi. Sam proces pokrywania PEG-iem doczekat si¢ w literaturze fachowej
nazwy - pegylacja. Dodatkowa wartoscig dodana stosowania tego polimeru jest to, ze poprawia
internalizacje nanomaterialu w komoérkach i co najwazniejsze dezaktywuje system
mononuklearnych fagocytow (MPS). Dzigki czemu materiaty modyfikowane PEG-iem
sa niewidoczne dla struktur obronnych organizmu i stad tez moga diuzej cyrkulowaé
w krwiobiegu”. Istotng wada powtok polimerowych w przypadku funkcjonalizacji PEG, PVP
czy tez dekstranOw jest ich mata stabilnos¢ w czasie wynikajaca ze stabego charakteru wigzania
migdzy powierzchnig nanomateriatu a polimerem przez co jest on wymywany z powierzchni
nanomateriatu i uklad traci swoje cenne wiasciwosci®?3%074-76  Innym  przyktadem
funkcjonalizacji wykorzystujacym zwiazki wielkoczasteczkowe jest zastosowanie polimerow
pochodzenia naturalnego np. chitosanu. Polimer ten posiada dwa rodzaje grup funkcyjnych
(aminowa i hydroksylowa), przez co wykazuje powinowactwo do powierzchni tlenkéw zelaza
zapewniajac wysoka stabilnos¢, hydrofilowos¢ oraz biokompatybilnos¢. Ponadto chitosan
moze partycypowaé W procesie otwierania potgczen miedzy komorkami nabtonkowymi
ulatwiajac transport nanoczastek przez bariery biologiczne’. Ciekawym sposobem ochrony
uktadéw biologicznych przed bezposrednim kontaktem z nanomateriatami jest enkapsulacja
nanoczastek wewnatrz miceli tworzonych przez amfifilowe kopolimery, ktérych hydrofobowa
strefa odpowiada za uwiezienie materiatu o wtasciwosciach hydrofobowych. Rolg hydrofilowej
zewnetrznej powtoki polimerowej jest stabilizacja catej heterostruktury w zawiesinach

wodnych lub mediach biologicznych®®77,
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o Kwasy karboksylowe, wielokarboksylowe wraz z aminokwasami, to bardzo popularna
grupa zwigzkéw jedno lub wielofunkcyjnych o roznych dtugosciach tancucha alifatycznego
badz o charakterze aromatycznym. Kwasy karboksylowe o dtugich tancuchach (kwas
oleinowy, kwas dekanowy) stosowane sa bezposrednio w syntezach nanomateriatéw, ktore
pozwalaja na kontrole morfologii czastek i sterowanie kierunkowym wzrostem krystalitow?28-
8 Wada ich zastosowania jest to, iz diugi tancuch alifatyczny nadaje czastkom charakter
hydrofobowy wymuszajac dodatkowy procesu wymiany ligandu®?2738182 Natomiast uzycie
kwasow karboksylowych zwierajacych rézne grupy funkcyjne pozwala na kontrole charakteru
powierzchni  nanoczastek (hydrofilowy/hydrofobowy/amfifilowy), otwiera mozliwosé
stabilizacji zawiesin koloidalnych nanoczastek oraz umozliwia skuteczna biokoniugacje w celu
nadania odpowiedniej specyficznosci czastkom (kwas cytrynowy, EDTA, kwas
nitrylotrioctowy, kwas glutarowy)83-8,

o Dendrymery to grupa zwigzkéw charakteryzujaca sie rozgateziong strukturg
makroczasteczek o zwykle bardzo regularnej budowie. Skomplikowana architektura, duza
powierzchnia wiasciwa i wyeksponowane liczne grupy funkcyjne sprawiaja, ze nanomateriaty
funkcjonalizowane dendrymerami (np. PAMAM - poli(amidoamina)) stanowia platformy
do systemow dostarczania lekow o wysokiej specyficznosci’?8-%°,

o Zwiazki metaloorganiczne na bazie krzemu, modyfikacja powierzchni materiatem
krzemionkowym pozwala na uzyskanie wysokiej biokompatybilnosci, stabilnosci oraz

hydrofilowosci®®1-94

. Sama technika pokrywania jest relatywnie prosta i nie wymaga
stosowania wyszukanej metodologii. Do najpopularniejszych odczynnikow chemicznych
zaliczy¢ trzeba tetraetoksysilan (TEQOS), (3-aminopropylo)trietoksysilan (APTES),
trimetoksywinylosilan (VTES), (3-merkaptopropylo) trimetoksysilan (MPTS). Ogromna zaleta
wymienionych zwigzkOw jest to, iz moga one stanowi¢ punkt wyjscia w tworzeniu
heterostruktur o zr6znicowanym skladzie materiatowym, ktére tgcza ze soba rézne wiasciwosci
fizykochemiczne np. opto-magnetyczne®>*’,

Szczegolny wpltyw na wihasciwosci magnetyczne nanomateriatu ma anizotropia, do ktorej
zaliczamy kilka rodzajow: magnetokrystaliczna, ksztattu, powierzchni, indukowana.
Anizotropia magnetokrystaliczna wynika bezposrednio z interakcji pola krystalicznego oraz
sprzezenia typu spin-orbita przez co w najwigkszym stopniu zalezy od struktury krystalicznej
nanomateriatu i jej niedoskonatosci (defekty sieci, modyfikacje strukturalne). Anizotropia
magnetokrystaliczna w materiatach magnetycznych zwigzana jest z obecnoscia tzw. tatwej osi
namagnesowania, ktéra jest rownolegta do jednej z osi krysztatu. Moment magnetyczny
jednodomenowych nanoczastek magnetycznych ma zazwyczaj tylko dwie stabilne orientacje
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antyréwnolegte do siebie. Oddzielone sg one od siebie barierg energetyczng (energia anizotropii
(Ea)). Wielkos¢ ta jest proporcjonalna do statej anizotropii magnetokrystalicznej (K) i objetosci

nanoczastek (V) i wyraza si¢ nastepujacym wzorem:
E, = KV.(5)

Istota powyzszego rOwnania jest zmniejszanie si¢ energii potrzebnej do reorientacji spinu
magnetycznego®®®.

Kolejny parametr wptywajacy na wiasciwosci magnetyczne jest zwigzany z anizotropia
ksztattu nanomateriatu. W badaniach prowadzonych przez r6zne grupy naukowcow wykazano,
ze anizotropia ksztattu zmienia si¢ w szeregu morfologii czastek w nastepujacy sposob
SARgwiazdy> SARszesciany™> SARnanokwiaty™> SARoktaedry™> SARnanoprety. T€90 typu anizotropia
bezposrednio wptywa na zwigkszenie wydajnosci generowania ciepta (wyzsze straty cieplne).
Gléwnym powodem takiego zachowania jest pojawienie si¢ wiecej niz jednej tatwej osi
namagnesowania>®%. W przypadku anizotropii powierzchni obserwowane sa ztamania
elementdw symetrii, ktdre moga powstawac poprzez wystepowanie defektow na powierzchni
(niewysycone wiazania, obnizona liczba koordynacyjna atoméw, zmiany odlegtosci wiazan,
odksztatcenia powierzchni i inne)!®. Parametr ten w pierwszym przyblizeniu zalezy
od rozmiaru czastek definiujacej powierzchnie wiasciwg, ktora rosnie wraz z redukcja

wielkosci czastki?®.
7.4. Konwersja promieniowania elektromagnetycznego na energie cieplna

Promieniowanie elektromagnetyczne oddziatujac z materiag moze powodowaé szereg
efektéw takich jak pochtanianie, odbicie oraz rozproszenie. Konsekwencja wystapienia
zjawiska absorpcji jest przejscie uktadu ze stanu podstawowego na stan wzbudzony i jego
koncowa relaksacja. Moze ona przebiega¢ w sposéb promienisty, a wiec z emisjg kwantu
Swiatta (proces radiacyjny) lub tez niepromienisty (proces nieradiacyjny), ktory skutkuje
zwigkszeniem drgan fonondw sieci krystalicznej czego koncowym efektem jest generowanie
ciepta (Rys. 8a.). Oba procesy zaleznie od rodzaju materiatu moga zachodzi¢ jednoczesnie
i by¢ konkurencyjne wzglgdem siebie.

Dla wydajnego wykorzystania swiatta z zakresu VIS-NIR w fototermii kluczowym jest
odpowiedni dobor zwigzkoéw. Gtownymi cechami, ktorych poszukuje sie wsrod kandydatow
do tego rodzaju aplikacji sg przede wszystkim: zdolnos¢ do intensywnej absorpcji dtugosci fali
dopasowanych do tzw. optycznego okna (bramki) biologicznego, powinien dominowaé

mechanizm depopulacji poziomoéw wzbudzonych na drodze relaksacji niepromienistej, matryca
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winna posiada¢ wysoka energie fondw, stezenie jondw optycznie aktywnych musi by¢ wysokie,
a odlegtosci od centrow aktywnych jak najmniejsze, co drastycznie zwigksza
prawdopodobienstwo migracji energii i jej rozproszenia na sposob ciepta na drodze ztozonych
procesdw nieradiacyjnych®2,

W przypadku uzycia tego rodzaju materiatdw w fototermii niezbedne jest dopasowanie ich
wiasciwosci optycznych do uktadu biologicznego. W literaturze od lat funkcjonuje pojecie
biologicznego okna optycznego, ktdére bezposrednio odnosi si¢ do zakresu spektralnego
w obszarze bliskiej podczerwieni, dla ktdrego absorpcja $wiatta jest minimalna (Rys.
8b.)1101192 Wyrdzni¢ mozna dwie bramki biologiczne: (1) dla dtugosci fali swiatta 700 - 980
nm, absorpcja swiatla osigga swoje minimum, ale obserwuje si¢ pewien wktad zwigzany
z rozpraszaniem oraz (Il) determinowana zakresem 1000 - 1400 nm, dla ktérego wystepuje
minimum zwigzane z rozpraszaniem, ale kosztem podwyzszonej absorpcji. Wspomniane
zakresy pozwalaja na selektywne dobranie dtugosci fali gwarantujac absorpcje tylko przez
stosowany material. Umozliwia wyeliminowanie autofluorescencji uktadu biologicznego,
zapewni wzglednie gtgcboka penetracje tkanek oraz zminimalizuje ryzyko wystapienia
wtornych uszkodzen ze wzgledu na nisko energetyczny charakter promieniowania

elektromagnetycznego z zakresu NIR™1724:103-109
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Rysunek 8. Schemat oddziatywania promieniowania elektromagnetycznego na materi¢ (a); zmiany
wspotczynnika ekstynkcji dla uktadéw biologicznego ze wskazaniem | i 11 biologicznej bramki optycznej (b).
Do jednych z najbardziej obiecujagcych nanomateriatdbw w fototermii wykorzystujacych
swiatto NIR w zakresie | i 1l optycznej bramki biologicznej naleza nanorurki weglowe!?,
nanowytracenia metaliczne (czastki plazmonowe)'!!, kropki kwantowe!?, nanomateriaty
domieszkowane kationami ziem rzadkich (tréjdodatnimi lantanowcami)!!® jak réwniez
magnetyczne tlenki zelaza (gtdwnie Fez04)*2103114117  podsumowujac, zastosowanie

w bezkontaktowej indukcji ciepta zmiennego pola magnetycznego oraz swiatta z zakresu NIR
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jest niezmiernie ciekawe i stanowi przedmiot wielu badan, szczegblnie w obszarze leczenia
choréb nowotworowych z wykorzystaniem modeli in vitro oraz in vivo''#12 W przypadku
nanoczastek magnetycznych hipertermia generowana zmiennym polem magnetycznym
pozwolita na opracowanie eksperymentalnych terapii leczenia glejaka wielopostaciowego!?!
czy tez raka prostaty?2. Niestety magneto oraz fototermie cechuje takze kilka bardzo istotnych
wad. W fototermii stosuje sie dos¢ wysokie dawki swiatta. Gestosci optyczne (ang. laser optical
density, LOD) nierzadko przekraczaja bezpieczny limit 0,3-0,4 W/cm? dla ukladdw
biologicznych, co moze powodowa¢ uszkodzenia zdrowych tkanek przylegajacych.
W literaturze fachowej nie ma jednak konsensusu co do gérnych zakreséw LOD. Zgodnie
z doniesieniami tolerancja organizmow zywych wzgledem s$wiatta z omawianego zakresu
zalezy réwniez od czasu ekspozycji i moze by¢ wyzsza niz wspomniane gestosci
optyczne?#2123 Nalezy rowniez zwréci¢ uwage, iz pomimo niskiej absorpcji NIR przez uktad
biologiczny, to gtebokos¢ penetracji swiatta ogranicza sie do Kilku centymetréw i zalezy
od rodzaju tkanki?*. Niedogodnos¢ ta nie musi stanowié przeszkody pod warunkiem
zastosowania metod endoskopii'?®. Jednakze zabiegi te, w poréwnaniu do wykorzystania
zmiennego pola magnetycznego, bedg bardziej inwazyjne. Natomiast problem ten praktycznie
nie wystepuje w przypadku tzw. terapii naskornych (ang. on-skin therapies). Nalezy podkresli¢,
iz same nanomateriaty moga by¢ potencjalnie cytotoksyczne (nanorurki weglowe analogia
morfologii do azbestu, kropki kwantowe jako zrddto potencjalnie toksycznych kationow metali
cigzkich) i w trakcie ich projektowania trzeba temu zapobiegaé. Jak juz wspomniano wczesniej
jednym z warunkdw uzyskania wydajnych materiatow z przeznaczeniem do fototermii jest taki
dobor zwigzku badz domieszki, ktory bedzie posiadat intensywne i szerokie pasma absorpcyjne
(przejscia dozwolone) i jednoczesnie powr6t ze stanu wzbudzonego do stanu podstawowego
bedzie odbywat si¢ na drodze relaksacji niepromienistej?6-128, Zatem materiaty, ktore w swoim
sktadzie beda zawiera¢ kationy metali przejsciowych moga by¢ szczegolnie interesujace.
Jednymi z przyktadow takich zwigzkow sa ferryty nalezace do szerszej rodziny spineli.

Do wyznaczania wydajnosci procesu konwersji $wiatta na ciepto wykorzystywanych jest
kilka réznych modeli miedzy innymi Rope’a, Chen’a oraz Wang’a'?®*13!, Wszystkie modele
borykaja si¢ z pewnymi istotnymi problemami polegajacymi na koniecznosci uwzgledniania
wielu roznych parametrow zwigzanych z przeptywami ciepta pomiedzy badang probka
a materiatem kuwety, wptywem otoczenia, stratami mocy lasera podczas penetracji $cianek
kuwety, rozpraszaniem $wiatta na badanym materiale, problemami z wiasciwym pomiarem

absorpcji dla probek o wzglednie wysokich stezeniach (niespetnianie prawa Lamberta-Beera).
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Wydaje si¢, ze jednym z najbardziej adekwatnych modeli jest ten zaproponowany przez
Wang’a, ktory stanowi rozszerzenie modelu Rope’a:

= gt (6)
gdzie # to wydajnos¢ konwersji, a to wspotczynnik absorpcji energii wyznaczany z przebiegu
zaleznosci zmian temperatury w czasie, m; masa badanego materiatu, Cp,i to pojemnosé
cieplna, A; okresla absorbancje probki dla wykorzystywanej w konwersji dtugosci fali,
natomiast P oznacza moc zrédta $wiatta. Jak mozna wnioskowaé wiasciwe okreslenie
wydajnosci procesu konwersji $wiatta na ciepto moze stanowi¢ pewne wyzwanie 0 $cisle
technicznym charakterze. Ciekawym podejsciem jest to, zaproponowane przez Pasciak i inni,
ktore nie dos¢, ze pozwala na standaryzacj¢ pomiarow to rowniez rozwigzuje kilka istotnych
probleméw zwigzanych z konstrukcja urzadzenia pomiarowego®*2. Powazng wade stanowi
jednak wprowadzenie nieintuicyjnej jednostki wydajnosci konwersji (L/gcm) zamiast
zwyczajowej (%). Kolejnym ciekawym pomystem jest sprzg¢zenie foto- 1 magnetotermii.
Zastosowanie obu czynnikdéw jednoczesnie, gdzie ciepto generowane jest na drodze
odmiennych fizycznie mechanizmdw, moze pozwoli¢ na uzyskanie znaczaco lepszych efektéw

i efektywnosci indukcji ciepta na nanomateriatach®.
7.5. Ferryty

Ferryty to stosunkowo szeroka rodzina tlenkow metali mieszanych stanowiaca podgrupe
spineli, do ktorych zalicza si¢ magnetyt (FesOs) oraz pozostate zwiazki zawierajace kationy
metali przejéciowych o sumarycznym wzorze MFe;O4 (M = Fe?*, Co?*, Mn?*, Ni?*, Zn?*, Cu?").
Ich struktura krystaliczna cechuje sie $cistym upakowaniem atoméw opisywana uktadem
regularnym (kubiczny) nalezacym do grupy przestrzennej Fd3m. Komdrke elementarng
tworzy 8 podjednostek zawierajacych 24 kationy metali (MsFe1s032), ktére umiejscowione
s3 w dwoch podsieciach oktaedrycznej i tetraedrycznej®-1°, Spinele moga rdzni¢
si¢ rozmieszczeniem kationdbw dwu- oraz trojwartosciowych pomiedzy podsieciami,
co pozwala podzieli¢ je na spinele normalne, inwersyjne (odwrocone) oraz mieszane. W spinelu
normalnym dwuwartosciowe kationy metali znajdujag si¢ w pozycjach tetraedrycznych,
a tréjwartosciowe kationy zelaza obsadzajg potozenia oktaedryczne. Natomiast w inwersyjnym
kationy tréjwartosciowe sa réwnomiernie dystrybuowane pomiedzy obie podsieci, a jony
dwuwartosciowe uzupetniaja luki w pozycjach oktaedrycznych (Rys. 9.)231%°. W przypadku
spineli mieszanych cechuje je wysoki nieporzadek kationowy, gdzie kationy metali
rozmieszczone sg nierdbwnomiernie w obu potozeniach krystalograficznych. Tego typu ferryty
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opisuje si¢ 0golnym wzorem (M1.iFe;) "ET(MiFe,-i)°¢TO4, a stopien nieporzadku (inwersyjnosci)
oblicza si¢ okreslajac wartos¢ 1. Moze on zawiera¢ si¢ w przedziale 0-1, gdzie 0 odpowiada
ferrytom normalnym, a 1 inwersyjnym. Wartosci posrednie parametru i definiuja ferryty

mieszanel33135,

B = Fe?* or Fe**
(octahedral)

'\'lll"”' . A=Fe*

. b g (tetrahedral)
,“HI

iy a’e!l'l ™o (e
N -.‘-‘-1_0_ Vgt

Rysunek 9. Komérka elementarna struktury krystalicznej spinelu odwréconego na przyktadzie magnetytu®3,

Ferryty sa materiatami wykazujacymi bardzo dobre wiasciwosci magnetyczne. Cechuja
si¢ one wewnatrzstrukturalnym oddziatywaniem momentéw magnetycznych prowadzacym
do spontanicznego, niezerowego namagnesowania. Zaliczane sa do grupy ferromagnetykow.
Najpowszechniej znanym, wystepujacym naturalnie ferrytem jest magnetyt (FesOs) bedacy
tlenkiem mieszanym, w ktérym zelazo wystepuje jednoczesnie na +2 i +3 stopniu utleniania.
Ferryty wykazuja dobra stabilnos¢ chemiczng i mechaniczna. Mozna je otrzymywac¢ na duza
skale w wielu réznych rozmiarach od nano az po duze monokrysztaty. Koszt wytworzenia
uzalezniony jest od specyfiki ich zastosowania i zdecydowania rosnie w przypadku bardziej
wyszukanych praktycznych aplikacji, gdzie ksztattowanie rozmiaru oraz morfologii wraz
z funkcjonalizacjg powierzchni nabiera istotnego znaczenia. W przypadku ferrytow obserwuje
si¢ silng zaleznos¢ wihasciwosci magnetycznych od efektu rozmiarowego, ktéra wigze sie
ze zmiang struktury magnetycznej i pojawienia sic zjawiska superparamagnetyzmul254277,
Stan superparamagnetyczny definiowany w literaturze jest jako specjalna forma magnetyzmu,
ktory manifestuje si¢ w przypadku matych nanoczastek magnetycznych. Zjawisko to polega
na tym, ze w obecnosci pola magnetycznego czastki ulegaja tatwemu namagnesowaniu jak
w przypadku paramagnetykdéw. Natomiast w przeciwienstwie do nich, po usunigciu pola
magnetycznego zachowujg szczatkowe namagnesowanie, ktdrego wartos¢ jest stosunkowa
wysoka?>1442 Nanoferryty znajduja zastosowanie w wielu dziedzinach obejmujacych zaréwno
przemyst, ochrong srodowiska, jak rowniez aplikacje biomedyczne. Tlenki zelaza stosowane
sa m.in. jako magnesy trwate, ekrany magnetyczne, czujniki, elementy w nosnikach danych,
transformatorach, urzadzeniach medycznych, urzadzeniach komunikacyjnych, katalizie,
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separacji magnetycznej i rozdziale biomolekut, nosnikach lekéw, bioobrazowaniu, hipertermii
magnetycznej, inzynierii tkankowej, biosensorach oraz wielu innych?°9.77:137-152

Bardzo dobre witasciwosci magnetyczne, wystepowanie zjawiska superparamagnetyzmu
oraz zdolnos¢ do absorpcji promieniowania z zakresu bliskiej podczerwieni powoduja,
ze ferryty sa dobrymi kandydatami do zastosowan w bezkontaktowym generowaniu ciepta.
Jak juz wczesniej omowiono, wiasciwosci fizykochemiczne nanoczastek silnie zaleza od ich
postaci (rozmiaru, ksztattu, powierzchni, itd.). Uzyskanie efektywnego konwertera czynnikow
zewngetrznych takich jak zmienne pole magnetyczne, ultradzwicki czy swiatto z zakresu bliskiej
podczerwieni wymaga optymalizacji technik syntezy nanomateriatdw badz opracowywania
zupetnie nowych metod prowadzacych do wytworzenia bardziej zaawansowanych
struktur?22.78-8099.153-156 " Tlankj zelaza otrzymywane sa na drodze wielu technik, sposréd
ktorych wymieni¢ nalezy te najbardziej istotne: reakcje w fazie statej, wspOistracanie,
mikroemulsyjna, hydrotermalna, zol-zel, dekompozycji termicznej w fazie cieklej
i innel4225657.157-139 "\ 7zakresie ksztattowania rozmiaru czastek oraz kontroli morfologii
bardzo intensywnie rozwijane sg syntezy w oparciu o technike¢ dekompozycji termicznej
z wykorzystaniem wysokowrzacych rozpuszczalnikdw organicznych (180 - 350°C)?27880 Jako
rozpuszczalniki organiczne najczesciej stosuje sie eter dibenzylowy (CeHsCH.OCH.CgHs), eter
difenylowy ((CsHs)20), oktadeken (CisHss), toluen (CsHsCHs), acetofenon (CH3COCsHs) oraz
alkohol benzylowy (CeHsCH20H), a zrodtem zelaza sg acetyloacetonian zelaza(lll) (Fe(acac)s)
- Fe(CsH702)3, oleinian zelaza - (Ci7H33COO)sFe czy tez karbonylek zelaza(lll) -
Fe(CO)s2278:80.160 \Wymuszenie kierunkowego i kontrolowanego wzrostu nanoczastek wymaga
stosowania dodatku substancji pomocniczych. Molekuty te mozna zaliczy¢ do r6znych grup
zwigzkow takich jak kwasy karboksylowe (kwas oleinowy, kwas dekanowy), aminy
(oleiamina, dodecyloamina), polimery (PVP, dekstran). Spetniaja one bardzo istotng role.
Odpowiadaja za tworzenie przejsciowych zwigzkéw kompleksowych z kationami metali,
ktorych wysokotemperaturowy rozktad prowadzi do powstawania zarodkdéw krystalitow.
Pozwalaja kontrolowa¢ wzrost nanoczastek poprzez ograniczenie spontanicznej agregacji
i dynamicznego, niekontrolowanego wtedy procesu zwigkszania rozmiaru, co dodatkowo
przejawia sie powstawaniem materiatdw o stabo zdefiniowanej morfologii®>?*11, W przypadku
wymuszenia kierunkowego wzrostu krystalitbw wykorzystywane jest zjawisko adsorpcji
ligandow bezposrednio na powierzchni tworzonej czastki, ktéra w zaleznosci od molekuty
moze Dby¢ niespecyficzna Dbadz specyficzna wzgledem konkretnych ptaszczyzn
krystalograficznych. W konsekwencji mozna w dos¢ precyzyjny sposéb poprzez blokowanie

danego kierunku wzrostu ksztattowa¢ pozadana morfologie nanomateriatu®?2. W szczegolnosci
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duza pomoca jest wykorzystanie ogromnie uzytecznego narzedzia pod postacia znajomosci
potencjatu chemicznego (W), ktoéry w termodynamice chemicznej definiowany jest za pomoca

ponizszego wyrazenia:
Um,i = ﬂ?n,i + RT INYp i Xmir (7)

gdzie: u,; to potencjat chemiczny monomeru i w roztworze, uy,; okresla standardowy
potencjat chemiczny monomeru i, R to stala gazowa, T temperatura w skali Kelvina, y,, ;
okresla aktywnos¢ monomeru, a y,, ; jest stezeniem molowym monomeru’®. Pojecie monomeru
w tym ujeciu zwigzane jest bezposrednio ze zwigzkiem chemicznym, ktory ulega¢ bedzie
reakcji chemicznej w stanie rozpuszczonym w roztworze. Sytuacja moze by¢ skomplikowana,
gdy pierwotny substrat ulega dodatkowej reakcji kompleksowania przez np. substancje
pomocnicza. Doktadne obliczenia wymagatyby wtedy znajomosci stezenia oraz aktywnosci
monomeru in-situ. W przypadku ferrytdbw wzrost odbywa sie poprzez rozbudowe czastki
wzdtuz konkretnych kierunkow krystalograficznych (100), (110) oraz (111). R6znig si¢ one
migdzy soba stopniem upakowania atomow, gestoscia elektronowa, co wptywa na wartos¢ ich
potencjatu chemicznego®*’8. Qiao i inni”® wyznaczyli potencjat chemiczny dla ptaszczyzn
krystalograficznych w FezOs, ktory zmienia si¢ w nastepujacym szeregu 100)> H(110)> H(i11).
Zatem wzrost krystalitow zakonczony przez ptaszczyzne (111) skutkuje uzyskaniem morfologii
oktaedrycznej, (110) formowany bedzie rombododekaedr, a terminacja na ptaszczyznie (100)
powoduje powstanie szescianOw. Totez, jak mozna zauwazy¢ modulacja wzrostu
poszczegblnych  ptaszczyzn  umozliwia  uzyskanie  nanoczastek  magnetycznych
o zréznicowanych rozmiarach i ksztattach?*’®, Oczywiscie na reaktywno$¢ monomeru
(substratu) 1 ksztattowanie koncowego produktu mozna wptywac przez optymalizacje
parametrow syntezy (temperatura, szybkos¢ jej wzrostu, czas syntezy), zmiany stezenia
substratu,  dodatkbw czy tez  wykorzystanie  rozpuszczalnika  pomocniczego
(kosolwentu)>?278162 7Zmiana stezenia substratu silnie wplywa na rozmiar otrzymywanych
czastek i jest istotna w kontekscie ksztattowanie morfologii. Wzrost st¢zenia powoduje
zwiekszenie wielkosci czastek oraz w pewnych przypadkach moze spowodowac¢ dalszy wzrost
materiatu wzdtuz kierunku (111) czego efektem bedzie wytworzenie zamiast szescianow
nanomateriatu o morfologii zblizonej do gwiazd (ang. star-like)>®. Dalej, kolejna mozliwoscia
wplywu na ksztatt nanoczastek jest kontrola charakteru rozpuszczalnika polarny-niepolarny,
ktora bedzie skutkowa¢ zmiang aktywnosci substratu. Zmniejszenie polarnosci mieszaniny
reakcyjnej bedzie wptywaé na zmniejszenie aktywnosci monomeru czego efektem jest

formowanie mniejszych czastek. Jak zatem wida¢, kontrola rozmiaru i ksztattu produktéw jest
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dos¢ skomplikowana i wymaga wziecia pod uwage wielu roznych czynnikéw jednoczesnie.
Warto rowniez wspomnie¢, ze substancje pomocnicze spetniaja inne dodatkowe funkcje. Jedng
z istotniejszych jest nie tylko stabilizacja uktadu w zawiesinach, ale rowniez zabezpieczenie
powierzchni nanomateriatu przed jego utlenieniem, co jest szczeg6lnie wazne w przypadku
wytwarzania Fes04®7°. ROwnie waznymi parametrami sa temperatura i czas syntezy.
W przypadku temperatury wymagane jest nie tylko okreslenie jej witasciwej wysokosci, ale
rowniez szybkosci jej narostu. Z kolei czas w jakim prowadzona jest reakcja chemiczna musi
by¢ dostosowany do jej kluczowych etapdéw, co gwarantuje uzyskanie wiasciwego rozmiaru
czastek oraz umozliwienia odpowiedniego tempa wzrostu krystalitbw w trakcie wymuszania
jego kierunku w strone pozadanej morfologii produktu®?278156.160.162-164 = Bekompozycja
termiczna nalezy do niewatpliwie jednych z najatrakcyjniejszych technik wytwarzania
nanostruktur. Oprécz wyraznych zalet i przewag w stosunku do innych metodologii jest jednak
obarczona pewnymi ograniczeniami. Do najwazniejszych wad mozna zaliczy¢ jej
skomplikowanie (dostep do linii gazowej, koniecznos¢ budowania ztozonych zestawow,
zachowania procedur BHP ze wzgledu na palne rozpuszczalniki i wysoka temperature) oraz
ograniczong wydajnos¢ w poréwnaniu do metod konwencjonalnych (np. wspotstracania).
Kolejny problem to skalowalnos¢ oraz zdecydowanie wyzszy koszt wytwarzania
nanomateriatéw (cena substratow, srodkdw pomocniczych, rozpuszczalnikdw, koszty energii).
Przeciwwaga dla wad, a jednoczesnie jedna z najistotniejszych zalet tej techniki jest mozliwos¢
uzyskania materiatow o bardzo dobrze zdefiniowanej morfologii, kontrolowanym rozmiarze
i dystrybucji, sktadzie chemicznym, krystalicznosci. Zatem technika ta gwarantuje otrzymanie
produktow o powtarzalnych wiasciwosciach fizykochemicznych, co w przypadku

zaawansowanych aplikacji biomedycznych jest bardzo pozadane®?%16°,
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8. Materialy i metody

8.1. Preparatyka nanomaterialow i nanostruktur

Do syntezy réznych materiatéw ferrytowych, heterostruktur i kompozytéw wykorzystano
nastepujace odczynniki chemiczne: acetyloacetonian zelaza(lll) (Fe(acac)s; 99,7%),
acetyloacetonian kobaltu(ll) (Co(acac)z, 99%), acetyloacetonian manganu(ll) (Mn(acac),
97%), acetyloacetonian cynku hydrat (Zn(acac)z-H20, 99%), alkohol benzylowy (99%),
tetraetoksysilan (TEOS, 99,9%), borowodorek sodu (NaBHa (99%) zakupione w Thermo
Fischer Scientific, Polska; eter dibenzylowy (98%), kwas oleinowy (90%), heksadekan (99%),
acetofenon (99%), kwas etydrynowy (60% roztwor), metakrylan metylu (MMA) monomer
(99%), nadsiarczan potasu (>99%, KPS), NaOH (>98%), MgSQOs (>97%), tetrahydrofuran
(THF, 99,9%), IGEPAL CO0-520, (3-aminopropylo)trietoksysilan, (APTES, 99%), kwas
chloroztotowy (HAuUCls, 99,99%) zakupione w Sigma Aldrich, Polska; aceton (99,5%,
StanLab, Polska), amoniak (25% roztwoér, 99% Honeywell, Polska), AgNOz (99%, POCH,
Polska), alkohol etylowy (96%, Chempur, Polska) oraz gaz inertny, w tym przypadku azot (N2,
99,999%, Linde, Polska).

8.1.1. Glowne techniki otrzymywania materiatéw ferrytowych

Wytworzenie nanostruktur i materiatdbw hybrydowych bazujacych na ferrytach
o kontrolowanym rozmiarze, morfologii, sktadzie chemicznym wymagato zastosowania
roznych technik syntetycznych oraz optymalizacji procedur ich uzyskiwania obejmujacych
wszystkie niezbedne elementy takie jak: stezenie substratéw, substancji pomocniczych,
zastosowania dodatkowych rozpuszczalnikbw pomocniczych, czasu prowadzenia procesu,

temperatury itp.
Technika dekompozycji termicznej metodg wzrostu temperatury (heat-up)

Procedura syntezy nanomateriatbw w oparciu o proces dekompozycji termicznej
z zastosowaniem ciggtego wzrostu temperatury (ang. heat-up) polega na przygotowaniu
mieszaniny reakcyjnej zawierajacej odpowiedni substrat lub substraty, substancje pomocnicze
oraz rozpuszczalnik bezposrednio w tym samym naczyniu reakcyjnym. Nastepnie mieszaning
ogrzewa si¢ W sposob ciaggty stosujac staty wzrost temperatury, az do momentu osiggniecia
optymalnej temperatury dla przebiegu wiasciwej reakcji chemicznej. Czesto synteza
prowadzona jest kilku etapowo. Poszczegdlne etapy zwigzane sa z koniecznosciag odgazowania
mieszaniny, zainicjowania reakcji transformacji substratu w zwigzek posredni, czy tez

ostatecznej reakcji dekompozycji termicznej prowadzacej do wytworzenia produktu
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koncowego. Nalezy podkresli¢, ze catos¢ procesu prowadzona jest w atmosferze gazu inertnego
(N2). W tego rodzaju podejsciu syntetycznym kontrola temperatury i szybkosci jej wzrostu
umozliwia zapanowanie nad procesami zarodkowania (nukleacji) oraz wzrostu krystalitow.
Dzigki  czemu  uzyskiwane  materialy = cechuje  powtarzalnos¢  wiasciwosci

fizykochemicznych®.78.79.161.165-168 'Schematycznie technike ta przedstawiono na rysunku 10.

Rysunek 10. Uproszczony schemat syntezy metoda dekompozycji termicznej w oparciu o ciagly wzrost

temperatury.

Zestaw do preparatyki wyposazony jest w lini¢ gazowg badz prozniowa (Schlenka). Jej
podstawowymi elementami sg kolba z odpowiednig iloscig kré¢cdw doprowadzajacych,
mieszadto mechaniczne, czujnik temperatury z automatycznym sterowaniem i kontrola,
kolumna zwrotna (refluksowa) efektywnie skraplajaca i zawracajaca rozpuszczalnik oraz
laboratoryjna czasza grzewcza. Ze wzgledu na wysoka temperature i tatwopalnos¢ substancji
nalezy zachowa¢ odpowiednie srodki bezpieczenstwa. Doktadny opis sposobu postepowania
wraz ze wszelkimi danymi znalez¢ mozna w publikacjach naukowych zwigzanych z dysertacja
doktorska (P1, P3, P4). Waznym elementem towarzyszacym otrzymywaniu zakladanego
materiatu byt etap oczyszczania produktu oraz koniecznosci wymiany ligandu ze wzgledu
na zastosowanie jako substancji pomocniczej kwasu oleinowego, ktéry nadawat nanoczastkom

charakter hydrofobowy.
Technika dekompozycji termicznej metodg gorgcego nastrzyku (hot-injection)

W przypadku techniki dekompozycji termicznej, w ktdrej wykorzystuje si¢ nastrzyk
wczesniej przygotowanego substratu lub substratdw do goracej mieszaniny zawierajacej

substancje pomocnicze oraz rozpuszczalnik (czasem wraz z rozpuszczalnikiem pomocniczym)
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istotne jest kontrolowanie stezenia gtdwnych odczynnikéw, szybkosci nastrzyku, czasu syntezy
oraz temperatury mieszaniny reakcyjnej. Technika ta jest bardzo popularna w przypadku
otrzymywania materiatow potprzewodnikowych (kropki kwantowe). Wtasciwie w literaturze
fachowej nie ma doniesien o jej wykorzystaniu do kontrolowania morfologii czastek
magnetycznych. W niniejszej pracy pokazano, ze kluczowym jest zastosowanie odpowiedniego
rozpuszczalnika pomocniczego, Kktory poprzez zmiang aktywnosci substratu wptywa
bezposrednio na mozliwos¢ ksztattowania morfologii. Oczywiscie przy zatozeniu, ze ilosé
substancji pomocniczej jest roéwniez optymalna. Ta strategia uzyskiwania materiatow
ferrytowych pozwala na otrzymanie catej gamy nanomateriatow z tej rodziny. Schematycznie
synteze technika goracego nastrzyku przedstawiono na rysunku 11. Nalezy zaznaczyc,
ze podobnie jak w przypadku poprzedniej metody catos¢ procesu prowadzona jest w warunkach
inertnych. Wykorzystywany zestaw jest bardzo podobny do poprzednio opisywanego
z ta zmiang, iz poprzez jeden z kré¢cdw doprowadza si¢ dozownik z rozpuszczonym wczesniej
substratem (strzykawka). Zasadniczg roznica w stosunku do techniki dekompozycji
z wykorzystaniem ciagtego wzrostu temperatury jest to, ze w momencie dozowania substratu
proces nukleacji jest bardzo szybki i gwattowny co w optymalnych warunkach pozwala
na uzyskanie produktu o pozadanych wiasciwosciach. Ta metoda otrzymywania nie wymaga
tak precyzyjnej kontroli wzrostu temperatury mieszaniny natomiast wiaze si¢ z ewentualnoscia
pojawienia gradientow temperatury ze wzgledu na dozowanie zimniejszego roztworu
do najczesciej wrzacego juz rozpuszczalnika®®161:168-171 peiny opis procedury mozna znalez¢
w publikacjach stanowigcych zbidr osiagniecia w przedstawionej dysertacji doktorskiej,
w szczegOlnosci w pracach P1 i P2.

EmEE ) EEETE)

Rysunek 11. Schemat syntezy metoda goracego nastrzyku.
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Technika dekompozycji termicznej metodg wzrostu na rdzeniach (seed-mediated growth)

Metoda wzrostu na rdzeniach jest ciekawym sposobem otrzymywania nanomateriatow,
gdzie kontrola rozmiaru odgrywa najwazniejsza role. Zaktada ona w swojej poczatkowej fazie
wytworzenie rdzeni zbudowanych na przyktad z materiatdw ferrytowych, ktore wykorzystuje
sie do budowy powtoki wokadt wyjsciowego ferrytu. Synteze prowadzi sie powtarzajac kolejne
etapy wzrostu, az do momentu uzyskania produktu o pozadanym rozmiarze koncowym.
Wiasciwie, proces prowadzi sie zachowujac bardzo podobne warunki jak w przypadku
otrzymywania samych rdzeni (temperatura). Natomiast zmianie moze ulec czas reakcji oraz
ilos¢ dozowanych porcji substratu w kolejnych etapach wzrostu. Efektem tej strategii
otrzymywania nanoczastek jest uzyskanie materiatdw typu rdzen-otoczka (ang. core-shell).
Schemat syntezy przedstawiono na rysunku 12. W przypadku ferrytow otwiera ona droge
do wytwarzania struktur zbudowanych z magnetykow mickkich i twardych, uktadow
wielowarstwowych, a wiec substancji w ktérych w dowolny sposob mozna ksztattowaé
wiasciwosci fizykochemiczne, szczegdlnie magnetycznel’>-"4, W pracy P5, pokazano jak
w relatywnie prosty i efektywny sposob mozna przygotowaé¢ materiaty CoFe.Os@CoFe20a,
CoFe204@Fes30s4, CoFe04s@MnFe204, CoFe:04@MnFe204,@ZnFe204 oraz okreslono
najistotniejsze parametry wptywajace na proces otrzymywania tego rodzaju struktur.
W przypadku mozliwosci sterowania morfologia technika ta poprzez kontrole dodawanej ilosci
substratu pozwala do pewnego stopnia wymusza¢ kierunkowy wzrost krystalitdbw. Waznym jest
rowniez fakt, ze w metodzie tej nie stosowano dodatkowych substancji pomocniczych oraz to,
iz temperatura reakcji jest zdecydowanie nizsza ze wzgledu na uzycie innego rozpuszczalnika

(alkohol benzylowy).
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Rysunek 12. Schemat syntezy metoda wzrostu na rdzeniach.

45



Technika dekompozycji termicznej z wykorzystaniem pobudzenia mikrofalowego

Metoda oparta o dekompozycje¢ termiczng substratu w wysokowrzacym rozpuszczalniku
organicznym wykorzystujaca mikrofale jako zrédito energii stanowi ciekawg alternatywe
w stosunku do innych technik wytwarzania nanomateriatow ferrytowych. Gtownymi zaletami
wykorzystania mikrofal do napedzania reakcji chemicznych sa: krotszy czas syntezy (ponizej
60 minut), ograniczenie wystepowania reakcji ubocznych, zwigkszenie wydajnosci reakcji,
powtarzalno$é, a takze brak stosowania surfaktantow!”1® Mozliwosé uzyskiwania
nanomateriatdbw bez pokrytej wczesniej powierzchni otwiera bardziej elastyczne podejscie
do po6zniejszej funkcjonalizacji ferrytow. Co ciekawe, materiaty otrzymane z wykorzystaniem
acetofenonu jako gtéwnego rozpuszczalnika majg charakter hydrofilowy i tworzg bardzo
stabilne uktady koloidalne, a dalsza post-modyfikacja nie nastr¢cza wiekszych problemow
syntetycznych!”’. Nalezy podkresli¢, ze cecha charakterystyczng materiatéw wytworzonych
technika mikrofalowa sa zdecydowanie mniejsze rozmiary nanoczastek ferrytowych, ktore
zawieraja si¢ w zakresie od 5 do 10 nm o waskiej dystrybucji rozmiaréw. Wada jest brak
mozliwosci kontroli morfologii, ale prawdopodobnie wynika to z faktu niewykorzystywania
zadnych substancji pomocniczych. Technika ta pozwala na otrzymywanie materiatow
ferrytowych o zmiennym sktadzie chemicznym. Moze by¢ uzyta do przygotowania czastek,
ktore z powodzeniem mozna zastosowaé jako material wyjsciowy w preparatyce wzrostu
na rdzeniach!’®18 Szczegdly zwiazane ze sposobem otrzymywania ferrytdw o zmiennym
sktadzie chemicznym omoéwiono w publikacji P6. Natomiast schemat metody przedstawiono
na rysunku 13.

Fe(acac); + M(acac), O
+ acetofenon ﬁ ) d
P

Mg

MAGNUM IT

Rysunek 13. Idea syntezy z wykorzystaniem pobudzenia mikrofalowego.
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8.1.2. Wytwarzanie heterostruktur o wiasciwosciach magnetyczno-plazmonowych

Materiaty wielofunkcyjne taczace rdzne wiasciwosci fizykochemiczne ciesza si¢ sporym
zainteresowaniem naukowcow ze wzgledu na swojg uniwersalnos¢ i mozliwosci zastosowania
w zaawansowanych aplikacjach biomedycznych, ktére wpisujacych si¢ w obszar teranostyki.
W niniejszej pracy, na podstawie wczesniej wypracowanego know-how wykonano szereg
syntez nanoczastek hybrydowych 1aczac ze soba zalety materiatdbw magnetycznych oraz
optycznych wykazujacych efekt plazmonowy wynikajacy z obecnosci wytracen metalicznych
Ag i Au. W przypadku metodologii otrzymywania heterostruktur plazmonowo-magnetycznych
wykorzystano procedure sktadajaca sie z trzech etapdw: (I) synteza materiatu rdzenia
magnetycznego — tu mozna wykorzysta¢ kazda z poprzednio oméwionych technik; (1)
wytworzenie cienkiej warstwy krzemionki wokot czastek rdzenia stanowigcej swoisty tacznik
pomigdzy czastka magnetyczng, a wytraceniem metalicznym oraz (111) proces redukcji
kationbw Ag" badz Au® za pomoca silnego reduktora (NaBHa). Szczeg6towo procedura
otrzymywania heterostruktur magnetyczno-plazmonowych przedstawiona zostata w pracach
P3 i P4, a schemat zaprezentowano na rysunku 14. Wykorzystana metodologia jest stosunkowo
skomplikowana poprzez swoja wieloetapowos¢ i wymaga doktadnego oczyszczania produktéw
na kazdym z jej etapdw. Natomiast pozwala na skuteczne przygotowanie materiatéw, ktérych

wypadkowe wiasciwosci pozwalaja na ich wieloaspektowe wykorzystanie.
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Rysunek 14. Schemat syntezy heterostruktur magnetyczno-plazmonowych.
8.1.3. Preparatyka nieorganiczno-organicznych materiatdw kompozytowych

W przypadku wytwarzania materiatbw hybrydowych zawierajagcych magnetyczny
ferrytowy rdzen i powloke wykonang z polimetakrylanu metylu (PMMA) synteza byla
dwuetapowa (Rys. 15). Pierwszy etap zakladat przygotowanie ferrytu kobaltowo-
manganowego za pomoca techniki z wykorzystaniem mikrofal, a w drugim wykorzystano
klasyczng polimeryzacje in-situ w uktadzie emulsyjnym. Po odpowiednim oczyszczeniu

produktu uzyskiwano z duzg wydajnoscia kompozyt o strukturze core-shell
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C005MnosFe,04@PMMA, ktory taczyt wiasciwosci fizykochemiczne obu substancji. Oprocz
proponowanego sposobu zastosowania kompozytu jako efektywnego konwertera moze by¢
on uzyty réwniez do konstrukcji elementdéw filtrujagcych zewnetrzne pole magnetyczne
w aplikacjach elektronicznych (ang. electromagnetic interference shielding materials)*8%182,
Hybrydy ferrytowe wykonane zostaty w ramach owocnej wspétpracy z Katedra Inzynierii
i Technologii Polimerow Politechniki Wroctawskiej (Prof. dr hab. Jacek Pigtowski oraz

dr Emilia Zachanowicz).

+ O MMA 8 pollmeryzaqa

Rysunek 15. Wytwarzanie hybryd nieorganiczno-organicznych o strukturze rdzen-otoczka.
8.1.4. Funkcjonalizacja powierzchni nanomateriatdw pochodnymi fosfonowymi

Na podstawie wiasnych doswiadczen w funkcjonalizacji powierzchni pochodnymi
fosfonowymi wybrano kwas etydrynowy, ktory zostat wykorzystany do modufikacji

nanoferrytow!83

. W sytuacji gdy substancja pomocnicza do ksztattowania morfologii czastek
byt kwas oleinowy przed wiasciwg modyfikacja pochodng fosfonowa zastosowano procedure
wymiany ligandu opracowang przez Bogdan®. Dzieki takiemu podejsciu zmieniano charakter
nanoczastek z hydrofobowego na hydrofilowy, co zapewnialo mozliwosé¢ sporzadzania

stabilnych zawiesin koloidalnych ferrytow w rozpuszczalnikach wodnych.

wymiana ligandu

kwas \ kwas

oleinowy etydrynowy

Rysunek 16. Funkcjonalizacja powierzchni nanoczastek magnetycznych pochodnymi fosfonowymi.
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Wybor kwasu fosfonowego i generalnie pochodnych fosfonowych wynikat przede wszystkim
z faktu wysokiego powinowactwa tych zwigzkdw do powierzchni nanoczastek. Skutkuje
to powstawaniem silnych wigzan koordynacyjnych jak rowniez mozliwoscia otwarcia dalszej
drogi do biokoniugacji z innymi molekutami biologicznie aktywnymi®’. Szczeg6towy opis
sposobu funkcjonalizacji powierzchni nanomateriatow kwasem etydrynowym mozna znalez¢

w publikacji P2 oraz w dorobku dodatkowym?*&,
8.2. Charakterystyka wlasciwosci fizykochemicznych nanomateriatow
8.2.1. Rentgenowska dyfrakcja proszkowa (XRD)

Rentgenowska dyfrakcja proszkowa (ang. X-ray powder diffraction, XRD) to technika
wykorzystywana do badania wiasciwosci strukturalnych uzyskanych materiatdw i stuzy
do okreslenia obecnosci faz krystalicznych, rozmiaru krystalitdw, stopnia krystalizacji,
naprezen wewnetrznych oraz wyznaczania parametrow sieciowych komorki elementarnej.
Metoda ta oparta jest na zjawisku elastycznego rozpraszania promieniowania rentgenowskiego
na badanym materiale. Promieniowanie rentgenowskie o znanej dtugosci fali padajac pod
katem 6 na probke charakteryzujaca sie uporzadkowaniem atomowym ulega dyfrakcji z czego
natezenie w czesci kierunkdéw jest wyzsze niz w innych kierunkach. Nastepnie, powstate
refleksy dyfrakcyjne rejestrowane sg przez detektor w funkcji kata 20 tworzac dyfraktogram
(Rys. 17.). Otrzymane wzory dyfrakcyjne roznig si¢ ze wzgledu na rodzaj i sposob

rozmieszczenia atomow w sieci krystalicznej!s,

zrédto
promieniowania
rentgenowskiego detektor

poziom
rébki

Rysunek 17. Schemat ideowy zasady dziatania rentgenowskiego dyfraktometru proszkowego.

W pracy doktorskiej do okreslenia podstawowych wiasciwosci strukturalnych
otrzymanych nanomateriatéw, nanostruktur i kompozytéw uzyto dyfraktometru Bruker D8
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Advance z lampa Cu do generowania promieniowania rentgenowskiego (Ka: 1,54060 A)
z filtrem niklowym w celu odfiltrowania wiazki Kg,. Przed pomiarem, odpowiednia ilos¢
prébki wysuszono w suszarce laboratoryjnej w celu uzyskania materiatu proszkowego. W razie
koniecznosci probka byta dodatkowo rozdrabniania w mozdzierzu agatowym. Dyfraktogramy
rejestrowane byty w zakresie kagtowym 15-70° 20 z czasem integracji 0,8 s i statym interwatem
katowym wynoszacym 0,02°. Otrzymane wyniki byty analizowane z uzyciem oprogramowania
Diffrac.Eva software (V.2). Obrébke wynikéw wykonano w programie Origin Pro 9.0.
W przypadku obliczen parametrow sieciowych wykorzystano wspotprace z dr hab. Bartoszem
Zarychta z Wydziatu Chemii, Uniwersytetu Opolskiego. Do identyfikacji faz krystalicznych
wykorzystano licencjonowana migdzynarodowa bazg¢ danych krystalograficznych ICDD (ang.
International Centre for Diffraction Data). Sredni rozmiar krystalitow wyznaczono korzystajac

z metody zaproponowanej przez Scherrer’a stosujac ponizszy wzor:
kA

—F (8)
cos® /BZ -B2

gdzie: k - to wartos¢ stata wynoszaca 0,9 (aproksymacja sferycznego ksztattu krystalitow),

D =

A to diugosé fali zrodta promieniowania (1,54060 A), po okresla wielkos¢ poszerzenia
aparaturowego charakterystyczna dla danego urzadzenia (0,05° 20),  okresla szerokos¢ katowa
refleksu w potowie jego wysokosci (ang. full width at half maximum, FWHM), z kolei
0 odpowiada maksimum potozenia analizowanego piku dyfrakcyjnego.

8.2.2. Transmisyjna mikroskopia elektronowa (TEM)

Transmisyjna mikroskopia elektronowa to jedna z podstawowych technik uzywanych
w charakterystyce nanomateriatdw w szczegdlnosci morfologii, rozmiaru i jego dystrybuciji,
stopnia agregacji, sktadu chemicznego, jak rowniez umozliwia badania struktury krystalicznej
i defektow!®, Istota obrazowania w transmisyjnym mikroskopie elektronowym (ang.
transmission electron microscopy, TEM) jest wykorzystanie oddziatywania przeswietlanego
preparatu z padajaca wiazka elektrondw w celu utworzenia jego powiekszonego obrazu.
Wspotczesne mikroskopy umozliwiajg rézne sposoby obrazowania m.in.: w polu jasnym
I ciemnym, w trybie transmisyjnej skaningowej mikroskopii elektronowej STEM (ang.
scanning transmission electron microscopy), wysokorozdzielczej transmisyjnej mikroskopii
elektronowej HRTEM (ang. high-resolution transmission electron microscopy)®.
Mikroskopia TEM umozliwia badanie struktury krystalicznej materiatu poprzez wykorzystanie
techniki dyfrakcji elektronowej SAED (ang. selected area electron diffraction). Obraz

dyfrakcyjny powstaje przy zastosowaniu odpowiedniego powiekszenia dyfrakcyjnego,
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przystony pola (zamiast przystony obiektywu) i oswietlania preparatu wiazka réwnolegta
w wyniku czego uzyskuje si¢ zogniskowane refleksy dyfrakcyjne w postaci punktow- wigzek
ugietych zgodnie z prawem Bragga®841°,

Mikroanaliza rentgenowska z wykorzystaniem spektrometru mierzacego energie
promieniowania rentgenowskiego umozliwia analize sktadu pierwiastkowego prébki (ang.
scanning transmission electron microscopy with energy dispersive spectroscopy, STEM-EDS).
Metoda ta opiera si¢ na odziatywaniu elektronéw z atomami materiatu, czego efektem jest
emisja promieniowania rentgenowskiego, Ktorego energia poziomow energetycznych jest
charakterystyczna dla danego pierwiastka. W wyniku pomiaru otrzymuje si¢ widmo
z charakterystycznymi liniami spektralnymi oraz mape rozktadu pierwiastkdw w prdbce stajac
sie¢ tym samym potgznym narzedziem w przypadku badania heterostruktur oraz nanoczastek
typu rdzen-otoczkal®.
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Rysunek 18. Uproszczony schemat budowy transmisyjnego mikroskopu elektronowego.

Do obrazowania nanomateriatow uzyto transmisyjnego mikroskopu elektronowego
Tecnai Osiris X-FEG HRTEM o maksymalnym napigciu przyspieszajacym 200 kV.
Standardowa procedura przygotowania materiatdw do badan polega na uzyskaniu zawiesin
koloidalnych o optymalnym stezeniu (0,25 mg/ml), naniesieniu kropli prébki na siatke
miedziang pokryta filmem weglowym (EM Resolutions Wielka Brytania) i ostroznym
odparowaniu rozpuszczalnika. Obraz w réznych trybach pracy mikroskopu rejestrowano
i analizowano z wykorzystaniem dedykowanego oprogramowania DigitalMicrograph
(v. 1.85.1535). Natomiast analiz¢ wynikow STEM-EDS wykonano przy uzyciu
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oprogramowania Esprit. Rozmiar nanoczastek i ich dystrybucje wyznaczano w programie
ImageJ (v. 1.8.0_172).

8.2.3. Spektroskopia w podczerwieni (FTIR)

Spektroskopia w podczerwieni z transformata Fouriera (ang. Fourier transform infrared
spcetroscopy, FTIR) jest technika nieniszczaca i mato inwazyjna, ktéra pozwala na analize
struktury zwigzkdw chemicznych. Zastosowanie absorpcji promieniowania z zakresu
podczerwieni powoduje zmiany w energii oscylacyjnej czasteczek, a przez to absorpcje przy
okreslonych charakterystycznych ditugosciach fali. Analiza otrzymanego widma absorpcji
pozwala na okreslenie obecnosci poszczeg6lnych grup funkcyjnych elementéw
strukturalnych?®, Ciekawym rozszerzeniem mozliwosci typowych aparatow FTIR jest
zastosowanie przystawki odbiciowej ATR (ang. attenuated total reflectance accessory).
Kombinacja FTIR-ATR, a wiec techniki wykorzystujac zjawisko ostabionego catkowitego
wewngetrznego odbicia pozwala na uproszczenie przygotowania probki do badan. Whasciwie,
materiat badawczy (najczesciej w postaci sproszkowanej) dociska sie do krysztatu (diament,
krzem, german lub inne), a swiatlo podczerwone przechodzi przez krysztat oddziatujac

z badana substancja czego koncowym efektem jest powstawanie widma IR.

probka

N
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detektor

N

Rysunek 19. Uproszczony schemat uktadu pomiarowego w technice FTIR-ATR.

Badanie nanomateriatow oraz substancji wzorcowych wykonano za pomoca spektrometru
Thermo Scientific Nicolet iZ10 FTIR z przystawka ATR (krysztat diamentu) w zakresie
spektralnym 4000 - 500 cm™ w temperaturze pokojowej. Przed pomiarem urzadzenie byto
kalibrowane w oparciu o procedury dostarczone przez producenta urzadzenia. Analize
wynikow pomiarowych wykonano w programie Origin Pro 9.0 poprzez przypisanie
odpowiednim pasmom wystepujacym na widmach drgan zwigzanych z poszczeg6lnymi
elementami strukturalnymi zwigzkéw chemicznych. W tym celu positkowano si¢ réwniez

danymi literaturowymi oraz pomiarami obejmujacymi rejestracje widm dla wzorcow.
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8.2.4. Konwersja zmiennego pola magnetycznego oraz s$wiatla z zakresu bliskiej

podczerwieni na energie cieplna

Bezkontaktowa konwersje réznych czynnikbw pobudzajacych na otrzymanych
nanomateriatach mierzono w trzech gtéwnych trybach: (1) konwersji zmiennego pola
magnetycznego, (Il) konwersji promieniowania elektromagnetycznego z zakresu bliskiej
podczerwieni (diugosci fali 808 oraz 1122 nm) oraz (Ill) synergii oddziatywania
obu czynnikdw zewngtrznych jednoczesnie.

Do pomiardw indukcji ciepta wykorzystano generator zmiennego pola magnetycznego G2
D5 Series Multimode 1500 W driver (NanoScale Biomagnetics, Hiszpania) wyposazony
w cewke kalorymetryczng CAL1 zapewniajaca pseudoadiabatyczne warunki pomiarowe
(ograniczenie wymiany ciepta pomiedzy uktadem a otoczeniem) oraz cewke S32, ktora byta
przystosowana do pomiar6w na liniach komdrkowych. Zmiany temperatury rejestrowano
za pomoca szybkiej kamery termowizyjnej FLIR T660 (FLIR, USA) sterowanej przez
oprogramowanie ResearchIR. W przypadku zrddet swiatta wykorzystywano dwa moduty
laseréw potprzewodnikowych o pracy ciagtej z mozliwoscia regulacji mocy o dtugosci fali 808
oraz 1122 nm (CNI, Chiny). Wiazke wzbudzajaca doprowadzono do prébki za pomoca
swiattowodu wielomodowego o s$rednicy 400 pum (CNI, Chiny). Moduty laserujace
kalibrowano wykorzystujac miernik mocy Ophir StarLite (Ophir, Izrael), ktory wyposazony
byt w sensor termiczny 10 A-PPS. Pomiary w zmiennym polu magnetycznym, zaleznie
od badanego materiatu, wykonywano dla czestotliwosci 145-756 kHz oraz natezenia pola
magnetycznego 14,4-33 kA/m. Biorac pod uwage rézne rodzaje nanomateriatdw, rozmiary
czastek i ich morfologi¢ konieczna byta optymalizacja powyzszych parametrow ze wzgledu na
roznice wihasciwosci magnetycznych. Natomiast w przypadku trybu pomiarowego indukcji
ciepta za pomoca zr6det NIR pomiary wykonywano w zaleznosci od mocy zrodta dla modutéw
laserujacych o dtugosci fali 808 nm (300 — 2100 mW) oraz 1122 nm (300 — 900 mW). W trybie
synergii obu czynnikdéw pomiar prowadzono dla optymalnych nastaw parametréw, ktore
zalezaty od efektywnosci generowania ciepta na konkretnych probkach nanomateriatow.
Ze wzgledu na brak modeli teoretycznych pozwalajacych na wyznaczenie wartosci wydajnosci
generowania ciepta w trybie jednoczesnego dziatania obu czynnikéw indukujacych efekt
cieplny, za najbardziej adekwatny do oceny efektywnosci tego zjawiska przyjeto sposob
wyznaczania oparty o wspotczynnik absorpcji wiasciwej (ang. specific absorption rate,
SAR)®7. W przypadku wyznaczania wartosci SAR w zaleznosci od postaci nanoczastek
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(proszek, kompozyt, zawiesina koloidalna) wykorzystuje sie¢ dwa réwnania. Dla materiatow

proszkowych lub probek litych SAR oblicza sie korzystajac z wyrazenia:
_ .dT
SAR = CE’ 9)

gdzie: C to ciepto wiasciwe materiatu (J/g°C), dT/dt okresla szybkos¢ przyrostu temperatury
na jednostke czasu (°C/s), ktory wyznacza si¢ dopasowujac funkcje linowg do poczatkowego
przebiegu zaleznosci temperatury od czasu. Najczesciej jest to pierwsze kilkanascie badz
kilkadziesiagt sekund trwania pomiaru. Takie podejscie ma na celu minimalizacje wymiany
ciepta pomiedzy uktadem a otoczeniem. W przypadku zawiesin czastek stosuje sie rownanie,

w ktorym uwzgledniania jest masa nanoczastek w koloidzie:

_ Cmpr()bkid_T
mpps dt’

SAR (10)

gdzie C to ciepto wiasciwe probki (J/g°C), mprebki - masa roztworu koloidalnego (g), mnps - masa
nanoczastek w prébce (g), dT/dt jest definiowane i wyznaczane w taki sam sposob jak opisano
poprzednio. Najczesciej jako wartos¢ ciepta wihasciwego przyjmuje si¢ ciepto wiasciwe
medium, czyli wody (4,185 J/g°C). Mozna wyznacza¢ srednig wazong, ale ztotym standardem
w pomiarach jest uzycie stezenia nanoczastek wynoszacym 1 mg/ml totez wptyw na ciepto
wiasciwe catej probki mierzonego nanomateriatu jest zaniedbywalnie mate. Co ciekawe,
w przypadku prébek kompozytowych ciepto wiasciwe we wzorze (8) nalezy wyznaczy¢
w pomiarze kalorymetrycznym (ang. differential scanning calorimetry, DSC) albo obliczy¢

jego $rednig wartos¢!8:189,

Rysunek 20. Stanowisko pomiarowe do badania konwersji zmiennego pola magnetycznego, $wiatta z zakresu

NIR oraz trybu synergii obu czynnikdéw zewnetrznych (a) oraz schemat celki pomiarowej uktadu (b).
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9. Dyskusja wynikow

Glowne cele rozprawy doktorskiej ujete w tematycznie powigzanym zbiorze publikacji
skupiaty sie przede wszystkim na opracowaniu, optymalizowaniu metod syntezy nanoferrytéw,
ich heterostruktur o wiasciwosciach magnetyczno-plazmonowych, magnetycznych materiatow
wielowarstwowych typu rdzen-otoczka (core-shell) oraz hybryd nieorganiczno-organicznych
na bazie ferrytdbw pokrywanych warstwa polimeru syntetycznego (PMMA). Wykorzystane
spektrum technik otrzymywania nanomateriatéw réznej klasy miato na celu probe swobodnego
ksztattowania ich wiasciwosci fizykochemicznych poprzez kontrolg rozmiaru, morfologii,
struktury oraz sktadu chemicznego produktéw i w konsekwencji zbadania bezkontaktowej
konwersji zmiennego pola magnetycznego oraz $wiatta z zakresu bliskiej podczerwieni
na energie cieplng w trybie synergii wraz z okresleniem parametréw majacych kluczowy wptyw
na obserwowane zjawisko. Przeprowadzone badania byty wieloaspektowe i obejmowaty
zarbwno syntezy materiatdbw, funkcjonalizacje powierzchni (stabilnos¢ koloidalna,
biokompatybilnos¢), badanie witasciwosci strukturalnych (XRD, FTIR-ATR, SAED),
obrazowanie nanoczastek technikami mikroskopowymi (TEM, HRTEM, STEM-EDS) w celu
okreslenia morfologii, rozmiaréw i sktadu pierwiastkowego. Transmisyjna mikroskopia
elektronowa odgrywata szczeg6lng role w zmudnym procesie optymalizacji metod
otrzymywania materiatow o kontrolowanej morfologii i umozliwiata konieczng modyfikacje
istotnych parametrow syntetycznych (zmiany stezenia substratbw oraz substancji
pomocniczych, rodzaju i ilosci rozpuszczalnika, szybkosci dozowania, czasu syntezy,
temperatury). Wykonano szereg pomiarow konwersji zmiennego pola magnetycznego
oraz $wiatta na ciepto dla wielu roznych trybow (osobno, synergia) w zaleznosci
od czestotliwosci oraz nat¢zenia pola magnetycznego czy tez mocy zrédta wigzek laserow.
Rdznice postaci badanych materiatow wymuszaty kazdorazowo potrzebe doboru optymalnych
nastaw zwigzanych z wykorzystywanym rodzajem stymulacji prébek. Mimo, ze gtéwny cel
pracy skupiat si¢ na badaniach materiatowych wykonano takze szereg doswiadczen na uktadach
biologicznych w celu zbadania interakcji nanomateriatdw z wybranymi liniami komérkowymi
(komorki normalne, patologiczne raka piersi o ré6znym fenotypie), ktdre miaty na celu
okreslenie  rzeczywistego  potencjalu  aplikacyjnego  proponowanych  nanoczastek

w lokalizowanej magnetofototermii indukowanej bezkontaktowo.
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P1: Rapid hot-injection as a tool for control of magnetic nanoparticle size and
morphology, RSC Advances, 2021, 11, 20708-20719 (1F4,036; MEiN100 pkt)

W czesci teoretycznej autoreferatu bardzo wyraznie podkreslono istotnosé wptywu
rozmiaru czastek, ich dystrybucji oraz morfologii na ksztattowanie wiasciwosci
fizykochemicznych nanomateriatdw, a w szczegdlnosci jak te parametry determinuja
wiasciwosci magnetyczne ferrytow. Maja one bezposredni wptyw na efektywnos¢ generowania
ciepta w zmiennym polu magnetycznym. Gtéwna motywacja pracy byta proba rozwigzania
problemu stabej stabilnosci termicznej eteru dibenzylowego (medium reakcyjne) stosowanego
w metodzie heat-up. Niestety rozkilad tego rozpuszczalnika na produkty uboczne podczas
ditugiej ekspozycji na wysoka temperature ogranicza powtarzalnos¢ tej techniki w zakresie
ksztattowania morfologii ferrytow i zmienia warunki syntezy poprzez obnizenie temperatury
co bezposrednio wptywa na proces nukleacji i wzrostu czastek’®,

Badania we wspomnianej pracy dotycza opracowania i optymalizacji metody
dekompozycji termicznej z wykorzystaniem techniki goracego nastrzyku (hot-injection),
ktora pozwala na do$¢ elastyczng kontrole wspomnianych parametrow charakteryzujacych
nanoczastki. Otrzymywanie ferrytbw z wymuszonym procesem kierunkowego wzrostu
krystalitbw  jest  oryginalnym  opracowaniem  wiasnym.  Nalezy  podkreslic,
iz zaproponowana strategia syntezy nanoferrytdw stanowi interesujaca alternatywe
dla standardowej techniki dekompozycji termicznej prowadzonej w wysokowrzacych
rozpuszczalnikach organicznych (tzw. heat-up)t®’

Wykazano, ze dla procesu ksztattowania morfologii nanoczastek magnetytu w syntezie
hot-injection kluczowym jest, oprocz stezenia substratu (substratow), ilosci kwasu oleinowego,
dobranie odpowiedniego rozpuszczalnika pomocniczego (kosolwent - heksadekan)
zmniejszajacego aktywnos¢ substratu, co wplywa na rozmiar oraz wymuszenie odpowiedniego
wzrostu nanoczastek, az do uzyskania pozadanej morfologii (szesciany, gwiazdy
inne wielosciany foremne). Pokazano, ze ta strategia otrzymywania Fe3Os moze by¢
z powodzeniem rozszerzona na inne zwigzki z rodziny ferrytow. W poréwnaniu do techniki
heat-up metoda goracego nastrzyku sklada sie z mniejszej ilosci etapéw i nie wymaga
tak doktadnej kontroli wzrostu temperatury w poszczeg6lnych krokach. Wykazano,
ze proces wymuszenia kierunkowego wzrostu czastek jest skomplikowany i bardzo silnie
zalezy od wielu parametrow (temperatura, stezenie substratu, dodatkéw, rozpuszczalnika
pomocniczego). W przypadku uzycia heksadekanu jako kosolwenta zamiast popularnie
stosowanych dioli o dtugich tancuchach alifatycznych (tetradekanadiol - TDD,
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heksadekanadiol - HDD) i w obecnosci kwasu oleinowego charakter oddziatywan
molekularnych pomig¢dzy rozpuszczalnikiem a substratem ulega zmianie ze wzgledu
na zwiekszonag niepolarno$¢ mieszaniny reakcyjnej, ktéra ogranicza konsumpcje
monomeru. Obecnos¢ tego weglowodoru nasyconego istotnie zmienia aktywnos¢ monomeru
zmniejszajac jego potencjat chemiczny. Mozliwos¢ zmiany potencjatu chemicznego monomeru
wplywa bezposrednio na wymuszenie kierunkowego wzrostu wzdiuz odpowiednich
ptaszczyzn krystalograficznych zgodnie z nastepujaca zaleznoscia Mooy > Hio) > M1y
Wykazano, rowniez, ze dodatek tego rozpuszczalnika pozwala na uzyskanie znaczaco
mniejszych rozmiaréw czastek (okoto 40-50 nm) niz bez jego obecnosci (70-80 nm) oraz
w poréwnaniu do innych technik czas syntezy moze by¢ skrocony az do 30 minut. Wyniki
tej publikacji naukowej sa jednym z najistotniejszych w kontekscie pozyskania wtasnego
know-how w zakresie mozliwosci ksztattowania morfologii ferrytdbw i utorowaty droge
do badan zwigzanych z okresleniem jej wplywu (anizotropia ksztattu) na efektywnosé
generowania ciepta (P2). Publikacja stata sie rOwniez bazag do otrzymywania heterostruktur

o0 wiasciwosciach wielofunkcyjnych (P3 i P4).

P2. Synergic Temperature Effect of Star-like Monodisperse Iron Oxide Nanoparticles and
Their Related Responses in Normal and Cancer Cells, The Journal of Physical Chemistry
B, 2022, 126, 8515 (1F3.466; MEiN140 pki)

Celem omawianych badan byto okreslenie wptywu anizotropii ksztattu nanoczastek
magnetytu (gwiazdy, szesciany, wielosciany foremne) na efektywnos¢ generowania
ciepta pod wptywem bezkontaktowej stymulacji ferrytdw zmiennym polem magnetycznym
oraz promieniowaniem podczerwonym o dtugosci fali 808 nm. Dodatkowo wykonano
badania zwigzane z okresleniem charakteru odziatywania nanomateriatdbw na wybranych
liniach komorkowych in vitro (komorki nabtonkowe sutka HMEC, ludzkie komorki
biataczki szpikowej THP-1, raka piersi MDA-MB-231) oraz potencjatu aplikacyjnego
ferrytow o morfologii zblizonej do gwiazd w magnetofototermii. Nanoczastki FezO4
0 roznej morfologii otrzymano na podbudowie know-how pozyskanego w trakcie realizacji
badan przedstawionych w pracy (P1) z wykorzystaniem techniki hot-injection. Ze wzgledu
na koniecznos¢ stabilizacji materiatow, ochrony uktadu biologicznego przed kontaktem
z powierzchnig ferrytow (ryzyko zajscia reakcji Fentona), agregacja czastek i ograniczeniem
migdzyczasteczkowych odziatywan magnetycznych prébki zostaty powierzchniowo
sfunkcjonalizowane ligandem etydrynowym (kwas etydrynowy z grupy bisfosfoniandw).
Wybor kwasu etydrynowego do modyfikacji powierzchni magnetytu nie byt przypadkowy.
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Wynikat on ze szczegétowych badan, ktorych wyniki zostaty opublikowane w pracy
naukowej stanowiacej element pozostatego dorobku'®®, We wspomnianej pozycji literaturowe;j
zbadano efekt roznych ligandéw z rodziny pochodnych kwaséw organofosfonowych
wykorzystanych do modyfikacji powierzchni na efektywnos¢ konwersji zmiennego
pola magnetycznego i swiatla z zakresu NIR oraz ksztattowanie innych istotnych witasciwosci.
Wykonano szczegétowe badania biologicznych interakcji uktadow ferrytow z ligandami
fosfonowymi na liniach komdrkowych w ramach oceny ich biokompatybilnosci wraz
z innymi waznymi parametrami (aktywnos$¢ metaboliczna, uszkodzenia DNA, indukcja
stresu oksydacyjnego, apoptoza). Ze wzgledu na brak cytotoksycznosci ferrytow
modyfikowanych kwasem etydrynowym i zdecydowang poprawe efektywnosci
generowania ciepta, do badan zwigzanych z prezentowana w tym punkcie praca wybrano
wiasnie ten ligand.

Badania konwersji zmiennego pola magnetycznego i $wiatta z zakresu NIR na ciepto
wykazaty, ze w przypadku ferrytdéw o morfologii zblizonej do gwiazd, a wiec 0 najwickszej
anizotropii ksztattu, jest ona najbardziej efektywna. Efekt ten jest najbardziej widoczny
w przypadku stymulacji samym zmiennym polem magnetycznym, poniewaz anizotropia
ksztattu jest jednym z czynnikbw decydujacych o wiasciwosciach magnetycznych,
a wigc wplywa na mechanizmy strat cieplnych w magnetykach. W przypadku natomiast
Swiatta z zakresu NIR ze wzgledu na zblizony rozmiar czastek nie zauwazono istotnych
réznic, a osiggane temperatury maksymalne byty w bardzo podobnym zakresie. Dla stymulacji
promieniowaniem NIR uzyskano bardzo wysokie wartosci SAR przekraczajace 3000 Wg.

Pokazano, ze synergia tych dwoch czynnikdéw zewnetrznych pozwala na osiggniecie
temperatury w zakresie waznym biologicznie dla stezenia nanogwiazd wynoszacego
0,5 mg/ml. W dalszej czgsci przeprowadzono testy zdolnosci do generowania ciepta
w roznych mediach wykorzystywanych w trakcie hodowli komoérek. Miato to na celu
sprawdzenie czy dodatek mediéw hodowlanych zawierajacych przeciez mikroelementy
oraz molekuty bioaktywne nie spowoduje zmian w zachowaniu si¢ ferrytow (szczegolnie
stabilnosci koloidalnej) w trakcie indukcji ciepta. Wybrano trzy media hodowlane: DMEM,
DMEM wzbogacany 10% surowica FBS oraz DMEM wzbogacany 10% surowicg FBS i 100
umolami kwasu askorbinowego. Pomiary dla zmiennego pola magnetycznego i synergii
zmiennego pola magnetycznego ze swiattem NIR wykonano w funkcji stgzenia koloidu.
Zauwazono, ze W przypadku wszystkich mediow osiggana temperatura maksymalna jest
nizsza i za ten fakt odpowiedzialna jest zmiana cewki z CAL1 (izolowana do pomiarow

stricte kalorymetrycznych) na cewke S32 (dedykowana do badan na liniach komoérkowych).
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Parametry tej ostatniej cewki sa odrobing inne w zakresie osigganych czestotliwosci
I natezenia pola oraz nie jest ona tak dobrze izolowana termicznie. Nie zmienia to jednak faktu,
iz biologicznie wazny zakres temperatury w tym uktadzie byt generowany na wybranym
nanomateriale juz dla najnizszego st¢zenia magnetytu, a temperatura maksymalna dostepna
byta po okoto 100 s od momentu rozpoczecia stymulacji.

Ocene skutecznosci dziatania nanomateriatow w trybie synergii czynnikdw zewngtrznych
wykonano na dwoch liniach komérkowych HMEC (komorki normalne) oraz raka piersi
MDA-MB-231. Zauwazono, iz ze wzgledu na znaczace réznice lepkosci w komorkach
w poréwnaniu do roztworéw wodnych czy mediow hodowlanych oraz na mozliwg
immobilizacj¢ nanomateriatbw w komorkach jeden z mechanizmow strat cieplnych
wynikajacy z relaksacji zewnetrznej Browna angazujacej rotacje catych czastek jest
nieefektywny. Fakt ten spowodowat koniecznos¢ zwigkszenia stgzenia nanomateriatu do
2 mg/ml w celu kompensacji braku mozliwosci generowania ciepta na drodze relaksacji
Browna.

Wykazano, ze nanoczastki FesOs w stezeniu 2 mg/ml o morfologii gwiazd efektywnie
niszcza komdrki nowotworowe. Zwrdcono réwniez uwage ha wazne zagadnienie,
ktore zwigzane jest z faktem, iz grupy badawcze zajmujace si¢ problematyka hipertermii
nie badaja efektow biologicznych generowanych przez tak wysokie stezenia nanomateriatow.
Nawet jesli sa one w petni biokompatybilne to dla tak duzej ilosci wprowadzanych
czastek moga one powodowac postepujaca smieré komorkowa poprzez blokowanie transportu
istotnych substancji dla podtrzymania ich zycia. Niewatpliwie poddanie komorek dziataniu
obu czynnikéw generujacych efekt hipertermii lokalizowanej na nanoczastkach
w sposob dramatyczny przyspiesza ten proces pozwalajgc na natychmiastowe niszczenie
komérek neoplastycznych. W pracy podniesiono réwniez kwesti¢ zwigzang z tym, ze szybkos¢
wzrostu temperatury jest bardzo istotna dla zjawiska termoodpornosci komérek. W przypadku
mato efektywnych nanoczastek termotolerancja komorek moze znaczaco obnizy¢ skutecznosé
tego rodzaju terapii. Wykazano, ze efekt ten bedzie zalezat takze od fenotypu
linii komorkowych ze wzgledu na znaczace roznice cech komoérkowych. W zasadzie
wykluczono mozliwos¢ podawania materiatéw ferrytowych w postaci wlewow dozylnych
ze wzgledu na mate prawdopodobienstwo kumulacji tak wysokich stezen w celowanych
komérkach. Najprawdopodobniej najlepszym sposobem dostarczania nanomateriatdw bedzie

bezposrednia iniekcja w zmiane nowotworowa lub w jej najblizsze otoczenie.
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P3: Alternating magnetic field and NIR energy conversion on magneto-plasmonic
Fes04s@APTES-Ag heterostructures with SERS detection capability and antimicrobial
activity, RSC Advances, 2022, 12, 27396 (1F4,03s; MEiN100 pkt)

Pozyskang wiedze w zakresie syntez ferrytow o kontrolowanej morfologii postanowiono
wykorzysta¢ i poszerzy¢ o otrzymywanie heterostruktur FesOs@SiO@Ag zbudowanych
z magnetycznego rdzenia o regularnej budowie, cienkiej warstwy krzemionkowej oraz
wytracen metalicznych pod postaciag nanoczastek srebra. Takie podejscie syntetyczne pozwala
na uzyskiwanie materiatow, ktére moga taczy¢ w sobie wiasciwosci fizykochemiczne
poszczegblnych sktadnikow (podobnie jak w kompozytach). W tym konkretnym przypadku
uzyskano nanomateriaty wielofunkcyjne, ktore jednoczesnie mozna wykorzystaé
do bezkontaktowej indukcji ciepta, jako kontrast w obrazowaniu MRI, dzigki efektowi
wzmocnienia sygnatu ramanowskiego jako sonde SERS (ang. surface enahnced Raman
spectrospcopy), dziataniu przeciwbakteryjnemu, czy tez po funkcjonalizacji powierzchni
np. lekami przeciwzapalnymi jako wielofunkcyjng platforme¢ dostarczajaca leki (ang. drug
delivery platform). W przypadku tego ostatniego zastosowania mozna by wykorzysta¢ efekt
indukcji ciepta jako czynnik powodujacy uwolnienie transportowanego srodka
terapeutycznego. W ramach preparatyki materiatdw wykorzystano synteze heterostruktur
oparta o trzy gtdwne etapy (1) otrzymanie magnetycznego rdzenia o morfologii szesciandéw
za pomoca techniki dekompozycji termicznej, (1) pokrycie magnetytu cienka warstwa
amorficznej krzemionki zawierajacej aminowe grupy funkcyjne (mieszanina TEOS/APTES)
oraz (I11) redukcji kationow srebra za pomoca silnego reduktora. Sama metodyka wytwarzania
zostata zoptymalizowana, cechowata si¢ bardzo dobra powtarzalnoscia, moze by¢ rozszerzona
na inne wytracenia metaliczne (P4) oraz jest punktem wyjscia do przygotowywania bardziej
skomplikowanych materiatdw. W zakresie realizacji celu pracy doktorskiej szczeg6towo
zbadano efektywnos¢ bezkontaktowej konwersji zmiennego pola magnetycznego oraz swiatta
(808 nm) uzyskujac bardzo wysokie wartosci SAR > 1000 Wg i wskazujac na dominujacy
charakter mechanizmu zwigzanego z generowaniem ciepta pod wplywem wigzki lasera.
Wykazano, ze badane heterostruktury moga byé z powodzeniem wykorzystane jako sondy
SERS do analizy ilosciowej analitow oraz posiadaja aktywnos¢ antybakteryjng szczegolnie
w przypadku pateczki ropy bickitnej, ktora jest jedna z grozniejszych bakterii (szczegdlnie
w szpitalach) wywotujacych grozne dla zdrowia zakazenia. Wszystkie wyzej wymienione
cechy powoduja, ze FesOs@APTES-Ag stanowig interesujaca propozycje jako wielofunkcyjne
platformy do aplikacji biomedycznych.
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P4. Heat generation on Fes0.@SiO.@Au core-shell structures using the synergy of an
alternating magnetic field and NIR laser light within I** biological optical window,
Materials Today Communications, 2023, 01, 105513 (IFs,662; MEiN7o pki)

Praca P4 byla naturalnym poszerzeniem tematyki dotyczacej otrzymywania
wielofunkcyjnych heterostruktur gdzie pokazano mozliwos¢ zastosowania innych czastek
plazmonowych (Au). Zastosowano doktadnie tg samg metodologi¢ wytwarzania materiatéw jak
w pracy P3 zastepujac wytracenia Ag nanoczastkami ztota. Zbadane zostaty zdolnosci
materialu do generowania energii cieplnej pod wplywem bezkontaktowej stymulacji
czynnikami zewnetrznymi. Heterostruktury wykazywaty bardzo dobrg odpowiedz na czynniki
stymulujace zarbwno w trybie synergii, jak rowniez osobno. Wskazano na podobienstwa
w zachowaniu materiatdw w przypadku stymulacji promieniowaniem w zakresie NIR oraz
zaobserwowano, ze wzrost stezenia materiatdw w przypadku zmiennego pola magnetycznego
pozwala na osiagnigcie wyzszych temperatur. Natomiast tego samego efektu nie obserwuje si¢
dla NIR ze wzgledu na fakt, iz stezenie nanoczastek jest juz na tyle wysokie, ze wihasciwie
catos¢ $wiatta absorbowana jest na powierzchni koloidéw i nie ma mozliwosci jego gtebszej
penetracji. W pracy tej zbadano réwniez interakcje heterostruktur z modelowymi liniami
komdrkowymi wskazujac na stezeniowo zalezny efekt cytotoksyczny. Nalezy zwrdci¢ uwage,
ze materiaty te nie byly wczesniej modyfikowane powierzchniowo prébujac uzyskaé

informacje¢ czy mozna je bezpiecznie stosowac pomijajac ten etap.

P5: Temperature effects induced by NIR photo-stimulation within It and 11" optical
biological window of seed-mediated multi-shell nanoferrites, Dalton Transactions, 2023,
52, 2580 (I1F4569; MEiN140 pkt)

Wypracowane doswiadczenie w zakresie syntez materiatow ferrytowych o kontrolowanej
morfologii (P1) oraz heterostruktur magnetyczno-plazmonowych (P3 i P4) stanowito pewna
zachete do podjecia badan dotyczacych mozliwosci wytwarzania wielowarstwowych
nanoczastek ferrytowych o strukturze typu rdzen-otoczka z wykorzystaniem bardzo ciekawej
metodyki polegajacej na wzroscie kolejnych warstw, tego samego magnetyku (homostruktury
warstwowe), badz innego (heterostruktury warstwowe) na wczesniej przygotowanych
rdzeniach (seed-mediated growth). Tego rodzaju spos6b uzyskiwania nanomateriatéw
umozliwia doskonata kontrole nad rozmiarem czastek, ktory mozna ksztattowaé¢ w bardzo
szerokim zakresie bez koniecznosci radykalnej ingerencji w warunki prowadzenia syntezy.
Whasciwie, podstawowe parametry otrzymywania nie odbiegaja znacznie od procesu

wytwarzania rdzeni, na ktorych prowadzi si¢ dalszy wzrost czastek. Przedmiotem badan
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w publikacji P5 byty materiaty ferrytowe typu rdzen-otoczka takie jak CoFe20s@CoFez0s4,
CoFe204@Fes04, CoFe20:@MnFe20s4, oraz CoFe,0s@MnFe;0s@2ZnFe204. Sam  proces
wzrostu na rdzeniach, w zaleznosci od sktadu nanoczastek, prowadzono kilkukrotnie wyraznie
wskazujac na mozliwos¢ elastycznej kontroli rozmiaru i podkreslajac fakt, ze mozna
je powtarza¢ az do otrzymania pozadanej wielkosci czastek. Podobnie jest w przypadku
wytwarzania heterostruktur wielowarstwowych zbudowanych z r6znych ferrytow, co otwiera
szeroki wachlarz mozliwosci wptywu na koncowe wiasciwosci produktéw, na przyktad
poprzez kombinacje twardy@mickki@twardy magnetyk. Istotnym wnioskiem zwigzanym
z kontrolowaniem wzrostu kolejnych warstw ferrytéw jest koniecznos¢ optymalizacji stezenia
substratow ze wzgledu na zmniejszajaca Si¢ powierzchnie w wyniku zwiekszania rozmiaru
czastek. Wynika to z dos¢ oczywistego faktu zwigzanego z tym, ze w trakcie prowadzenia
reakcji chemicznej kolejna porcja substratu musi zosta¢ zaabsorbowana na powierzchni
wczesniej uformowanych czastek (i przereagowac). Jesli stezanie substratu bedzie zbyt
wysokie to jego nadmiar nie bedzie miat mozliwosci chemisorpcji i przereagowania
na powierzchni materiatu. Konsekwencja bedzie powstawanie nowych czastek o rozmiarze
tozsamym z rdzeniem. Stad tez wspomniana konieczno$¢ zmniejszania stezenia w kolejnych
powtoOrzeniach. W pracy poruszono réwniez problematyke konwersji $wiatta na ciepto
z zakresu NIR dla dwdéch ditugosci fali 808 nm oraz 1122 nm na otrzymanych strukturach core-
shell. Wykazano, ze materiaty otrzymane ta technika cechujg si¢ wysoka efektywnoscia
konwersji obu Zrodet swiatta i po ich odpowiednim przygotowaniu mogtyby by¢ wykorzystane
w fototermii. Inng mozliwoscig jest zastosowanie tych struktur jako nowoczesnych materiatow
do aplikacji zwigzanych z transformowaniem energii i jej magazynowaniem (ang. energy
harvesting materials) lub tez ich dalszej obrébce prowadzacej do wytwarzania np. kompozytow
nieorganiczno-organicznych podobnych do tych, ktére oméwiono w pracy P6.

P6. Contactless and synergic heat generation using AMF and laser radiation within
1%t and 2" optical biological window on PMMA covered cobalt-manganese ferrite hybrid
particles, Journal of Alloys and Compounds, 2022, 898, 162840 (1Fs 371; MEiN100 pkt)

Ostatnig praca zamykajaca cykl badan przedstawionych w publikacjach begdacych
bezposrednim efektem realizacji pracy doktorskiej, jest artykut dotyczacy aspektow
zwigzanych z syntezg materiatow hybrydowych nieorganiczno-organicznych zawierajacych
rdzen wykonany z ferrytu kobaltowo-manganowego (rozmiar czastek 8 - 9 nm), ktory nastepnie
wykorzystujac reakcje polimeryzacji emulsyjnej in-situ zostat pokryty warstwa polimeru
PMMA. Celem pracy bylo zbadanie efektywnosci generowania ciepta pod wplywem
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bezkontaktowej stymulacji hybrydy za pomoca zmiennego pola magnetycznego
I promieniowania elektromagnetycznego z zakresu NIR, dwie diugosci fali 808 i 1122 nm.
Nalezy wspomnie¢, ze wszystkie pomiary wykonano na materiale w postaci proszkowej, a nie
zawiesiny koloidalnej ze wzgledu na stosunkowo duzy rozmiar czastek hybryd
dwusktadnikowych (400-500 nm). W przypadku motywacji podjecia si¢ wyzwania uzyskania
kolejnej klasy materiatdbw kompozytowych, kierowano si¢ przede wszystkim pobudkami
zarbwno czysto naukowymi zwigzanymi z okresleniem wiasciwosci materiatowych
otrzymanych hybryd, jak réwniez aspektami praktycznych mozliwosci zastosowan (sktadnik
cementdw kostnych - medycyna, ochrona uktadéw elektronicznych przed zaktoceniami
indukowanymi przez pole magnetyczne - elektronika w szczeg6lnosci materiaty EMI filtrujace
pole magnetyczne). Sam wybor spinelu o sktadzie CogsMnosFe-O4 wynikat z kilku istotnych
faktéw. (1) opanowano stymulowang mikrofalami technike wytwarzania ferrytow, ktora
pozwala na otrzymanie bardzo matych czastek (5-10 nm) i przygotowano cata ich seri¢ o bardzo

zroznicowanym skladzie pierwiastkowym?’’

. (I) z przeprowadzonych wczesniej badan
dotyczacych spineli Co1xMnxFe;0O4, a W szczegllnosci tych zwigzanych z charakterystyka
wiasciwosci magnetycznych i biologicznych wynikato, iz CoosMnosFe204 jest zwigzkiem,
ktory dla tego sktadu pierwiastkowego jest najbardziej biokompatybilny przy zachowaniu
wysokiego nasycenia magnetyzacji i jednoczesnie czastek bedacych w stanie
superparamagnetycznym?8%82 Otrzymane hybrydy dwusktadnikowe scharakteryzowano pod
katem efektywnosci generowania ciepta z wykorzystaniem wczesniej wspomnianych
czynnikdéw zewnetrznych poréwnujac je z materiatem rdzenia. Zaobserwowano, ze materiat
rdzenia w postaci czystego proszku cechuje bardzo szybka odpowiedz na dziatanie
obu stymulantéw, a uzyskiwane maksymalne temperatury przy wzglednie niskich ich
parametrach znaczaco przekraczaja temperatur¢ 100°C (dla samego zmiennego pola
magnetycznego Tmax 108°C, dla drugiego czynnika 165°C i okoto 180°C zaleznie od dtugosci
fali). W przypadku hybryd CoosMnosFe;Os@PMMA, dla ktorych rdzen magnetyczny stanowit
21% catkowitej masy maksymalna rejestrowana temperatura w ramach dostgpnych nastaw
urzadzen wynosita dla zmiennego pola magnetycznego okoto 63°C, przy ekspozycji na swiatto
z zakresu NIR niezaleznie od dtugosci fali byta podobna i wynosita okoto 85°C. W przypadku
trybu synergii dla hybryd zaobserwowano znaczacy wzrost temperatury maksymalnej (okoto
102°C). Dla materiatéw hybrydowych wyznaczono warto$¢ SAR, ktdra w trybie oddziatywania
dwaoch czynnikdéw wynosita 30 W/g. W przypadku suchych proszkéw oznacza to, ze konwersja
jest bardzo efektywna dla tej klasy materiatdbw. Nalezy rowniez zwroci¢ uwage,

ze do obliczenia SAR dla materiatéw, ktore nie sa zawiesinami koloidalnymi wykorzystuje sie
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prostszy wzér uwzgledniajacy ciepto wiasciwe probki (znane, badz zmierzone technikg DSC)
I szybkos¢ wzrostu temperatury z dopasowania przebiegu krzywej zmiany temperatury w
zaleznosci od czasu. Stad tez, dla probek koloidow SAR czesto jest bardzo duzg liczba,
poniewaz w swoim wzorze uwzglednia ilos¢ materiatu, a ciepto whasciwe wody jest najczesciej

kilkukrotnie wyzsze od badanego materiatu.
PODSUMOWANIE

Otrzymano szereg materiatdbw ferrytowych o kontrolowanym rozmiarze czastek,
dystrybucji, morfologii (sfery, szesciany, wielosciany foremne, gwiazdy), 0 zmiennym skladzie
chemicznym oraz pod postacia homo- i heterostruktur wielowarstwowych implementujacych
zarobwno rézne nanoferryty, wytracenia metaliczne pozwalajace na uzyskanie nanoplatform
o0 wiasciwosciach wielofunkcyjnych (efekt SERS, aktywnos¢ przeciwbakteryjna) oraz
hybryd nieorganiczno-organicznych (ferryty@PMMA). Istotnym wynikiem realizacji pracy
doktorskiej jest opracowanie wraz z optymalizacjg technik wytwarzania nanomateriatow
ferrytowych takich jak:

(I) metoda goracego nastrzyku z kosolwentem w celu wymuszenia kierunkowego wzrostu
czastek. Technika ta otworzyta mozliwos¢ kontroli morfologii czastek (sfery, szesciany,
wielosciany foremne, gwiazdy).

(1) Metodologia wytwarzania nanomateriatdw wykorzystujaca dalszy ich wzrost na wczesniej
przygotowanych rdzeniach umozliwiajacej otrzymanie homo- 1  heterostruktur
wielowarstwowych. W przypadku tej ostatniej wykazano koniecznos¢ optymalizacji ilosci
substratu, ktéra w momencie przekroczenia krytycznego rozmiaru czastek wspomaga
wymuszenie kierunkowego wzrostu krystalitbw. Umozliwia precyzyjna kontrole rozmiaru
czastek, przy zachowaniu ich waskiej dystrybucji bez potrzeby zmiany kluczowych
parametréw powadzenia procesu w fazie cieklej.

(1) Kilkuetapowa metodologia syntezy heterostruktur ztozonych z ferrytdw oraz wytracen
metalicznych o wilasciwosciach plazmonowych (dodatkowo opanowano metode preparatyki
czastek plazmonowych), ktéra okazata si¢ bardzo wydajna i stosunkowo prosta
do przeprowadzenia.

W toku badan koniecznym byto blokowanie powierzchni nanoczastek w zawiesinach
koloidalnych ze wzgledu na mozliwos¢ wystapienia reakcji Fentona. W uktadach
biologicznych prowadzi ona do indukcji smierci komdrkowej wskutek generowania aktywnych
form tlenu, nalezato réwniez uwaza¢ na zatrucie zelazem (ferroptoza). Funkcjonalizacja

powierzchni jest wielowymiarowa i oprocz zwigkszenia kompatybilnosci jej celem byto
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uzyskanie stabilnych zawiesin koloidalnych nanoczastek oraz ograniczenie magnetycznych
oddziatywan migdzyczasteczkowych, ktére mogtyby przyczyniac si¢ do znaczacego obnizenia
zdolnosci konwersji AMF i swiatla lasera na ciepto. Do modyfikacji powierzchni wybrano
kwas etydrynowy (bisfosfonian). Wykazano, ze ta pochodna idealnie nadaje si¢ do zwiekszenia
biokompatybilnosci ferrytow i podnoszenia efektywnos¢ generowania ciepta.

W przypadku badan poswigconych bezposrednio efektywnosci generowania ciepta pod
wptywem bezkontaktowej stymulacji AMF i $wiatta lasera, a wigc czynnikom, ktore powoduja
powstawanie strat cieplnych w ferrytach (indukcja ciepta) na drodze zupetnie odmiennych
mechanizméw fizycznych, pokazano, iz proces ten w trybie synergii jest bardzo wydajny,
a wartosci SAR moga przekracza¢ 3000 W/g dla uktadéw koloidalnych. Wykazano, ze kontrola
morfologii, ktoéra zwigzana jest z anizotropig ksztattu jest bardzo wazna szczegoOlnie
w kontekscie stymulacji AMF. Czastki o najwigkszej anizotropii (gwiazdy) charakteryzuja sie
najbardziej efektywna odpowiedzig na ten czynnik stymulujacy. W przypadku indukcji ciepta
z wykorzystaniem r6znych morfologii czastek o poréwnywalnych rozmiarach efekt ten nie jest
az tak silny ze wzgledu na niewielkie réznice w rozpraszaniu swiatta. W przypadku homo
I heterostruktur wielowarstwowych, heterostruktur z wytraceniami plazmonowymi czy tez
ferrytow o zmiennym skfadzie chemicznym pokrywanych PMMA efektywnos¢ konwersji
zarowno AMF jak i $wiatla jest zdecydowanie wyzsza niz w przypadku dziatania tych
czynnikdw osobno.

W ramach otrzymanych materiatéw wybrano w konsekwencji te 0 najwyzszej wydajnosci
SAR (materiaty o kontrolowanej morfologii — gwiazdy oraz heterostruktury Fez:Os@Au)
i wykonano na nich testy zwigzane z badaniem efektow interakcji w uktadach biologicznych
(komorki normalne, linie komdrek raka piersi) i skutecznosci ich zwalczania. W toku prac
badawczych wysunigto wazny wniosek o absolutnej koniecznosci przeprowadzenia badan
interakcji materiatéw na liniach komérkowych z wykorzystaniem ich docelowych stezen, ktdre
w warunkach zblizonych do aplikacji w hipertermii lokalizowanej na nanoczastkach
magnetycznych i innych znaczaco przekraczaja 2 mg/ml. Nalezy podkresli¢, ze zwyczajowo
testy okreslajace biokompatybilnos¢ potencjalnie ciekawych uktadéw do tych zastosowan
ograniczaja si¢ do stezenia czastek rzedu 100 pg/ml, a ich wyniki nie sg tozsame z efektami
indukowanymi przez wyzsze stezenia. Z badan interakcji z materiatem biologicznym zaréwno
prowadzonych na komorkach zdrowych, jak i roznych liniach neoplastycznych komorek raka
piersi wynika, ze do stezen okoto 2 mg/ml nie wykrywa si¢ znaczacych negatywnych skutkow,
natomiast powyzej tego stezenia moze wystepowac zjawisko nekrozy komorek zaréwno
zdrowych jak i tych patogennych. Wniosek ten w zasadzie ogranicza mozliwos¢ wykorzystania
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materiatdw na bazie ferrytow podawanych w postaci wlewdw dozylnych i narzuca koniecznos¢
bezposredniej iniekcji tego materiatu bezposrednio w obszar zmiany nowotworowej. Ciekawg
obserwacja byta rowniez ta, iz hipertermia indukowana za pomoca AMF i jednoczesnego
dziatania $wiatta z zakresu | i Il optycznej bramki biologicznej prowadzi do modulacji
odpowiedzi na stres cieplny komorek, ktory jest zalezny od ich geno- i fenotypu. Oznacza to,
ze w kontekscie efektu cieplnego generowanego na nanoczastkach r6znego rodzaju, rowniez
i ferrytach, wydajnosc¢ czy tez zdolnos¢ do generowania temperatury istotnej z punktu widzenia
biologii komorki bedzie uzalezniona od rodzaju komérek. Dodatkowo nalezy mocno podkresli¢
fakt, ze istnieje duze ryzyko immobilizacji nanomateriatbw magnetycznych wewnatrz
komérek, co moze powodowaé drastyczne ograniczenie efektu cieplnego poprzez
minimalizacje relaksacji Browna, ktdra jest jednym z istotnych mechanizméw generujacych
straty cieplne w magnetykach. Oprocz tego niepozadanego zjawiska, wzrost lepkosci wewnatrz
komorki w stosunku do otoczenia zewnetrznego moze wptywaé negatywnie na koncowy efekt
temperaturowy. Zatem w hipertermii indukowanej tylko za pomoca zmiennego pola
magnetycznego konieczna jest kompensacja tych efektow, ktdrej konsekwencja jest drastyczne
zwigkszenie stezenia nanomateriatu. Stad tez, wykorzystanie dodatkowego czynnika
zewnetrznego wymuszajacego selektywne nagrzewanie si¢ nanomaterialu moze wyjsé
naprzeciw oczekiwaniom i ograniczy¢ stosowane wysokie stezenia nanoczastek w hipertermii

lokalizowane;.
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10. Whnioski koncowe

Do najwazniejszych osiagnig¢ naukowych uzyskanych w trakcie realizacji pracy
doktorskiej naleza:
(1) opracowanie oraz optymalizacja metody syntezy ferrytow technika szybkiego nastrzyku
(rapid hot-injection) z wykorzystaniem rozpuszczalnika pomocniczego (kosolwent)
obnizajacego aktywnos¢ chemiczng substratu/Ow oraz  substancji pomocniczych
wymuszajacych kierunkowy wzrost czastek (szesciany, wielosciany foremne oraz gwiazdy).
(2) Opracowanie oraz optymalizacja syntezy nanomateriatéw ferrytowych o strukturze rdzen-
otoczka (core-shell) z wykorzystaniem techniki wzrostu na rdzeniach (seed-mediated growth),
dzigki ktorej otrzymano homo- i heterostruktury wielowarstwowe.
(3) Opracowanie wydajnej metody syntezy heterostruktur w oparciu o materiaty z rodziny
ferrytow i wytracen metalicznych (Ag, Au), ktéra umozliwita uzyskanie nanoplatform
0 wiasciwosciach  wielofunkcyjnych (bezkontaktowa indukcja ciepta, wilasciwosci
antybakteryjne, efekt SERS).
(4) Otrzymanie hybryd na bazie ferrytow wykorzystujacych polimer syntetyczny PMMA jako
potencjalnych sktadnikéw cementéw kostnych oraz materiatow filtrujagcych pole magnetyczne
(EMI materials).
(5) Wykazanie wysokiej wydajnosci rownoczesnej, bezkontaktowej konwersji zmiennego pola
magnetycznego oraz $wiatta za zakresu I i 11 optycznej bramki biologicznej r6znych materiatow
ferrytowych, ich heterostruktur oraz hybryd na ciepto.
(6) Zaobserwowano, ze anizotropia ksztattu nanoczastek silnie wptywa na indukcje ciepta
szczegOlnie gdy czynnikiem bezkontaktowym jest zmienne pole magnetyczne. Najbardziej
efektywne byty czastki o morfologii gwiazd (najwigksza anizotropia). Generowanie ciepta
z uzyciem $wiatta lasera, dla obiektéw o zblizonym rozmiarze (poréwnywalne rozproszenie),
nie jest zalezne w tak duzym stopniu od ksztattu czastek jak w przypadku AMF.
(7) Materiaty ferrytowe wykazuja bardzo wysoka wydajnos¢ konwersji AMF i §wiatta w obu
zakresach spektralnych (w trybie synergii). Parametr SAR powyzej 1000 W/g. Dla najlepszych
materiatdbw SAR przekraczat 3000 W/g i zalezat od gestosci optycznej zrodta swiatta.
(8) Wykazanie silnych interakcji materiatow ferrytowych z wybranymi liniami komérkowymi
raka piersi ze wskazaniem koniecznosci funkcjonalizacji powierzchni, ktéra jest
wielowymiarowa i obejmuje zaréwno zwickszenie biokompatybilnosci jak rowniez wptywa na

efektywnos¢ konwersji w szczegolnosci AMF na ciepto.
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(9) Funkcjonalizacja powierzchni kwasem etydrynowym wptywa na biokompatybilnosé
ferrytow oraz na bezkontaktowe generowanie ciepta poprzez minimalizacje aglomeracji
czastek i odziatywan migdzyczasteczkowych.

(10) Absolutng koniecznoscia jest badanie interakcji materiatdw z modelami biologicznym
z wykorzystaniem ich docelowych stezen. Nanomateriaty ferrytowe pomimo blokowania
powierzchni ligandami organicznymi  zwigkszajacymi ich biokompatybilnos¢ moga
powodowa¢ indukcje nekrozy dla stezen powyzej 2 mg/ml w komdrkach normalnych.
Najczesciej badania interakcji komoérek z nanomateriatami przeznaczonymi do hipertermii
lokalizowanej koncza si¢ na stezeniach rzedu 100 pg/ml dla ktorych nie wida¢ dziatan
niepozadanych.

(11) Hipertermia indukowana za pomoca zmiennego pola magnetycznego oraz jednoczesnego
dziatania $wiatta z zakresu | i Il optycznej bramki biologicznej prowadzi do modulacji
odpowiedzi na stres cieplny komorek, ktory zalezy od ich geno- i fenotypu.

(12) Hipertermia indukowana w trybie synergii dwoch znaczaco roznych czynnikdéw
generujacych ciepto na nanomateriatach ferrytowych jest znaczaco bardziej wydajna niz
w trybie AMF i moze pozwoli¢ na ograniczenie st¢zen stosowanych nanomateriatow. Nalezy

zwrdci¢ uwage, ze koncowy efekt bedzie zalezny od rodzaju komorek.
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The rapid hot-injection (HI) technique was employed to synthesize magnetic nanoparticles with well-

defined morphology (octahedrons, cubes, and star-like). It was shown that the proposed synthetic

approach could be an alternative for the heat-up and flow hot-injection routes. Instant injection of the

precursor to the hot reaction mixture (solvent(s) and additives) at high temperatures promotes fast

nucleation and particle directional growth towards specific morphologies. We state that the use of
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saturated hydrocarbon namely hexadecane (sHD) as a new co-solvent affects the activity coefficient of

monomers, forces shape-controllable growth, and allows downsizing of particles. We have shown that
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1. Introduction

The huge interest of many research groups in the development
of magnetic iron oxide nanoparticles (MNPs) is a direct conse-
quence of their exceptional, strongly size and morphology
dependent magnetic properties as well as acceptable biocom-
patibility and sufficient biodistribution.'* Hence MNPs can be
exploited in a variety of biomedical applications both at diag-
nostic and therapy levels such as in magnetic resonance
imaging (MRI),** localized drug delivery,*® tissue regeneration®
or hyperthermia.'®" Several interesting studies devoted to the
synthetic issues of MNPs were already published. The authors
emphasize that it is of absolute necessity to control the MNP
shape (uniformity and preferably cubic particles), size (optimal
range for magnetism and biological applications), distribution
(predictable properties), particle state in a colloidal suspension
(agglomeration/aggregation as a limiting factor for the
magnetic interparticle interactions, biodistribution), and
chemical composition (magnetic properties and biocompati-
bility). Moreover, a conscious decision regarding the choice of
protecting/stabilizing/targeting/conjugating organic molecules
has to be taken.“'>** Therefore, it is still a real challenge to
develop MNPs precisely tailored for biological systems since
multiple parameters can critically affect both the physical and
biological properties of MNPs. One can easily find a plethora of
scientific articles dedicated to synthetic approaches toward
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the rapid hot-injection route can be extended for other ferrites as well (ZnFe,O4, CoFe,O4, NiFe,O4, and
MnFe,O4) which has not been done previously through the HI process before.

MNPs starting from simple and easy techniques like co-
precipitation,” sol-gel,'* microemulsion,” hydrothermal.*®
Special attention should be paid to the thermal decomposition
method carried out in the high boiling point organic media.”
Mainly, route based on thermal decomposition of metalorganic
precursors in the organic phase can be subdivided into two
main groups: so-called heat-up**?® and hot-injection
synthesis. The heat-up technique involves continuous heating
of the reaction mixture (one-pot, precursors, solvents and
additives) until the desired temperature is reached. Afterward,
decomposition of the precursor occurs leading to the nucle-
ation and growth of particles (continuous processes).'* Whereas
the hot-injection relies on the immediate injection of the
precursor solution (cold) directly to the heated solvent with
additives (hot). Rapid precursor decomposition results in the
burst nucleation and further particle growth. The latter tech-
nique was developed for the preparation of quantum dots
(QDs).®

A lot of effort has been made to improve the heat-up
approach toward shape and size controlled MNPs by using as
a precursor iron acetylacetonate and organic solvents. Due to
the use of liquids with high boiling temperatures it was
mandatory to find optimal reaction parameters and an appro-
priate solvent as the reaction medium. It was shown that the
solvent type, i.e. benzyl ether,**! phenyl ether,* dioctyl ether, 1-
octadecene,* eicosene, hexadecanol and docosene® can greatly
affect the particle morphology and size.** However, another
important issue was found in the thermal stability of organic
liquids at high temperature or directly at the boiling point. The
most commonly used are ethers especially benzyl ether (BE)
which is prone to degradation into benzaldehyde (BA) and
benzyl benzoate (BB). Unfortunately, even the stock solution of
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BE can contain both compounds. That leads to temperature
instability resulting in a lack of control over process parameters
and difficulties with product reproducibility.>** One of the
possible ways to avoid that is to prepare a solvent mixture with
the addition of highly non-polar co-solvents like octadecene,
tetradecene. On the other hand, complete exchange of the BE is
not possible since iron acetylacetonate has strictly limited
solubility in non-polar liquids.*

Following the Wulff construction, first proposed by Gibbs
and re-explored by Wulff, during the growth process nano-
particle will tend to assume an equilibrium final shape with
minimized surface free energy.*® Thus, for isotropic materials
polyhedral or spherical morphologies are generally favoured
whereas for anisotropic compounds the Wulff approach has to
be applied to determine the preferred particle shape. For the
engineering of nanoparticles with defined properties, it is
absolutely of high importance to consciously control the
particle growth towards desired shapes. Additives/capping
agents are a group of chemicals that have different binding
ability to nanomaterials surface. The ligand can be specific or
non-specific towards certain crystallographic facets/directions.
Capping agent efficiently reduces surface energy and blocks
the transport of monomers to the particle surface (restricted
diffusion). If adsorption occurs at a specific facet, growth in this
direction is inhibited and shape can be controlled. In the case of
ferrites, three main morphologies are distinguished: cubic
enclosed by {100}, octahedrons through {111}, and rhombic
dodecahedrons by {110},*” respectively. As a matter of fact, to
tailor MNPs morphology oleic acid (OA) and oleylamine (OAm)
are broadly used.' The role of an OA is extremely crucial since it
takes part in the reaction of intermediate iron oleate complex
formation and helps in partial reduction of the Fe** into Fe**.??
Moreover, the OA adsorbs in a specific way on a {100} crystal-
lographic facets favoring growth towards cubic particles. OA is
also regarded as a protective ligand against aggregation through
the formation of the hydrophobic layer around MNPs.**%
Change in the additives chemical character and their ratio will
affect nanoparticle shape greatly. Co-addition of the OAm, less
polar in contrast to the OA, allows downsizing and facilitates
the reduction of the iron in a greater manner than OA.*
However, one has to take into account that due to the non-
specific binding of OAm control over a particle morphology
might be difficult. It means that the concentration of both
additives has to be always optimized.***® Usually, a typical heat-
up procedure involves at least two main steps with different
heating rates. The first one up to 200 °C to induce the formation
of the iron oleate monomers (source of nuclei) from iron ace-
tylacetonate precursor. The second step at/or near the boiling
point of the solvent to force decomposition and tune the
particle growth process.*® Through a change of the heating rate,
it is possible to control the rapidity of monomer formation
(exponential increase with temperature) and growth of nano-
particles to some extent."***°

Surprisingly, in the context of the MNPs synthesis and
morphology control via hot-injection route not much has been
done and scarce information can be found in the specialised
literature.****** The mechanism of the hot-injection was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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described in detail by Kwon and Hyeon.** They reported that the
role of the injection step is to deliver a very high level of
supersaturation at the beginning of the reaction. After that
formation of nanostructures occurs instantly leading to
uniform particle growth. The way how the precursor is added to
the reaction mixture and how nucleation occurs makes a huge
difference between the heat-up method where nucleation and
growth is a continuous process. However, the main drawback of
the hot-injection emphasized by Wu et al. relies on mass-scaling
and difficulties with control of temperature gradients due to the
introduction of cold precursor to hot mixture.*

What is of great meaning for our paper is that Ho et al.>® have
shown that by using flow hot-injection it is possible to control
the shape of particles. In their approach, iron acetylacetonate
precursor was added through the constant flow-injection (2.5-
20 ml h™"). Moreover, the essence of the hot-injection technique
in achieving a rapid supersaturation state has been somewhat
lost — still rapid nucleation occurs but in a quasi-continuous
way since even portions of a precursor are delivered over time.
Thus, the mechanism of the particle formation, in this case,
reminds greatly a seed-mediated process since the nuclei are
formed continuously and growth occurs directly on the particle
seeds.?* Standard chemicals were used i.e. BE as a solvent, OA,
and OAm as additives. While 1,2-tetradecanediol was added to
increase monomer activity through change the polar character
of the reaction mixture. What is also important to note, is that
the cubic shape of MNPs was obtained after more than 1 hour of
synthesis duration. Thus, the mechanism of the particle shape
formation must differ significantly. Taking into account that
the BE can undergo detrimental changes over time at boiling
point temperature it is highly likely that some reproducibility
issues might occur upon protocol repetition.*® Nevertheless, the
presented results were promising and provided additional
possibility in an attempt to control the MNPs particle
morphology by the slow, flow-injection route.

The ultimate goal of our work was to redefine the rapid hot-
injection approach towards shape-defined MNPs i.e. Fe;0,. We
state a hypothesis that the particle size and shape can be
controlled by the addition of a strongly non-polar, monomer
limiting activity saturated hydrocarbon (hexadecane sHD) as
a co-solvent. The effect of the reaction temperature as well as
the dependence of the concentration of precursor (iron acety-
lacetonate), additives (OA), and sHD was studied in detail. Our
synthetic strategy has been further broadened for other ferrite
examples (ZnFe,0,4, CoFe,0,, NiFe,04, MnFe,0,).

2. Experimental section
2.1 Synthesis of iron oxide nanoparticles

The synthetic part has been divided into three main strategies:
(I) standard heat-up approach inspired by Kim et al.** in which
product was used as a reference sample and to test the effect of
reaction temperature, (II) rapid hot-injection process and its
optimization as well as (III) flow hot-injection technique to
contradict some drawbacks and show further possibilities.

(I) Heat-up approach towards MNPs. Kim et al.>* procedure
was adopted by us to prepare reference materials and to study

RSC Adv, 2021, 11, 20708-20719 | 20709
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the temperature effect on particle morphology. The main
reason for choosing this protocol was its simplicity: one heating
step with a fast temperature ramp (20 °C min~ ') and high
reproducibility of the products. As a precursor 2 mmol of
iron(m) acetylacetonate (Fe(acac);; 99.7%, Thermo Fischer
Scientific, Germany) were used, 1.5 ml of oleic acid (4.3 mmol,
90%, Sigma Aldrich, Poland) as a key and highly specific addi-
tive as well as 10 ml of dibenzyl ether (98%, Sigma Aldrich,
Poland) as a solvent. All necessary manipulations with chem-
icals were performed in an acrylic glove box (GS Glove Box
Systemtechnik GMBH P10R250T2) equipped with an automatic
gas pressure control using a nitrogen gas inert atmosphere (N,
99.999%, Linde, Poland) for protection. The iron precursor
together with oleic acid were dissolved in BE using a three-neck
glass flask equipped with a reflux column, gas line (a constant
flow of N,), mechanical stirrer, and Pt-100 sensor connected to
the temperature controller (LTR 2500, Juchheim, Germany).
The reaction mixture was degassed for one hour at room
temperature under a constant flow of inert gas. Afterward, the
solution was heated to the desired temperature (270-290 °C)
and kept for 30 minutes. The resulting black-dark brown
product was purified by centrifugation-washing cycles (eight
times) using ethanol solution (96%, Chempur, Poland) and
redispersed as a stock MNPs suspension for further
characterization.

(I) Rapid hot-injection procedure in the synthesis of
MNPs. In this case, two alternatives were performed. First the
rapid injection of the iron precursor into a hot mixture of BE
containing OA (1.3-1.7 ml, 3.7-4.85 mmol) and the second
where hexadecane (sHD, 99%, Sigma Aldrich, Poland) was used

View Article Online
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as an additional co-solvent with different proportions to the BE
on already optimized OA content.

Typically, 7.6 ml of BE were mixed in a three-neck glass flask
with 1.5 ml of OA and degassed under inert gas flow for 1 h at
room temperature. After that solution was heated to 290 °C
(below BE boiling point) under mechanical stirring and 2.4 ml
of earlier prepared iron precursor (2 mmol of Fe(acac);) in BE
were rapidly injected through the syringe. The reaction mixture
was kept for 30 minutes at 290 °C under gas flow. The obtained
product was purified in the same manner as described in the
previous part.

In the alternative protocol with sHD as a co-solvent 7.6 ml of
BE, 1.5 ml of OA (4.3 mmol), and 3 ml of sHD (10 mmol) were
mixed in a three-neck flask, degassed, and heated to 290 °C
under stirring and inert gas flow. Again 2 mmol of Fe(acac);
were dissolved in 2.4 ml of BE and rapidly injected into the hot
reaction mixture. After 30 minutes at 290 °C, the reaction was
stopped and the product was separated and purified as
described above. Different quantities of sHD (5-12 mmol) and
OA (1.5-1.7 ml) as well as an iron precursor (1.5-2.5 mmol) were
used to track the effect of co-solvent, additive, and precursor
concentration.

In the case of fabrication of the mixed ferrites i.e. ZnFe,0,,
CoFe,0,, NiFe,0, and MnFe,0, we employed essentially the
same procedure. For example, 7.6 ml of BE, 1.5 ml of OA, and
3 ml of sHD were added into the three-neck flask and degassed
at room temperature for 1 h. After that, the temperature of the
mixture was raised to 290 °C. In parallel, 2 mmol of the
precursor containing 1.33 mmol of Fe(acac); and 0.67 mmol of
M(acac), (M = Zn, Co, Ni, or Mn) were dissolved in 2.4 ml of BE
and instantly added to the hot reaction mixture. The synthesis

Table 1 List of samples prepared via three distinct strategies heat-up, rapid hot-injection as well as flow hot-injection®

Precursor Temperature Particle size

Synthesis Product Injection (mmol) OA (ml) SHD (mmol) (°C) (nm) SD (nm)
HU Fe,0, — 2 1.5 — 270 48.0 5.3
HU Fe;04 — 2 1.5 — 280 81.3 8.1
HU Fe;0, — 2 1.5 — 290 64.1 6.5
HI Fe;04 Rapid 2 1.3 — 290 72.8 4.7
HI Fe;0, Rapid 2 1.5 — 290 78.7 5.5
HI Fe;0, Rapid 2 1.7 — 290 47.7 4.0
HI Fe;0, Rapid 2 1.5 5 290 47.6 7.5
HI Fe;04 Rapid 2 1.5 10 290 46.6 5.3
HI Fe;04 Rapid 2 1.5 12 290 60.7 7.4
HI Fe;0, Rapid 1.5 1.5 10 290 33.6 5.6
HI Fe;04 Rapid 1.75 1.5 10 290 33.5 3.0
HI Fe;04 Rapid 2.25 1.5 10 290 58 12
HI Fe;04 Rapid 2.5 1.5 10 290 63.6 6.4
HI Fe;04 Rapid 1.75 1.6 10 290 33.3 3.4
HI Fe;04 Rapid 1.75 1.7 10 290 29.9 3.6
FHI Fe;0, Flow 2 1.5 — 290 44.9 5.3
FHI Fe;04 Flow 2 1.5 10 290 49.8 3.3
HI ZnFe,0, Rapid 2 1.5 10 290 40.3 5.0
HI CoFe,0, Rapid 2 1.5 10 290 56.1 7.4
HI NiFe,0, Rapid 2 1.5 10 290 57.2 4.6
HI MnFe,04 Rapid 2 1.5 10 290 51.0 4.7

“ HU - heat-up/HI - hot-injection/FHI - flow hot-injection, OA 1.3 ml - 3.7 mmol; 1.5 ml - 4.3 mmol; 1.6 ml - 4.6 mmol; 1.7 ml - 4.9 mmol.
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was carried out for 30 minutes at 290 °C. The obtained product
was purified by centrifugation using an ethanol solution.

(1)  Flow hot-injection protocol of MNPs preparation. The
flow hot-injection procedure was implemented in the synthesis
of MNPs with two distinct differences in the strategy. In the first
attempt, we tested whether using Kim's ratios of chemicals it is
possible to get a reasonably well-defined product in terms of
morphology. The second one, if (II) proposed fabrication tech-
nique allows direct implementation of the above protocol with
sHD as a co-solvent. To test it 7.6 ml of BE, 1.5 ml of OA (4.3
mmol) were mixed in a three-neck glass and degassed for 1 hour
at room temperature with mechanical stirring. In the case of (II)
sHD was added before degassing. Afterward, the solvent or
solvent mixture together with OA as an additive was heated to
290 °C under gas flow and stirring. The earlier prepared mixture
containing 2 mmol of Fe(acac); in 2.4 ml of BE was added to the
hot solvent(s) under gas flow and injection with a constant
speed of 15 ml h™" using a syringe pump. The synthesis was
carried out for 45 min from the start of injection and the final
product was purified by the same steps as described previously.
A list of all prepared samples can be found in Table 1.

2.2 Characterization of materials

Particle size, morphology, and structural properties were eval-
uated employing transmission electron microscopy using
a Tecnai Osiris X-FEG HRTEM microscope operating at 200 kV.
MNPs for TEM imaging were prepared by droplet deposition of
ethanol-based nanoparticle suspensions (250 pg ml~") on a 200
mesh, carbon-coated copper grid (EM Resolutions United
Kingdom). Samples were left for 24 h for complete evaporation
of solvent at room temperature and under dust protection.
Analysis of the results was performed using Image] freeware
software (v. 1.8.0_172). Quality of cubic morphology was esti-
mated using so-called cubicity parameter describe as follows:

diag
V2 edge

where Cparam is cubicity (value as close to 100% matches with
perfect cube shape), diag is simply the diagonal and edge means
the edge length of particle.

X-ray powder diffraction technique (XRD) was used to
determine the crystal structure of final products with a Bruker
D8 Advance diffractometer with the Cu lamp (K,: 1.54060 A)
and Ni filter for removal of K, induced reflections. Obtained
diffraction patterns were compared with the ferrite standards
from the crystal structure database ICDD. Fourier transform
infrared spectroscopy technique with a Thermo Scientific
Nicolet iZ10 FT-IR-ATR spectrometer was used to study the state
of particle surface within the spectral range covering 4000-
500 cm ™' at room temperature.

x 100%, (1)

Cparam —

3. Results and discussion
3.1 Effect of the reaction temperature on MNPs

Reference Fe;O, MNPs were fabricated through repetition of the
simple and efficient one-pot synthesis based on the heat-up

© 2021 The Author(s). Published by the Royal Society of Chemistry
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approach proposed by Kim et al.*® at 290 °C with the heating
rate of 20 °C min~'. As it was expected fixing such reaction
conditions and the ratio of all chemicals leads to the formation
of the 64 nm nanoparticles with predominant cubic
morphology. They proved that it is possible to control the
particle size down to 20 nm by a change of the concentration of
the iron precursor in the reaction mixture. However, the effect
of the reaction temperature was rarely studied.*® Thus we
decided to perform experiments to check if this important
parameter has any effect on particle shape as well. Because of
possible BE instability at high temperatures, this seemed to be
a very important idea. The dependence of the reaction
temperature (270-290 °C, 30 min) has been shown in Fig. 1a-c.

As one can observe the MNPs obtained at 270 °C tend to form
tetradecahedrons with an average particle size of 48 nm.
Temperature increase to 280 °C leads to the shape trans-
formation into truncated cubes (81 nm, cubicity 93%) whereas
synthesis performed at 290 °C resulted in the final product
constituted of very well-defined cubes (64 nm) (cubicity 96%).
Surprisingly, in comparison with the work of Ding et al.,** we
observed completely contradictory results upon the use of
basically the same experimental procedure (reverse sequence of
shape tailoring). Moreover, we tested even lower reaction
temperature 260 °C while keeping the same reaction time and
a fixed ratio of all substances. No defined shapes were present
throughout the sample, not even to mention that the amount of
the MNPs fabricated under such conditions was immensely low.
The explanation for that can be that the OA concentration-effect
increases the decomposition and nucleation temperature.*>**
Nonetheless, we have shown that it is possible to use a lower
temperature to achieve some additional Fe;O, morphologies.
Following a very important works of Qiao et al.** and Muro-
Cruces et al.* the particle growth can be directed through the
control of the chemical potential of monomers (u,,) defined as:

Mm = ,U'gq + RTln[Cm'Ym]a (2)

where w9, describes the standard chemical potential of the
monomers at reference state (constant), R stands for the ideal
gas constant, T is the absolute temperature at which reaction is
conducted, Cy, is monomer concertation and finally, y,, is the
activity coefficient of the monomer in the given solution. This
thermodynamic equation takes into account the most impor-
tant parameters affecting the chemical potential of the mono-
mers and can help with the understanding of how the
nucleation process and particle growth can be influenced. This
is a very strong tool in the engineering of the particle shape.
Qiao et al.** proposed dependence where the balance between
chemical potential of the monomers and chemical potential of
crystallographic facets determines the direction of growth with
following ranking 100 > 110y > M{1113- TO control particle
shape change of the chemical potential of monomers is
mandatory to favour a specific growth direction. Therefore,
when uy, is higher than the chemical potential of w44y but
lower than wugo), i1y the growth of the {111} facets and
formation of cubes will be preferred.** Of course, the role of the
additives like OA or solvents cannot be omitted since they

RSC Adv, 2021, 11, 20708-20719 | 2071
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Fig.1 TEM characterization of the heat-up synthesis (a—c) as a function of reaction temperature (a) 270 °C, (b) 280 °C, (c) 290 °C, and (d) rapid
hot-injection at 290 °C. The duration of the synthesis was 30 min in each case.

effectively affect the behaviour of the monomer in terms of its
thermal stability, concentration as well as activity. It is then
reasonable that the MNPs prepared as a function of the
temperature grow into the tetradecahedrons at 270 °C as
a result of the continuous growth along {110} and {111} while
growth of the {100} facets under such conditions is inhibited
(the g, is lower than wgo0)). An increase of the temperature up
to 280 °C favours growth along {111} direction leading to the
change of shape into truncated cubes. Further increase of
reaction mixture temperature to 290 °C results in the formation
of very well-defined cubes due to the growth of the same facets.
We believe that the reaction temperature (fixed parameters and
OA as the critical ligand) will mostly enhance the diffusion
coefficient of monomers on heavily packed and dense {111}
facets facilitating ligand expel and final deposition of the
monomer. This cannot be done effectively at lower reaction
temperature (higher energy barrier to overcome),* thus
different morphologies are formed under a given reaction
temperature.

3.2 Hot-injection technique as an alternative to heat-up
protocol

Based on the results from the previous section we decided to
check whether it would be possible to get similar results. We
adapted a hot-injection approach which we consider as an
alternative limiting the necessity of the BE expose for prolonged
action of high temperature. The iron precursor was rapidly
injected directly into the hot BE (290 °C) containing the same
amount of OA as previously. The reaction mixture was left for
the next 30 minutes at 290 °C under a blanket of N, and
constant mechanical stirring. As one can see (Fig. 1d) instant
injection of the precursor leads to the formation of very well-

20712 | RSC Adv, 2021, 11, 20708-20719

defined cubic Fe;0, nanoparticles (cubicity 98%) assembled
into long chains due to the magnetic interactions. Upon
comparison with the heat-up technique, hot-injection fabri-
cated particles seem to have more regular cubic morphology but
were slightly larger (78 nm). Monodispersity of the MNPs has
been also retained in the rapid hot-injection (£6.5 nm for the
heat-up and £5.5 nm in hot-injection). This is a very interesting
result since literature lacks any other reports on shape control
with exception of Ho et al.*® work. They reported that slow, flow-
injection of the precursor led to the slightly truncated cubes
(around 20 nm). However, in their strategy, different quantities
of OA were used with the addition of OAm as a particle size
reducing and non-specific ligand (no preference to crystallo-
graphic facets attachment). Besides tetradecanediol (TDD) as
a co-solvent enhancing polarity of the reaction mixture was
taken to increase the activity of monomers. As we mentioned
earlier the mechanism of the nucleation and particle growth
will be quite different and reminds rather a continuous nucle-
ation and seed-mediated growth. Fabrication of fully developed
cubic Fe;0, involved prolonged time up to 2 h which could be
a serious drawback in terms of well-known BE instability at high
temperatures affecting reproducibility. We have shown that
through the rapid hot-injection process it is enough to leave the
reaction mixture at 290 °C for 30 min after precursor injection
to obtain cubes while keeping restricted ratios of all substances
and process parameters. The structural properties of MNPs
prepared using heat-up and hot-injection techniques were
checked using the XRD (Fig. 2). The obtained diffraction
patterns showed typical for the ferrite family reflections
perfectly matched with the reference standard card no. ICDD
19-0629 ascribed to the cubic crystal structure belonging to the
Fd3m (no. 227) space group. We did not observe any other

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra02977k

Open Access Article. Published on 09 June 2021. Downloaded on 6/7/2023 7:14:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

—_
[\
~—

View Article Online

RSC Advances

(b)

] ’ O Fey0, reference ICDD 19-0629) Hhu 5 ;
5 ] \ ] ;
3 L \ RN |
:_'; T L T \ “-.-.-.‘,.W\‘ i o é : :
‘% ] P h \
c ] 8 ] i !
Q J c + 1 I
= \ £ 1 !
o ] £ i :
@ 1H { J % i . ;
N A Jl\ " K h ol c +---OAligand - - - -
T _mmwmm ¥ % " - w ’ E ]
E ] ' -
9 ] :
< ] :

] S o 9 ]

] : | % o ‘ !

1.¢ E i< l ;4 L2

 § T T T T T T T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70 1800 1500 1200 900 600
20 (deg) Wavenumber (cm™)

Fig. 2 X-ray powder diffraction pattern and FTIR spectrum of the FesO4, MNPs fabricated through heat-up (HU) and hot-injection (HI)

techniques.

reflections confirming that both studied samples are single
phase. The FTIR spectrum revealed presence of the residual
organics on the surface of the nanoparticles synthesized via all
protocols. Peaks located at characteristic positions namely 937,
1285, 1409, 1462 cm ' were attributed to the oleic ligand.
Typical band at 591 cm ™" corresponds to the strong vibrations
of the Fe-O bonds.

3.7 mmol OA

4.3 mmol OA

3.3 Effect of the OA ligand on the directional growth of
MNPs

Since the idea of the rapid hot-injection worked very well in
a synthesis of morphologically controlled MNPs we have been
particularly interested if the OA content (1.3-1.7 ml; 3.7-4.9 mmol)
is within optimal range for the particle shape tuning (see Fig. 3).
The amount of the iron precursor was fixed at 2 mmol in the

4.9 mmol OA

2000

200 nm

Fig.3 Effect of the different OA content on the morphology of the FezO4 MNPs fabricated via rapid hot injection technique performed at 290 °C

for 30 min (from left to right 1.3 ml, 1.5 ml and 1.7 ml of OA).
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injection syringe (total volume 2.4 ml). Interestingly, we have
found that when the volume of the OA is below 1.5 ml truncated
cubes are predominantly present (cubicity 92%) with a fraction of
other morphologies. The use of the OA up to 1.5 ml seems to be
optimal for the growth of cubic particles. Whereas the addition of
1.7 ml of OA results in the formation of well-defined tetradeca-
hedrons. We are convinced that such behaviour is caused by an
increase in the polar character of the reaction mixture. This is due
to a higher activity of the monomer and consequently, a change of
the chemical potential of monomers that leads to the preferred
growth along {100} and {110} directions.* We also found that the
OA amount within used range of 1.3 to 1.5 ml did not cause
a significant difference in particle size (around 70-80 nm). While
at 1.7 ml of the OA MNPs size decreased down to 48 nm. This can
be an indication of a change of monomer diffusion and inhibition
of particle growth. Therefore, we concluded that if cubic particles
are of strategic aim the optimal content of the OA in the reaction
mixture should be fixed at 1.5 ml (4.3 mmol) at given concentra-
tion of Fe(acac)s.

3.4 Effect of the saturated hydrocarbon co-solvent on the
MNPs size and morphology

Another challenge was to carry out trials on particle size control
while maintaining product morphology. This is a key issue
since for several applications the dimension of particles might
be too large. We decided that the best solution would be
a drastic change of the activity coefficient of monomers while
keeping other synthetic parameters constant ie. reaction
temperature set to 290 °C, time 30 min, and 1.5 ml of OA. The
best way to limit the monomer activity is to choose a co-solvent
with a distinctly different chemical character inducing a change
in interactions between monomer and solvent molecules. Since

(a)

100 i)

View Article Online
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the iron acetylacetonate has a polar character this can be done
by the addition of strongly non-polar solvents as reported for
the heat-up approach.**** Therefore, hexadecane (saturated
hydrocarbon with a high boiling point) was proposed by us as
a co-solvent to inhibit the monomer activity coefficient. The
results of the MNPs fabrication as a function of the sHD content
is shown in Fig. 4. Indeed, the addition of the sHD affects the
particle size. Whereas a high amount of sHD suppresses the
activity coefficient of monomers that much, that it is not
possible to tailor a particle shape. Based on the TEM analysis we
found that downsizing of the MNPs with sHD can be achieved to
46 nm while keeping cubic morphology (cubicity 99%) for
a maximum of 10 mmol of sHD in the reaction mixture (Fig. 4c).
Further increase of the sHD led to the uncontrolled growth of
particles.

3.5 Effect of the monomer concentration on MNPs and
further size tuning with OA

It is very well known that the precursor concentration has
a tremendous effect on the nucleation and particle growth
stage. A balance has to be found to control the particle size and
shape. Therefore, it was of great importance to optimize this
parameter since the nucleation process is instantaneous and
the mechanism of the particle formation is different from that
of a heat-up approach. Since the iron precursor concentration
was quite high, we wanted to demonstrate whether after opti-
mization of the reaction temperature, OA, and sHD it is possible
to limit precursor content. This could assure some additional
flexibility in further size tuning without a change in morphology
(Fig. 5). The amount of the iron acetylacetonate checked varied
from 1.5 mmol to 2.5 mmol keeping constant volumes in both
injection syringe and reaction mixture.

(c) (d)
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Fig. 4 Effect of the addition of the strongly non-polar co-solvent on FezO4 nanoparticles morphology synthesised by the rapid hot-injection
technique, (a) without sHD, (b) 5 mmol of sHD, (c) 10 mmol of sHD, and (d) 12 mmol of sHD.
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Fig. 5 Dependence of the iron precursor content on the FezO4 MNPs obtained by thermal decomposition via a rapid hot-injection approach.

We observed that the lowest concentration of the iron
precursor leads to the formation of the smallest particles (30
nm) with a polyhedral morphology. Low precursor concentra-
tion causes difficulties with shape control due to an insufficient
number of monomers needed to terminate directional growth.
A slight increase of precursor up to 1.75 mmol forces the
formation of the truncated cubes with an average particle size of

4.3 mmol OA

4.6 mmol OA

33 nm, whereas 2 mmol of Fe(acac); seems to be enough to tune
cubes. We found that in the latter case particles tend to grow to
bigger sizes (46 nm). Further increase of the iron source results
in {111} vertices growth leading to the star-like particle
morphology (46 nm). According to the literature data growth
towards star-like structures can be obtained for relatively high
monomer concentration. The particle size distribution up to the

4.9 mmol OA

200 nm

200 nm ¥

Fig. 6 Additional OA effect on the morphology of the FezO4 MNPs synthesized by the rapid hot-injection with optimal content of the sHD (10
mmol) co-solvent and 1.75 mmol of the iron precursor (from left to right 1.5 ml, 1.6 ml and 1.7 ml of OA).
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2.25 mmol of the precursor remains narrow leading to the
monodisperse particles. However, at 2.5 mmol 63 nm cubes
(cubicity 99%) can be individuated with the presence of much
smaller objects. It suggests that the extent of monomers which
cannot be consumed during growth leads to formation of new
particles.

All of these observations are in agreement with expected
behavior. The lower concentration of monomers will result in
unfinished directional growth of particles that form polyhedras.
Particles remain relatively small and cannot grow further due to
the quenched reaction (short synthesis time). Higher precursor
content leads to better control over morphology and at
maximum amount used here causes secondary particle growth.
Following Kwon and Hyeon,** the mechanism of particle
formation in the hot-injection relies on a fast nucleation reac-
tion which stops at a supersaturation level. Particle growth is
diffusion-controlled that allows for so-called size focusing
resulting in a monodisperse product. To tune further the
particle size 1.75 mmol of the iron precursor was used with
slight OA (1.5-1.7 ml, 4.3-4.9 mmol) adjustments. We found
that (see Fig. 6) in comparison to the 1.5 ml OA the addition of
extra 0.1 ml (1.6 ml) resulted in mastered cubes (cubicity 93%).
However, such a small rise in ligand content did not cause a size
change but facilitated directional growth. Further increase of
the OA led to the size reduction (29 nm) and progressing issue
with particle morphology (polyhedral shapes) as a consequence
of the change of monomers chemical potential. An important

View Article Online

Paper

conclusion can be drawn that control of the particle size and
shape depends on many parameters as in the case of the heat-
up. However, utilization of the rapid hot-injection protocol
proposed by us allows for the control of the MNPs particle size
(to some extent) and morphology through modification of
synthetic parameters.

3.6 Effect of the flow-injection process on MNPs

Ho et al.* showed that it is possible to prepare shape-controlled
Fe;0, through constant flow hot-injection. Therefore, we tried
to implement our strategy directly and see if Ho modification
can be used for tuning MNPs morphology using our protocol.
The main difference is that both strategies are based on
different chemicals, their ratio, and Ho did not use a co-solvent
as well. The reaction temperature kept the same (290 °C), the
flow rate was set at 15 ml h~* and the process was carried out for
45 min measured from the start of the flow-injection of mono-
mer. We did a comparison with the procedure without use of
the sHD (details can be found in the Experimental section) to
see if it still plays an anticipated role (see Fig. 7). Interestingly,
the flow-injection without and with sHD shared common
features. The first sign of product formation was observed after
15 min, whereas particle morphology tends to be defined within
30 min. In both approaches, the particle size was around 45-
49 nm. We found noticeable differences as well. Both product
morphologies are distinctly different due to the action of the

100 o

100

Fig. 7 Flow-injection technique as an alternative to rapid injection. Upper panel MNPs fabricated without sHD, a bottom panel with sHD, the
injection speed was 15 ml h~1. Time evolution of particle shapes measured after finished flow-injection (a) 15 min, (b) 30 min, (c) 45 min.
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Fig. 8 TEM images of (a) ZnFe,Oy4, (b) CoFe,O4, (c) NiFe,O4, and (d) MnFe,O4 nanoparticles synthesized by thermal decomposition via hot-

injection method.

sHD. In the case of the flow-injection where sHD was not added
MNPs tend to grow into polyhedral shapes after 30 min. The
growth of particles is already finished since there is no signifi-
cant particle size increase after 45 min. The presence of non-
polar co-solvent (sHD) led to the formation of mixed
morphology after 30 min. After additional 15 min particles
transformed into cubes with a size of 49 nm. Definitely, the sHD
strongly limits the activity of monomers forcing directional
particle growth. A comparison with the rapid hot-injection is
striking since the growth of the cubic MNPs is already finished
after 30 min. The same process of particle shape molding in the
flow-injection takes a longer time. This points out a significant
difference in the mechanism of particle formation. The direc-
tional growth of the particles is a function of the additive/co-
solvent and iron precursor ratio, speed of the flow-injection,
synthesis time, and process temperature affecting chemical
potential. All discussed approaches i.e. heat-up, rapid hot-
injection, as well as flow-injection, can be used as tools for
the control of the particle size and morphology leading to highly
monodisperse MNPs. We have shown that the rapid hot-
injection technique due to its simplicity can be successfully
applied in the synthesis of the well shape-defined MNPs. The
rapid hot-injection technique leaves space for particle size and
shape control. Moreover, synthesis duration can be significantly
reduced to 30 minutes, thus the risk of thermal instability of the
BE can be limited to the absolute minimum.

3.7 Hot-injection approach towards other MFe,0, ferrites

Lastly, we checked whether the proposed approach can be
further extended to other ferrite representatives (ZnFe,Oy,,

© 2021 The Author(s). Published by the Royal Society of Chemistry

CoFe,0,, NiFe,0, and MnFe,0,) using the same rapid hot-
injection procedure without any other modifications (see
Fig. 8). In the case of the ZnFe,0, and NiFe,O, nanoparticles,
we found that optimization is mandatory since ZnFe,O, and
NiFe,0O, particle shape tends to be a mixture of polyhedral
morphologies with the size around 40 and 57 nm. In the case of
the CoFe,0, and MnFe,0, compounds, both products formed
star-like and octahedral particles, respectively with comparable
size (around 56 nm). Such behaviour might be caused by
different temperature stability of the metal complexes. Cobalt
and iron acetylacetonates have comparable stability. Therefore,
their intermediate complexes should behave similarly. This led
to the directional growth of the {111} facets towards cubes and
stars. The manganese precursor has the highest temperature of
decomposition (250 °C). Thus, most likely the rate of nuclei
formation will be slower and octahedral particles are predom-
inantly present due to that growth occurs faster along {100} and
{110} directions so particle morphology will resemble the shape
of primary nuclei.' The NiFe,0, ferrite, since nickel precursor
has its decomposition temperature between cobalt and
manganese complexes so for that reason intermediate
morphology was found. Whereas in the case of ZnFe,O, we
found that it contains mixed morphologies. One of the main
reasons for that could be seen in the presence of water in the
precursor (a hydrated form of zinc acetylacetonate was used due
to the unavailability of a non-hydrated form in the market). So
the result has been attributed to the detrimental effect of water
molecules on particle shape that led to the formation of irreg-
ular particles.*
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4. Conclusions

We have shown that the rapid hot-injection technique can be
alternatively used for morphology (octahedrons, cubes, and
stars) and particle size controlled MNPs at a relatively short
synthesis time (30 min) minimizing the risk of main BE solvent
decomposition. In contrast to the heat-up technique, the rapid
hot-injection method is a single step and does not need careful
control over the heating rate of the reaction mixture. The
process of shaping particle morphology is complex and strongly
depends on the synthesis parameters (temperature, concentra-
tion of precursor, additives, co-solvent, etc.). The use of strongly
saturated hydrocarbons as co-solvent i.e. hexadecane (sHD)
instead of long-chain diols (tetradecanediol - TDD; or hex-
adecanediol HDD) in the presence of OA additive changes the
molecular interactions between solvent and monomer and
allows for particle shape control. We postulated that the addi-
tion of the sHD co-solvent to the complex reaction mixture
changes the monomer activity coefficient, reduces the chemical
potential of monomers, and thus directional growth along
specific facets can be achieved. We have shown, that it is also
possible to produce shape-controlled particles via the flow-
injection process by using the protocol proposed by us but
with the necessity of further optimization to master morphology
and particle size. The main advantage of the HI approach with
sHD co-solvent as monomer activity limiting agent lays in the
possibility of synthesis time reduction (down to 30 min),
minimizing the risk of dibenzyl ether degradation upon pro-
longed exposure to high temperature, use of less complex
apparatus without the necessity of temperature ramp control.
Elimination of long-chain diols in favor of sHD can protect from
possible water release upon side reactions leading to uncon-
trolled growth of particles during the HU approach. We
emphasized that there is a high demand for finding a better
solvent than BE since its instability at high temperatures is
a serious source of issues with product reproducibility upon
longer synthesis time.*”
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ABSTRACT: Magnetic nanoparticle (MNP) anisotropy has been tailored by
the preparation of MNPs having different shapes (star-like, cubic, and
polyhedral) using a selfmodified rapid hot-injection process. The surface
modification of MNPs was performed through etidronic ligand grafting with a
strong binding affinity to mixed metal oxides, ensuring sufficient colloidal
stability, surface protection, and minimized aggregation and interparticle
interactions. The heating effect was induced by contactless external stimulation
through the action of an alternating magnetic field and NIR laser radiation (808
nm). The efficacy of the energy conversion was evaluated as a function of the
particle shape, concentration, and external stimuli parameters. In turn, the most
efficient star-like particles have been selected to study their response in contact
with normal and cancer cells. It was found that the star-like MNPs (Fe;O, SL-
NPs) at 2 mg/mL concentration induce necrosis and significantly alter cell cycle

Fe,0,SL-NPs

NIR

AMF g7~

progression, while 0.5 mg/mL can stimulate the antioxidative and anti-inflammatory response in normal cells. A biologically relevant
heating effect leading to heat-mediated cell death was achieved at a 2 mg/mL concentration of star-like particles and was enhanced
by the addition of ascorbic acid (AA). AA-mediated photomagnetic hyperthermia can lead to the modulation of the heat-shock
response in cancer cells that depends on the genotypic and phenotypic variations of cell lines.

B INTRODUCTION

Localized temperature increase within specific body regions
induced by the contactless action of the external stimulants
such as alternating magnetic field (AMF) and near-infrared
laser radiation (NIR) on nanoparticles that are responsive to
both physical factors is of great interest for the biological
applications that benefit from that phenomenon, that is,
hyperthermia,1 temperature-stimulated regenerative processes
of tissues,” photothermal’ and photomagnetic therapies,*’
drug delivery,® and so forth.

The most promising materials that can interact and convert
AMF and NIR into heat energy are magnetic nanoparticles
(MNPs) belonging to the ferrite family, with Fe;O, magnetite
being an exceptional example of this class of inorganic
compounds.” The mechanisms of heat generation under the
action of AMF and NIR are well described in the literature.””
In the case of NIR, the relevant spectral range lies within the
first and second biological windows (minimized biological
system absorption; deeper light penetration). Nevertheless, it
is worth recalling that the heat generation on MNPs under
AMF involves three main processes: heat losses that are
directly correlated with the hysteresis loop (namely, coercive
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field), losses due to the eddy currents induced by AMF
(strongly depending on the type of material—metal, semi-
conductor, dielectric, and field intensity and frequency), as well
as the residual mechanism that includes Brownian and Neel
relaxations. Both are affiliated with magnetic moment
reorientation, which in the first case causes physical motion/
rotation of the whole particle and the second within the
magnetic particle itself. The conversion of NIR radiation into
heat is a direct consequence of photon absorption and further
energy dissipation involving nonradiative processes (net
phonons). Therefore, materials should possess outstanding
magnetic properties and have strong absorption bands located
at a spectral range of interest. Both principal criteria are
fulfilled by MNPs of the ferrite family; that is, they are highly
magnetic as well as possess optical properties close to the black
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body (absorption covers a very broad range from UV up to
NIR regions).>*’

In laboratory reality, there are many more properties of
MNPs to be considered, controlled, and optimized for the
given biological application. For example, the size and shape of
particles have to be tuned to master the magnetic properties. It
is important to provide sufficient colloidal stability, mono-
dispersity, and hydrodynamic size that affect the performance
of MNPs very strongly. This means that the surface of MNPs
must be protected to avoid agglomeration and contact with the
biological system because of the risk of a Fenton reaction. The
ligand has to be carefully chosen as its role is very important
and helps improve biocompatibility, increases specificity
toward biomolecules, and provides support in the control of
the above-mentioned parameters.”*'*~"

Synthetic approaches toward morphologically different
MNPs are mainly based on the thermal decomposition process
(heat-up, hot-injection, and flow-injection) that involves the
use of high boilin§ solvents in a protective atmosphere of inert
gas or vacuum.”'*~** Shape control over MNPs seems to be
crucial for ensuring highly efficient materials in terms of AMF
conversion into heat because of the phenomenon called
effective crystal anisotropy. It is directly related to magneto-
crystalline anisotropy, that is, crystallographic direction
dependence on magnetization, which is affected by the particle
morphology, surface quality, exchange interactions, and so
forth,” and can be controlled through fabrication techniques.
To date, most MNPs with increased performance for
hyperthermia or temperature-stimulated processes are pre-
dominantly cubic-shaped. Reports concerning other morphol-
ogies with enhanced anisotropy, such as star-shaped particles
(nano-octopods or deformed cubes) and their heating
performance, are not that frequent and deal mainly with
synthetic issues.'**~**

The main objective of the presented article is to study the
influence of the anisotropy of the MNP shape (star-like, cubic,
and polyhedric) on the efficacy of the heating ability under
contactless action of AMF and NIR radiation (808 nm) and
their biological impact on human mammary epithelial cells
(HMECs), human monocytic leukemia cells (THP-1), as well
as human breast adenocarcinoma cells (MDA-MB-231) in
vitro. The MNPs have been synthesized using a rapid hot-
injection process.,15 and surfaces protected with the etidronic
(ETI) ligand (bisphosphonate moiety) ensured sufficient
colloidal stability, biocompatibility,”” minimized particle
aggregation, and magnetic interparticle interactions. The
most temperature-responsive star-like particles were chosen
to study their biological responses in normal and cancer cells.
The role of the ascorbic acid (AA) addition in modulating
magnetic hyperthermia and its biological impact in combina-
tion with star-like MNPs were discussed.

B MATERIALS AND METHODS

Materials. Iron(III) 2,4-pentanedionate (Fe(acac);—
99.7%) was provided by Thermo Fisher Scientific; oleic acid
(OA—90%), dibenzyl ether (BE—98%), hexadecane (sHD—
99%), ETI (60% aqueous solution), tetrahydrofuran (THF—
99.9%), and sodium hydroxide (97%, pellets) were purchased
from Sigma-Aldrich, Poland; acetone (99.5%) and ethanol
(96%) were supplied by StanLab, Poland, while N, gas
(99.999%) was bought from Linde, Poland. AA (99% Ph. Eur.)
was purchased from Avantor, Poland.
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Synthesis of Magnetic Nanoparticles with Controlled
Morphologies. The preparation procedure of MNPs with
different morphologies (star-like, cubic, and tetradodecahe-
dron) was divided into two distinct parts since their protocols
differ from each other. The entire fabrication of MNPs was
based on the procedure previously described by us that utilizes
a rapid hot-injection process."

Star-like and Cubic MNPs via Cosolvent Rapid Hot
Injection. In the shaping of both morphologies, the starting
quantities of chemicals were as follows: 7.6 mL of BE, 1.5 mL
of OA (4.3 mmol), and 3 mL of sHD (10 mmol). All
manipulations with chemicals were performed in an acrylic
glovebox (GS Glove Box Systemtechnik GMBH, P10R250T2,
Germany) under a protective N, atmosphere (automated
pressure control). BE, OA, and sHD were transferred to a
three-neck flask protected with stoppers and mounted on a
synthetic rack. The flask ports were equipped with a N, gas
flow inlet, a laboratory mechanical stirrer with a digital
controller (CAT RSOD), a glass reflux column, a Pt-100
temperature sensor coupled with a temperature controller
(LTR 2500, Juchheim, Germany) with a heating mantle, as
well as a substrate syringe injection port. The mixture of the
solvent and OA was first degassed (1 h at room temperature)
and fast-heated to 290 °C (around 20 °C/min) under constant
stirring and inert gas flow. To shape the morphology, different
amounts of the iron complex were used, namely, 2.25 mmol
Fe(acac); for star-like and 2 mmol Fe(acac), for cubic MNPs.
In each case, the iron precursor was dissolved in 2.4 mL of BE,
transferred to the syringe, and rapidly injected into the hot
reaction mixture. The mixture was kept for an additional 30
min at 290 °C and was further cooled to room temperature.
The black product was separated and purified from the mother
liquor via high-speed centrifugation and washing cycles using
acetone and ethanol solvents. Finally, the MNPs were
suspended in an ethanol solution. The concentration of
purified nanoparticles was estimated using the microbalance
technique (star-like 6.9 mg/mL; cubic 4.6 mg/mL).

Tetradodecahedron MNPs via Rapid Hot Injection.
The preparation of the third morphology, tetradodecahedron
particles, involved the elimination of the sHD cosolvent from
the reaction mixture and different quantities of chemicals were
used. In brief, 7.6 mL of BE was mixed in a three-neck glass
flask with 1.7 mL of OA (4.85 mmol), degassed under the
same conditions, and heated to 290 °C. Subsequently, the iron
precursor (2 mmol) dissolved in BE (2.4 mL) was injected
with constant stirring. The reaction mixture was kept for 30
min at 290 °C under inert gas flow. The obtained product was
purified in the same way as in the case of star-like and cubic
MNPs. The concentration of the MNPs in the stock was 5.5
mg/mL.

Surface Phosphonation of Morphologically Different
MNPs. The ligand exchange procedure was in principle based
on the acid—base reaction protocol proposed by Bogdan et
al.*” with a small modification that relied on the use of ETI
instead of HCI which also served as a hydrophilic ligand. In
order to anchor the ETI ligand to the Fe;O, surface, 5 mL of
ETI acid (pH 4.0) was mixed with S0 mg of MNPs and
sonicated in an ultrasound bath for 1 h. After that, MNPs were
washed three times with 10 mL portions of THF, acetone, and
ethanol (one after another). The whole ligand grafting was
repeated three times to maximize oleic ligand exchange,
increasing the density of ETImoieties and changing the
character of MNPs from hydrophobic to hydrophilic.

https://doi.org/10.1021/acs.jpcb.2c06061
J. Phys. Chem. B 2022, 126, 8515—8531


pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c06061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Nanoparticle Characterization. Structural properties of
the MNPs were evaluated by employing the X-ray powder
diffraction (XRD) technique with a Bruker D8 ADVANCE
diffractometer using an X-ray source Cu lamp (1.54060 A).
The K, line was filtered using a Ni filter, and the resulting
patterns were background-corrected in Diffrac.Eva software
(V.2). The diffraction patterns were measured covering the 20
range between 15 and 65° with a step of 0.02° and an
integration time of 0.8 s. The average crystallite size was
evaluated using Scherrer’s formula®’

kA
cos 0./p* — ﬂ02 (1)

where k is constant usually equal to 0.89, A is an X-ray
wavelength of 1.54060 A, 3, depicts the apparatus broadening
(0.05 for D8 ADVANCE), f3 is the full width at half-maximum,
and O represents the angle of the position of the peak
maximum taken for the analysis. Rietveld refinement was
performed using the fundamental parameter approach
implemented in MAUD software®” utilizing the reference
standard card no. 2300616 from the Crystallography Open
Database.” For the calculations, data without any corrections
was taken. A five-polynomial coefficient background, sample
displacement, unit-cell parameters, scale factor, microstructure
Popa rules,” and thermal displacement factors were
sequentially refined.

The concentration of MNPs in the stock suspension or
modified particles was determined using a Radwag MYA 5.4Y
microbalance by evaporation of the solvent and scaling
crucibles (three individual repetitions).

The particle size, morphology, and element mapping were
analyzed using a Tecnai Osiris X-FEG transmission electron
microscope (FEIL, NL) operating at 200 kV using various
options such as high-resolution TEM (HRTEM), high-angle
annular dark-field scanning TEM (HAADF-STEM), energy-
dispersive X-ray (EDX) analysis for element mapping (mainly
the presence and location of phosphorus), as well as Fourier
transform to identify the specific crystallographic planes
exposed by MNPs using DigitalMicrograph (v. 1.85.1535)
software.

Fourier-transform infrared spectroscopy utilizing an attenu-
ated total reflection accessory (FTIR—ATR) was used to check
the effect of the MNPs surface functionalization with a
Thermo Scientific Nicolet iZ10 FTIR spectrometer equipped
with Smart Orbit Diamond ATR. Sample preparation involved
evaporation of a part of the surface-grafted MNPs at an
elevated temperature (50 °C) and direct placement of dry and
ground powder on the diamond surface covering a hot spot
area. Spectra were collected at room temperature and in the
spectral range of 4000—S00 cm™'. As reference samples,
sodium etidronate powder and nonmodified Fe;O, nano-
particles (cubic) were taken.

Measurements of the heating ability of MNPs under the
action of external, noncontact stimulations, that is, AMF and
NIR (808 nm) were performed using a magnetic field
generator G2 DS Series Multimode 1500 W driver (NanoScale
Biomagnetics, Spain) equipped with CAL1 accessory for the
calorimetric measurement and S32 coil protected with on-site
designed thermal isolation allowing the use of optical fiber
(400 yim, multimode, CNI China) to deliver NIR laser light, as
well as an FLIR T660 thermovision camera (FLIR, USA) for a
fast, reliable, and direct measure of sample temperature. The

D=

8517

energy conversion experiments were conducted using magnetic
field frequencies that covered the range of 302—756 kHz and
field intensities between 14.4 and 28.1 kA/m. The 808 nm
laser powers were in the range of 300—900 mW. The 808 nm
continuous laser module (CNI, China) was calibrated with an
Ophir StarLite laser power meter using beam track thermal
sensor 10 A-PPS (measurable laser powers from 20 mW up to
10 W, Opbhir, Israel). Data were recorded and processed using
ResearchIR and Origin Pro 2019 software. The measurements
of the temperature effect on biological samples were done on
the same setup without any further modification.

Cell Lines and Culture Conditions. The following cell
lines were used, namely, HMEC (A10565, Thermo Fisher
Scientific, Waltham, MA, USA), MDA-MB-231 human breast
cancer cells (ATCC HTB-26, ATCC, Manassas, VA, USA),
and THP-1 human monocytic leukemia cells (88081201,
ECACC, Public Health England, Porton Down, Salisbury,
UK). HMECs were cultured in a HuMEC-ready medium
(12752010, Thermo Fisher Scientific, Waltham, MA, USA)
that is a mixture of HuMEC basal serum-free medium
(12753018) with a HuMEC supplement kit (12755013,
epidermal growth factor, hydrocortisone, isoproterenol, trans-
ferrin, insulin, and bovine pituitary extract). MDA-MB-231
cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% FBS and an antimycotic/
antibacterial mix (100 U/mL penicillin, 0.1 mg/mL
streptomycin, and 0.25 ug/mL amphotericin B, Corning,
Tewksbury, MA, USA). THP-1 cells were cultured in a RPMI-
1640 medium supplemented with 10% FBS and antimycotic/
antibacterial mix (100 U/mL penicillin, 0.1 mg/mL
streptomycin, and 0.25 pg/mL amphotericin B, Corning,
Tewksbury, MA, USA). All cell lines were maintained at 37 °C
in the presence of 5% CO,. Adherent cells were routinely
passaged using a trypsin/EDTA solution. Adherent (1 X 10*/
cm?) and suspension (1 X 10%/mL) cells were treated with or
without 100 yM AA for 1 h and then cultured in the presence
of 0.5 or 2 mg/mL Fe;0, star-like nanoparticles (Fe;O, SL-
NPs) for 1 h or 24 h.

Metabolic Activity. HMEC and MDA-MB-231 cells were
treated with 0.5 mg/mL Fe;O, SL-NPs for 24 h, and then
metabolic activity was assayed using the MTT test as
previously reported.”> Metabolic activity under control
conditions (CTR) is considered as 100%.

Apoptotic and Necrotic Parameters. THP-1 cells were
treated with 0.5 or 2 mg/mL Fe;O, SL-NPs for 24 h and
HMEC, and MDA-MB-231 cells were treated with 2 mg/mL
Fe;0, SL-NPs for 24 h; then, a marker of apoptotic cell death
(phosphatidylserine externalization, Annexin V staining) and a
marker of necrotic cell death (cell membrane permeabilization,
7-AAD staining) were analyzed. Flow cytometry (Muse Cell
Analyzer, Luminex Corporation, Austin, TX, USA) and Muse
annexin V and Dead cell assay kits were used. Four cell
subpopulations were revealed, namely, (1) live cells: annexin V
(=) and 7-AAD (-), (2) early apoptotic cells: annexin V (+)
and 7-AAD (—), (3) late apoptotic/dead (necrotic) cells:
annexin V (+) and 7-AAD (+), and (4) necrotic cells: annexin
V (=) and 7-AAD (+) (%). Representative dot plots are
presented.

Cell Cycle. THP-1 cells were treated with 0.5 or 2 mg/mL
Fe;0, SL-NPs for 24 h, and HMEC and MDA-MB-231 cells
were treated with 2 mg/mL Fe;O, SL-NPs for 24 h; then,
DNA-based analysis of the cell cycle was performed using a
flow cytometry Muse Cell Analyzer and Muse Cell Cycle Assay

https://doi.org/10.1021/acs.jpcb.2c06061
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Kit according to the manufacturer’s instructions (Luminex
Corporation, Austin, TX, USA).*

Uptake of Fe;0, SL-NPs. THP-1 cells were treated with
0.5 or 2 mg/mL Fe;O, SL-NPs for 24 h, and HMEC and
MDA-MB-231 cells were treated with 2 mg/mL Fe;O, SL-NPs
for 24 h; then, the uptake of Fe;O, SL-NPs was assessed as a
change in cellular granularity using imaging flow cytometry
(Amnis FlowSight imaging flow cytometer and IDEAS
software version 6.2.187.0, Luminex Corporation, Austin,
TX, USA). In brief, prior to the granularity analysis, cells
were fixed using treatment with 70% ethanol overnight. Two
parameters were applied, namely, contrast (channel 1, bright
field) versus aspect ratio intensity (channel 1, bright field).
Representative dot plots and microphotographs are presented.

Intracellular pH. Cells were treated with 0.5 mg/mL
Fe;0, SL-NPs for 24 h, and then intracellular pH was assayed
using pHrodo Green AM Intracellular pH Indicator (P35373,
Thermo Fisher Scientificc Waltham, MA, USA) as compre-
hensively described elsewhere.”” Intracellular alkalization is
denoted as a decrease in fluorescent signals (relative
fluorescence unit, RFU).

Glutathione Redox Potential. Cells were treated with 0.5
mg/mL Fe;O, SL-NPs for 24 h, and then glutathione redox
potential (GSH/GSSG) was examined using a Premo Cellular
Redox Sensor (roGFP-Grxl) (P36242, Thermo Fisher
Scientific, Waltham, MA, USA) as comprehensively described
elsewhere.’® Glutathione redox potential is presented as a ratio
of 400ex to 488ex.

Lipid Peroxidation. Cells were treated with 0.5 mg/mL
Fe;O, SL-NPs for 24 h, and then lipid peroxidation was
evaluated using a Click-iT lipid peroxidation imaging kit—
Alexa Fluor 488 (C10446, Thermo Fisher Scientific, Waltham,
MA, USA) as previously reported.*® Lipid peroxidation is
presented as RFU.

Immunofluorescence. Cells were treated with 0.5 mg/mL
Fe;O, SL-NPs for 24 h, fixed, and immunostained as
previously reported.”® Cells were incubated with primary
antibodies at 4 °C (anti-p21, 1:800, MAS-14949; anti-
FOXO3A, 1:200, MAS-14932; anti-SOD1, 1:100, PAS-
23245; Thermo Fisher Scientific, Waltham, MA, USA)
overnight and then with a secondary antibody conjugated to
Texas Red (1:1000, T2767, Thermo Fisher Scientific,
Waltham, MA, USA) at room temperature for 1 h. Digital
cell images were acquired using laser-based confocal imaging
and an HCA system IN Cell Analyzer 6500 HS (Cytiva,
Marlborough, MA, USA). Total protein levels of SOD1 and
nuclear signals of p21 and FOXO3A were analyzed using IN
Carta software (Cytiva, Marlborough, MA, USA) and are
presented as RFUs.

Interleukin Levels. Immuno-biocompatibility of Fe;O,
SL-NPs was assessed using ELISA-based determination of
IL-6 (BMS213-2, IL-6 Human ELISA Kit, Thermo Fisher
Scientific, Waltham, MA, USA) and IL-8 levels (KHC0081, IL-
8 Human ELISA Kit, Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. In brief,
cells were treated with 0.5 mg/mL Fe;O, SL-NPs for 24 h and
interleukin levels were then evaluated in cell culture super-
natants. Interleukin levels are presented in pg/mL.

Heat-Mediated Cell Viability. Synergic temperature
effects of Fe;O, SL-NPs on normal and cancer cell viability
were analyzed using a Muse Cell Analyzer and Muse Count
and Viability Kit according to the manufacturer’s instructions
(Luminex Corporation, Austin, TX, USA). Cells were treated
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with 0.5 or 2 mg/mL Fe;O, SL-NPs for 1 h and then subjected
to AMF and NIR (808 nm) as described above, and cell
viability was immediately assayed or examined after 3 h of
postheating. Viability profiles (two subpopulations of live and
membrane-damaged dead cells) were analyzed using dedicated
software. Representative dot plots are shown.

Statistical Analysis. Data were calculated as the mean =+
SD from at least three biological replicates. If applicable, box
and whisker plots were also considered. Differences between
control conditions (CTR) and treated samples (AA, Fe;O, SL-
NPs, and Fe;O, SL-NPs + AA) were evaluated using one-way
ANOVA and Dunnett’s multiple-comparison test. Statistical
significance was revealed using GraphPad Prism S. P-values of
less than 0.05 were considered significant.

B RESULTS AND DISCUSSION

Physicochemical Characterization of Materials. Struc-
ture and Morphology. The structural properties of the Fe;O,
nanoparticles of different shapes were evaluated using the XRD
technique. Patterns were collected in the range of 15—65 26
(see Figure 1A, black dots), whereas the phase identification
was based on comparison with the reference standard from the
Crystallography Open Database™ card no. 2300616 represent-
ing cubic Fe;O, (Figure 1A, black vertical lines). As one can
see, all experimental patterns with indexed reflections fit very
well with the Fe;O, standard for all MNP morphologies. Cell
parameters were calculated by using Rietveld refinement and
are gathered in Table 1. No significant differences were found
between star-like, cubic, and tetradodecahedron particles,
which show comparable unit-cell dimensions. A rough
estimation of the average crystallite size was performed using
the well-known Scherrer formula,*’ giving the values of 45, 49,
and 57 nm for tetradodecahedral, cubic, and star-like
nanoparticles, respectively. The results were further confronted
with electron microscopy imaging.

TEM and HRTEM imaging were performed to study the
morphology of MNPs and particle size and confirm the
structural properties of the fabricated materials (Figure 1B).
Imaging was performed on purified MNPs before surface
functionalization with the ETI ligand (1-hydroxyethylidene-
1,1-diphosphonate ligand). It was found that the applied
synthetic protocols can be used for the preparation of star-like
(Figure 1B, left panel), cubic (Figure 1B, middle panel), and
tetradodecahedral (Figure 1B, right panel) morphologies. The
mean particle size and its distribution were calculated using
image analysis software. In the case of star-like particles, the
size was evaluated in two ways: by measuring the diagonal
between two vertices (58 nm = 2 nm) as well as by joining the
points at the half-edge opposite distance (50.8 nm =+ 9.1 nm).
The size of cubic MNPs was 46.6 nm + 5.3 nm, while for the
tetradodecahedron, it was 47.7 nm + 4 nm. It is worth noting
that cubic and polyhedron MNPs are almost within the same
size range (45—S0 nm), while the star-like particles are
elongated (unless measured by the second approach). The
resulting values are comparable to those from the diffraction
peak broadening, meaning that the particles are composed of
individual crystallites. Values of the size standard deviation for
all prepared morphologies point to a relatively narrow size
distribution (particle monodispersity) that is treated as an asset
that guarantees predictability and repeatability of the
physicochemical properties. The analysis of the HRTEM
images of shape-tailored MNPs shows regular pattern-covered
particles, which means that they tend to expose well-defined
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Figure 1. Rietveld refinement results of the Fe;O, star-like, cubic, and
tetradodecahedron-shaped nanoparticles along with calculated
patterns and differences between both patterns (A). TEM and
HRTEM imaging of the star-like, cubic, and tetradodecahedron
MNPs (from top to bottom). The bottom panel shows the results of
the FFT transformation performed on HRTEM to identify crystallo-
graphic planes and evaluate the d-spacing distance (B).

crystallographic planes although the level of crystallinity is
relatively high. The fast Fourier transform (FFT) analysis of
the HRTEM images allowed for the identification of
crystallographic planes and the measurement of interplanar
distances of MNPs. Planes (400) for star-like, (400) for cubic,
and (311) for tetradodecahedron MNPs were identified. The
measured interplanar distances are consistent with the
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Table 1. Crystal Data Containing Unit-Cell Parameters, Cell
Volume, and Refinement Factors for the Differently Shaped
Fe;0, Nanoparticles. Reference Standard for the
Refinement Taken from Crystallography Open Database
No. 2300616

Crystal Data
chemical formula Fe;0,
morphology star-like cubic tetradodecahedron
M, 241.068
crystal system, space cubic, Fd3m
group
a, (A) 8.394(2) 8.3936(2) 8.395(2)
V (A%) 591.4(4)  591.35(4)  591.7(4)
V4 8
radiation type Cu Ka
Refinement
R 0.0203 0.0179 0.0192
wR 0.0254 0.0223 0.0241

reference Fe;O,d-spacings and can be treated as an additional
confirmation of the structure of MNPs at the nanoscale level.

All MNPs were surface-modified using the ETI ligand to
protect the Fe;O, surface from contact with biological media
and to limit magnetic interparticle interactions between
particles and other important features discussed earlier through
direct grafting of strongly chelating molecules.”~*'

In that case, HAADF and EDX techniques were utilized to
check the effect of ETI anchoring on the surface of MNPs by
tracking the presence of phosphorus by element mapping
(Figure 2A). The amount of the ETI ligand grafted to the
Fe;0, surface was calculated to be 2.3, 3.4, and 2.4% for star-
like, cubic, and tetradodecahedron particles, respectively. In
addition to EDX analysis, the presence of ETI was confirmed
by FTIR—ATR spectroscopy, as shown in Figure 2B. As a
reference, sodium etidronate salt was used to reveal all
characteristic vibration modes and their positions. Non-
modified purified Fe;O, sample after the hot-injection process
(cubic) served as a standard for the identification of vibrations
that are attributed to only that compound. The FTIR-ATR
spectra of the ETI reference show typical bands in the most
interesting spectral range of 1300—800 cm™' that is
predominantly occupied by vibration modes of different
phosphor-containin§ structural units (O—P—0O, P—OH, P—
0, P=0, etc.).zg’Ar However, the spectra of the bare Fe;O,
MNPs present a characteristic shoulder band with a maximum
of around 591 cm™ that is attributed to the vibrations of the
iron cation located at the tetrahedral site.”” Other very low-
intensity peaks are related to the presence of residual organics.
In the case of star-like, cubic, and tetradodecahedral MNPs,
the IR spectra show mutual features. The bands that are
associated with phosphonic functional groups have much lower
intensities and are not separated anymore. This behavior
suggests that they are strongly coordinated to the surface of
MNPs.*

The ability of different-shaped MNP colloidal suspensions to
generate heat by contactless stimulation with an AMF and NIR
laser (808 nm) was measured as a function of field frequency,
field intensity (302—756 kHz, 14.4—28.1 kA/m), and laser
output power (300—900 mW). Heating curves that show the
temperature time evolution for star-like, cubic, and tetradode-
cahedron particles as presented in Figure 3A. There is clear
evidence of the effect of the applied frequency field on sample
heating within the tested range. Al MNPs have shown that

https://doi.org/10.1021/acs.jpcb.2c06061
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Figure 2. HAADF imaging and EDX mapping of the ETI surface-functionalized MNPs with different morphologies (A). FTIR—ATR spectra of

ETI surface-modified Fe;O, nanoparticles of different shapes. The black
modification. The red line corresponds to the spectra of sodium etidronate
adsorbed on the surface after the EDX analysis (B). Noncontact AMF and

curve refers to the typical Fe;O, free of the ligand surface before
treated as a reference. The percentages represent the amount of ETI
NIR energy conversion on MNPs.

increasing the field frequency drastically reduces the
conversion ability of MNPs. In fact, this is expected since, at
certain frequencies, reorientation of the MNP’s magnetic
moments will no longer follow with too fast changes in the
magnetic field. The most optimal frequency for magnetic
colloids was 302 kHz at 28.1 kA/m (352 Oe). The highest
recorded temperature (T},,,) for the star-like morphology was
45 °C (AT—21 °C), whereas cubic and tetradodecahedron
nanoparticles were able to heat up to 33 and 34 °C (AT—9
and 10 °C) at the same concentration of particles (1 mg/mL of
Fe;0,). Interestingly, the values of the dT/dt being a product
of linear fit for the very first seconds of temperature rise are as
follows: 0.047, 0.026, and 0.022 °C/s for star-like, cubic, and
tetradodecahedral MNPs. The difference in dT/dt implies that
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the magnetic performance of the nanoparticles depends on

shape anisotropy.
Upon the action of the NIR radiation (Figure 3A, bottom

panels), it was observed that the increase in laser power results
in a progressive increase in Ty, 49 °C (AT—2S °C), 47 °C
(AT—23 °C), and 49 °C (AT—25 °C) for star-like, cubic,
and tetradodecahedral particles at 900 mW accompanied by
much faster dT/dt being 0.56, 0.57, and 0.67 °C/s,
respectively. Moreover, compared to AMF, the T, . is achieved
within a significantly shorter period of time. Therefore, it can
be concluded that the heating of MNPs through NIR

conversion is far more effective than AMFE.

https://doi.org/10.1021/acs.jpcb.2c06061
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cubic, and tetradodecahedral nanoparticles. The laser part includes laser power dependence of SAR and dT/dt (B).

The MNPs’ specific absorption rate (SAR) being the
measure of heat generation effectiveness** was evaluated for
AMF and NIR stimulations using the following expression
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(2)
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Figure 4. Heating effects induced by the AMF and synergic action of AMF and NIR (dual-mode) of the star-like MNPs in different biologically
relevant solutions (A) DMEM, (B) DMEM/serum, and (C) DMEM/serum/AA as a function of the concentration of MNPs (0.5, 1, and 2 mg/

mL), respectively.

where C means the specific heat capacity of the medium (CHZO

—4.185]/¢g °C), m relates to the total iron content in a given
dispersion (g), and dT/dt is the slope of the curve with time
temperature dependency fitted to the linear model for the first
tens of seconds of measurement (to limit the effect of heat
exchange).

The result of SAR calculations for both simulations is shown
in Figure 3B as a dependence of dT/dt, output laser power,
and different stimulations. It was noticed that the SAR for the
AMEF action changes with morphology. For star-like particles,
the SAR is 270 W/g, while for cubic and tetradodecahedron
MNPs, the SAR is rather comparable and equals 149 and 126
W/g. The lowest SAR value for tetradodecahedron particles
followed the shape trend described by Gavilan® (SAR ,nocupes >
SARnanoﬂowers > SARnanooctahedra > SARtruncated > SARnanorods)'
Nemati and co-workers™* studied the effect of the increased
particle shape anisotropy of nano-octopod magnetic particles
in detail. In particular, the most interesting question was how
SAR depends on star-like particle size in connection with field
intensity and suspending medium viscosity. The effective
concentration of star-shaped MNPs, in their work, was 1.5 mg/
mL of [Fe], while the particle size was in the range of 17—47
nm. The applied field parameters were 310 kHz and the field
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intensity was between 200 and 800 Oe (15.91 and 63.66 kA/
m). For the best working AMF settings (310 kHz and 63.66
kA/m), the maximum SAR was below 500 W/ g for the largest
star-like particles (47 nm). In comparison to our experiment,
we used a similar field frequency (302 kHz) with a maximum
field intensity achievable for the CALI coil in our setup being
28.15 kA/m (352 Oe). The iron concentration was 0.73 mg/
mL, and the particle size was within a comparable range. The
SAR value for the closest AMF parameters (310 kHz, 400 Oe)
was below 200 W/g, while in our case, the SAR is 270 W/g. By
taking into account that the SAR depends on the field
intensity, we can anticipate that star-like particles prepared by
our approach will achieve higher SAR values upon further
increase of field intensity.

NIR stimulation (808 nm) of MNPs was performed using
laser output powers in the range of 300—900 mW. The
calculated SAR values for all fabricated materials show a linear
dependence on the laser power. The SAR increased from 1200
to 3800 W/g with power as anticipated.”> More importantly,
the speed of particle heating was an order of magnitude higher
than that of AMF (0.21—0.67 °C/s). This means that heat
induction using NIR radiation on these types of MNPs is
extremely effective. It is worth noting that the overall
performance of morphologically different MNPs is comparable

https://doi.org/10.1021/acs.jpcb.2c06061
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Figure 5. Heating curves obtained under synergy of the AMF and 808 nm NIR laser on HMECs and the MDA-MB-231 cell line with 2 mg/mL

Fe;O, SL-NPs. The effect of AA is also presented.

since the particle size is very close (40—60 nm). We did not
see a strong shape dependence, but the behavior of star-like
particles might reflect the higher ability to light scattering that
can be responsible for a slightly lower absorption rate.
Therefore, for further studies, we have chosen the star-like
particles since their heating ability was the best under the
action of AMF together with the highest achieved T, value,
while upon laser stimulation, SAR and T, are close to each
morphology.

Dual-Mode Action of AMF and NIR on Star-like MNPs in
Different Media. Afterward, the ability of star-like nano-
particles to heat induction upon the so-called dual-mode or
synergic action of AMF and NIR was experimentally tested as a
function of the concentration of MNPs and using different
media, that is, DMEM, DMEM with serum, as well as DMEM
with serum and AA in the S32 coil (without insulation, 308
kHz, 27.37 kA/m) with comparable field parameters to the
CALLI coil (Figure 4), allowing for placement of the biological
sample. As can be seen, indeed, the medium itself has some
effect on the temperature characteristic of the star-like MNPs.
We believe that this might stem from a viscosity change of the
suspension medium and/or other complex instabilities that
affect the performance of MNPs.”***¢

Thus, an increase in the particle concentration will be
necessary. Also, since the S32 coil is not insulated, like the
calorimetric coil, the heat exchange with the environment
cannot be overestimated, and hence, the increase in MNP
concentration is important to compensate for that as well. The
addition of cell serum and other ingredients such as AA to
DMEM with MNPs did not change their behavior. In the case
of dual-mode action of AMF and NIR, it is evident that even at
low MNP doses, relevant Ty, can be achieved for biological
applications. For the studies of the biological response, the
star-like particles (Fe;O, SL-NPs) were chosen with a
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concentration of 2 mg/mL (approximately 1.5 mg/mL of
iron content) due to their best performance. This has been
done on purpose since it is a well-known fact that the
internalization of MNPs in cells can result in a decrease in the
heating performance of MNPs due to changes in relaxation
dynamics caused mainly by intracellular agglomeration.*’

Fe;0, Star-like NP-Mediated Responses in Normal
and Cancer Cells. Necrosis and Cell Cycle Progression in
Normal and Cancer Cells. 1t is widely accepted that the heat-
mediated anticancer action of iron oxide NPs requires the use
of relatively high concentrations of nanoparticles, such as 1 or
2 mg/mL.M’49 On the other hand, iron oxide NP
biocompatibility is commonly assessed when iron oxide NPs
are used at no heat-promoting concentrations (up to 100 ug/
mL).°>*" Thus, to document the effects of Fe,O, star-like
nanoparticles (Fe;O, SL-NPs) on normal (HMECs) and
cancer cells (MDA-MB-231 triple-negative breast cancer cells
and THP-1 human monocytic leukemia cells), two relatively
high concentrations of Fe;O, SL-NPs were used, namely, 0.5
and 2 mg/mL. Moreover, as AA may accelerate synergic
temperature effects of Fe;O, SL-NPs in cellular systems in
vitro (Figures S and S1), the action of 100 uM AA
pretreatment for 1 h was also considered. The concentration
of AA was selected on the basis of literature data.”> As we did
not want to induce AA-mediated cell death in control
conditions without magnetic hyperthermia-based cancer cell
killing, a high physiological concentration of AA was used,
namely, 100 yM.>> Stimulation with 0.5 mg/mL Fe;O, SL-
NPs for 24 h did not significantly affect the metabolic activity
of normal HMECs and MDA-MB-231 breast cancer cells as
judged by MTT-based results (Figure 6A). The 100 uM AA
did not modulate the response to 0.5 mg/mL Fe;O, SL-NPs
(Figure 6A).
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Figure 6. Fe;O, SL-NP-mediated changes in metabolic activity (A), apoptotic and necrotic parameters (B), uptake (C), intracellular pH (D), cell
cycle progression (E), and the levels of cell cycle inhibitor p21 in HMECs and MDA-MB-231 triple-negative breast cancer cells. Cells were treated
with 0.5 or 2 mg/mL Fe;0, SL-NPs for 24 h. The effect of 100 uM AA pretreatment for 1 h was also considered. (A) Metabolic activity was
assessed using the MTT test. Metabolic activity under control conditions (CTR) is considered as 100%. (B) Dual staining for apoptosis (annexin V
staining) and necrosis (7-AAD staining) evaluation. Flow cytometry and a dedicated kit were used. Representative dot plots are shown. (C) Uptake
analysis using imaging flow cytometry and granularity test. Representative dot plots and microphotographs are presented. In a single cell population
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Figure 6. continued

and fluorescence microplate reader. Data are presented as RFUs. (E) DNA-based cell cycle analysis using the dedicated kit and flow cytometry.
Representative histograms are shown. (F) The analysis of nuclear levels of p21 was conducted using immunostaining and imaging cytometry. Data
are presented as RFUs. Bars indicate SD or box and whisker plots are shown, n = 3, **#p < 0.001, *p < 0.0S compared to control (CTR) (ANOVA
and Dunnett’s a posteriori test). CTR, untreated control; AA, 1 h treatment with 100 uM AA; Fe;O, SL-NPs, 24 h treatment with 0.5 or 2 mg/mL
Fe;O, SL-NPs (as indicated); Fe;O, SL-NPs + AA, 1 h pretreatment with 100 4M AA and then 24 h treatment with 0.5 or 2 mg/mL Fe;O, SL-
NPs (as indicated).
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Figure 7. Fe;0, SL-NP-mediated antioxidative (A) and anti-inflammatory (B) responses in HMECs and MDA-MB-231 breast cancer cells. Cells
were treated with 0.5 mg/mL Fe;O, SL-NPs for 24 h. The effect of 100 uM AA pretreatment for 1 h was also considered. (A) From left to right:
GSH/GSSG redox potential, FOXO3A activation, SOD1 levels, and lipid peroxidation. Intracellular redox state as the glutathione redox potential
was analyzed using a roGFP-Grx1 redox sensor and fluorescence microplate reader. Data are presented as a ratio of 400ex to 488 ex. FOXO3A
activation (immunostaining of nuclear levels), and SOD1 pools (dedicated immunostaining) were revealed using imaging cytometry. Data are
presented as RFUs. Lipid peroxidation was studied using a dedicated kit and imaging cytometry. Data are presented as RFUs. (B) ELISA-based
analysis of the levels of IL-6 and IL-8 in cell supernatants. Dedicated ELISA kits were used. Interleukin levels are presented in pg/mL. Bars indicate
SD, or box and whisker plots are shown, n = 3, **#p < 0.001, **p < 0.01 compared to control (CTR) (ANOVA and Dunnett’s a posteriori test).
CTR, untreated control; AA, 1 h treatment with 100 uM AA; Fe;O, SL-NPs, 24 h treatment with 0.5 mg/mL Fe;O, SL-NPs; Fe;O, SL-NPs + AA,
1 h pretreatment with 100 #M AA and then 24 h treatment with 0.5 Fe;O, SL-NPs.

Treatment with 100 #M AA alone did not affect the judged by flow cytometry and dual staining of annexin V

metabolic activity of normal and cancer cells (Figure 6A). (apoptotic cell death marker) and 7-AAD (necrotic cell death
Treatment with 0.5 mg/mL Fe;O, SL-NPs also did not marker) (Figure S2A). Fe;O, SL-NP-mediated cytotoxicity
promote apoptosis or necrosis in THP-1 monocytic cells as was observed when Fe;O, SL-NPs were used at a
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concentration of 2 mg/mL (Figures 6B and S2A). The 2 mg/
mL Fe;0, SL-NPs did not induce apoptosis in three cell lines
(Figures 6B and S2A). In contrast, necrotic cell death was
documented (Figures 6B and S2A). Treatment with 2 mg/mL
Fe;O, SL-NPs resulted in a significant increase of 7-AAD-
positive cells of 11, 14, and 9% in HMECs and MDA-MB-231
and THP-1 cell populations, respectively (Figures 6B and
S2A). More recently, we have shown that 1 mg/mL Fe,O,
nanocapsules (NCs) induced iron-dependent oxidative stress
and lipid peroxidation-mediated cell death (ferroptosis) in
triple-negative breast cancer cells (MDA-MB-231 cells).*®
Furthermore, 1 mg/mL Fe;O, NCs promoted massive
apoptotic cell death in MDA-MB-231 cells compared to
estrogen receptor-positive MCE-7 breast cancer cells.*

We postulated that MDA-MB-231 cells may be more
susceptible to Fe;O, NC-induced ferroptotic cell death that
MCEF-7 cells because of higher expression of acyl-CoA
synthetase long-chain family member 4 (ACSL4) and lower
expression of glutathione-dependent and selenium-containing
glutathione peroxidase 4 (GPX4, phospholipid hydroperoxide
glutathione peroxidase, PHGPx), key players of ferroptosis, in
MDA-MB-231 cells compared to MCE-7 cells.*® Thus, the
same type of cancer cells, for example, breast cancer cells, may
respond differently to iron oxide NP-based therapy that may
reflect distinct genotypic and phenotypic traits of breast cancer
cells with different receptor statuses. No heat-promoting
concentration of Fe;O, NC (0.1 mg/mL) promoted cytotoxic
effects in MCF-7 and MDA-MB-231 breast cancer cells in
control conditions.*®

The AA pretreatment did not protect cancer cells against
Fe;O, SL-NP-mediated necrosis (Figures 6B and S2A). A
slight increase in the levels of necrotic cells was noticed when
cancer cells were pretreated with AA before stimulation with 2
mg/mL Fe;O, SL-NPs (Figures 6B and S2A). In contrast, a
mild decrease in 7-AAD-positive cells was observed when
normal HMECs were preincubated with AA before treatment
with 2 mg/mL Fe;O, SL-NPs (Figure 6B). This may suggest
that normal and cancer cells may respond differently to AA
pretreatment (Figures 6B and S2A). It is widely accepted that
AA (vitamin C) is the most important water-soluble
antioxidant in human plasma and cells.>® However, AA may
also behave as a pro-oxidant in the presence of metal ions, such
as iron and copper, or when high millimolar concentrations of
AA are applied.” Pro-oxidant action of high doses of AA may
have beneficial effects, for example, during anticancer
therapy.”>**™*° Indeed, AA can selectively kill a number of
cancer cells that is achieved by increased production of reactive
oxygen species (ROS).>** The uptake of Fe;0, SL-NPs was
then studied. The granularity test was considered to track the
uptake of Fe;O, SL-NPs by normal and cancer cells (Figures
6C and S2B). Fe;O, SL-NPs were efficiently taken up by three
cell lines (Figures 6C and S2B). Surprisingly, fewer cell-based
signals were observed in the case of cancer cells compared to
normal cells (Figure 6C). This may suggest that cancer cells
are more susceptible to treatment with Fe;O, SL-NPs.
However, massive necrosis in the MDA-MB-231 cell
population was not documented compared to the HMEC
population (Figure 6B). Cell-based signals were also affected
when THP-1 monocytic cells were treated with 2 mg/mL
Fe;O, SL-NPs compared to treatment with 0.5 mg/mL Fe;O,
SL-NPs (Figure S2B). The noncytotoxic concentration of
Fe;0, SL-NPs (05 mg/mL) did not affect intracellular pH in
HMEC and MDA-MB-231 cells (Figure 6D). However, AA
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pretreatment promoted a slight decrease in intracellular pH in
MDA-MB-231 cells (Figure 6D). Perhaps one can conclude
that cancer cells died before dual apoptosis/necrosis analysis
after 24 h of incubation with 2 mg/mL Fe;O, SL-NPs was
performed or nanoparticles may have also a more profound
cytostatic effect in cancer cells. Thus, DNA-based analysis of
the phases of the cell cycle was then considered (Figures 6E
and S2C). Indeed, the cell cycle of MDA-MB-231 cells was
more affected than the cell cycle of HMECs upon stimulation
with 2 mg/mL Fe;O, SL-NPs (Figure 6E). GO/G1 cell cycle
arrest was observed when MDA-MB-231 cells were treated
with 2 mg/mL Fe;O, SL-NPs (Figure 6E). The 10% more
treated MDA-MB-231 cells stayed at the GO/G1 phase of the
cell cycle than untreated cells (Figure 6E). In treated HMECs,
slightly more cells stayed in the S-phase of the cell cycle
(Figure 6E). The cell cycle of THP-1 cells was similarly
affected as the cell cycle of MDA-MB-231 cells upon
stimulation with 2 mg/mL Fe;O, SL-NPs (Figures 6E and
S2C). A mild increase in the GO/G1 cell subpopulation was
documented in THP-1 cells treated with 2 mg/mL Fe;O, SL-
NPs (Figure S2C). Lower concentrations of Fe;O, SL-NPs
also promoted S-phase cell cycle arrest in THP-1 cells (Figure
S2C). Surprisingly, lower concentrations of Fe;O, SL-NPs also
promoted the levels of cell cycle inhibitor p21 in normal
HMECs (Figure 6F). Thus, noncytotoxic concentrations of
Fe;0, SL-NPs may also modulate cyto-physiological param-
eters of normal and cancer cells.

Stimulation of Antioxidative and Anti-Inflammatory
Responses in Normal and Cancer Cells. As the noncytotoxic
concentration of Fe;O, SL-NPs may affect both normal and
cancer cells (Figures 6 and S2), we decided then to analyze the
effects of 0.5 mg/mL Fe;O, SL-NPs more comprehensively in
terms of oxidative stress response and immune response
(Figure 7). First, intracellular redox equilibrium was analyzed
upon stimulation with 0.5 mg/mL Fe;O, SL-NPs (Figure 7A).
Changes in glutathione redox potential were monitored using a
redox biosensor roGFP-Grxl (Figure 7A). The 0.5 mg/mL
Fe;0, SL-NPs affected the oxidoreductive state toward more
oxidative conditions in normal HMECs (Figure 7A). AA also
promoted the formation of disulfide between the cysteines in
the biosensor, thus increasing the excitation peak at 400 nm
(Figure 7A). Similar effects were not observed in MDA-MB-
231 breast cancer cells (Figure 7A). We then analyzed if the
cells could adapt to changes in the intracellular redox state
(Figure 7A). Indeed, the activation of fork-head box protein
03 (FOXO3A), a transcription factor regulating the oxidative
stress response,””** was documented in HMECs with affected
redox state upon stimulation with Fe;O, SL-NPs (Figure 7A).
This is in agreement with our previous study.”” The ROS-
mediated FOXO3A activation was reported in human normal
fibroblasts treated with 0.1 mg/mL surface-functionalized
magnetite nanoparticles with phosphonic moieties.””
FOXO3A may confer resistance to oxidative stress by
promoting the expression of selected antioxidant enzymes
such as manganese superoxide dismutase (MnSOD, SOD2)
and catalase.””*® FOXO3A may also take part in cell cycle
arrest-based adaptive response that is mediated by p2l
upregulation.”” Indeed, in treated HMECs with redox
imbalance-associated FOXO3A activation, the levels of cell
cycle inhibitor p21 were elevated (Figure 6F). AA also
promoted the levels of nuclear FOXO3A in treated HMECs
(Figure 7A). No activation of FOXO3A was noticed in treated
MDA-MB-231 breast cancer cells (Figure 7A). As the levels of
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Figure 8. The 2 mg/mL Fe;O, SL-NPs induce heat-mediated necrotic cell death in MDA-MB-231 breast cancer cells. Cells were treated with 0.5
mg/mL (A) or 2 mg/mL Fe;O, SL-NPs (B) for 1 h and then subjected to AMF and NIR (808 nm), and cell viability was analyzed using the
dedicated kit and flow cytometry. Dual staining involving a membrane-permeant DNA staining dye and a DNA-binding dye staining cells that have
lost their membrane integrity was considered. Representative dot plots are presented. The effects of AA pretreatment for 1 h and cell incubation for
3 h after heating are also shown. Bars indicate SD, n = 3, ***p < 0.001 compared to control (CTR) (ANOVA and Dunnett’s a posteriori test).
CTR, untreated control; AA, 1 h treatment with 100 uM AA; Fe;O, SL-NPs, 1 h treatment with 0.5 or 2 mg/mL Fe;O, SL-NPs (as indicated);
Fe;0, SL-NPs + AA, 1 h pretreatment with 100 uM AA and then 1 h treatment with 0.5 or 2 mg/mL Fe;O, SL-NPs (as indicated).

superoxide dismutase, 1 (SOD1), were not affected in treated
HMECs (Figure 7A), one can conclude that perhaps SOD1 is
not important during adaptive stress response in HMECs upon
stimulation with Fe;O, SL-NPs (Figure 7A). In our
experimental settings, FOXO3A activation indeed resulted in
oxidative stress resistance in treated HMECs, as judged by
decreased lipid peroxidation (Figure 7A). As a similar effect
was not observed in treated MDA-MB-231 cells, Fe;O, SL-
NPs coated with the ETI with potential antioxidative
properties™ ®" cannot be directly responsible for lipid
peroxidation lowering effects. Perhaps this is achieved by
Fe;0, SL-NP-mediated activation of the regulator of oxidative
stress response FOXO3A (Figure 7A). As nanoparticles used
in biomedical applications should be characterized by immuno-
biocompatibility,*>*® the effects of Fe;O, SL-NPs on
interleukin 6 (IL-6) and interleukin 8 (IL-8) secretion were
then studied (Figure 7B).

Treatment with Fe;O, SL-NPs did not stimulate proin-
flammatory response in normal and cancer cells (Figure 7B).
In contrast, Fe;O, SL-NPs promoted a statistically significant
decrease in the levels of secreted IL-6 in HMECs and IL-8 in
HMECs and MDA-MB-231 cells (Figure 7B). The anti-
inflammatory properties of Fe;O, SL-NPs were more
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pronounced in normal HMECs than in MDA-MB-231 cancer
cells (Figure 7B). Fe;0, SL-NPs did not affect the levels of IL-
6 (Figure S2D), whereas the levels of IL-8 were nondetectable
in THP-1 monocytic cells (data not shown). The anti-
inflammatory activity of Fe;O, SL-NPs may be due, at least in
part, to the presence of the ETIL Etidronate, a non-nitrogen-
containing bisphosphonate (non-NBP), downregulated TLR2
ligand-induced production of IL-6, TNF-a, MCP-1, and MIP-
la in J774.1 cells (mouse BALB/c monocyte-macrophage cell
line).®* Etidronate also attenuated Pam;CSK-induced MCP-1
and TNF-a production by human monocytic THP-1 cells.**
Furthermore, etidronate limited IL-8 and MCP-1 production
and NF-xB p65 activation induced by Pam;CSK, in human
monocytic U937 cells.”” A master regulator of immune
response NF-kB was also activated upon stimulation with 1
mg/mL Fe;O, NC in MDA-MB-231 breast cancer cells.’’
However, as this observation was not accompanied by elevated
levels of IL-6 and IL-8, one can conclude that Fe;O, NC-
mediated NF-kB activation may be implicated in cell death
signaling rather than the proinflammatory response in MDA-
MB-231 cells.*

Fe;0, SL-NP Concentration’s Effect on Heat-Mediated
Cell Death. Synergic temperature effects of 0.5 and 2 mg/mL

https://doi.org/10.1021/acs.jpcb.2c06061
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Fe;0, SL-NPs were then evaluated in normal and cancer cells
pretreated with AA (Figure 8). The 0.5 mg/mL Fe;O, SL-NPs
did not induce heat-mediated necrosis in normal and cancer
cells (Figure 8A). Thus, this concentration cannot be
considered in biomedical applications involving heat-associated
elimination of cancer cells, namely, hyperthermia-mediated
anticancer therapies. In contrast, 2 mg/mL Fe;O, SL-NPs
promoted heat-mediated necrotic cell death in MDA-MB-231
breast cancer cells (Figure 8B). The effect was observed
immediately after heating and was not potentiated when
heated cells were incubated for 3 h postheating (Figure 8B).
An increase of 20% in the necrotic cell population was
observed as a consequence of heat-mediated cell death in
MDA-MB-231 cells (Figure 8B). The AA pretreatment did not
potentiate heat-mediated necrosis in cancer cells (Figure 8B).

In contrast, AA pretreatment slightly protected against heat-
associated elimination of cancer cells that was more
pronounced when MDA-MB-231 cells were incubated for 3
h of postheating (Figure 8B). There are no data on AA-
mediated modulation of magnetic hyperthermia-based cancer
cell killing. However, the effects of combined treatment of AA
and a capacitive-resistive electric transfer (CRet)-mediated
hyperthermia were analyzed against Ehrlich ascites tumor
(EAT) cells.”° The authors concluded that combined treat-
ment of AA and CRet synergistically limited EAT cell growth
through G2/M arrest and promoted apoptotic cell death via
hydrogen peroxide production when AA was used at
noncytotoxic concentrations (<2 mM).66 An increase in
temperature from 37 °C (optimum) to 42 °C (mild heat
shock) in the cell culture incubator resulted in increased ROS
production in prostate cancer cells, but not in normal cells.®”
The 1 mM AA was able to prevent heat shock-induced
oxidative stress as well as to protect against 10 M Resovist
(Ferucarbotran, carboxydextran-coated iron oxide nanopar-
ticles)-mediated redox imbalance in prostate cancer cells.’”
Similar antioxidative effects of 1 mM AA were also observed
during anticancer drug-induced oxidative stress in prostate
cancer cells.”” These results suggest that AA-mediated
modulation of the heat-shock response in cancer cells may
depend on genotypic and phenotypic variations between cell
lines and clinical samples.

B CONCLUSIONS

We have shown that the hot-injection technique can provide
magnetic particles characterized with different morphologies,
thus shape anisotropy that affects the heating ability of MNPs
with the highest efficacy of the heat energy conversion under
the action of AMF for the star-like magnetite nanoparticles.
Although the AMF provides relatively high SAR values, NIR
stimulation plays a superior role, leading to extremely high
SAR values exceeding 3000 W/g depending on the laser power
(optical density). We did not notice a significant difference in
the particle morphology upon NIR action since the size of the
crystallites was comparable. Thus, we expected quite similar
behavior since the scattering contribution should be
comparable as well. The synergistic action of both external
and contactless physical stimulation allows for exceeding the
T o limits achievable by only the action of AMF or NIR alone
that rely on completely different heating mechanisms. We have
shown that the light-induced mechanism in heat generation is
superior to that of AMF. The application of the NIR light
within the first optical biological window allows for deepened
light penetration due to the minimized light absorption of the
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biological systems. NIR combined with AMF can be
advantageous and could possibly limit patient exposure time
or particle concentration to safer limits. We have shown that
Fe;O, SL-NPs, at a concentration of 2 mg/mL, are capable of
inducing biologically relevant temperature increase to kill
breast cancer cells, promoting necrotic cell death and cell cycle
perturbations in normal and cancer cells in control conditions.
Thus, these observations may limit the biomedical applications
of magnetic hyperthermia-based cancer cell killing. Fe;O, SL-
NP-induced heat-mediated cancer cell death can be accom-
panied by a number of side effects in surrounding cells and
tissues and these adverse effects may depend on specific
patterns of molecular DNA and protein markers that are
distinctive for each type of cancer cell and even for each cell
line within one type of cancer. On the contrary, Fe;O, SL-NPs
at the concentration of 0.5 mg/mL, with no heat-promoting
effects and noncytotoxic effects in control conditions,
stimulated adaptive antioxidative and anti-inflammatory
responses in normal cells that are based on FOXO3A
activation-mediated decrease in lipid peroxidation and
attenuated secretion of proinflammatory cytokines, such as
IL-6 and IL-8. Our findings may be helpful in the design of
more efficient and safe iron oxide nanoparticle-based
anticancer strategies in the future.
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Figure S1. Heating curves obtained under synergy of the AMF and 808 nm NIR laser on HMEC and MDA-MB-

231 cell lines with Fe;04 SL-NPs at the concentration of 0.5 mg/ml. No biologically relevant temperature range

for effective hyperthermia was achieved. The effect of ascorbic acid (AA) is also presented.
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Figure S2. Fe;0, SL-NP-mediated apoptosis and necrosis (A), uptake (B), cell cycle (C) and the levels of IL-6 in
THP-1 monocytic cells. Cells were treated with 0.5 or 2 mg/ml Fe;O4 SL-NPs for 24 h. The effect of 100 uM AA
pre-treatment for 1 h was also considered. (A) Dual staining for apoptosis (Annexin V staining) and necrosis (7-
AAD staining) assessment. Flow cytometry and dedicated kit were used. Representative dot plots are shown. (B)
Uptake analysis using imaging flow cytometry and granularity test. Representative dot plots and microphotographs
are presented. In single cell population (R3), cells that did not take up Fe;O4 SL-NPs are denoted as black dots
(R7), whereas cells that did take up Fe;0, SL-NPs are indicated as red dots. The basal level of granularity in control
conditions (CTR) is depicted as green dots. (C) DNA-based cell cycle analysis using dedicated kit and flow
cytometry. Representative histograms are shown. (D) ELISA-based analysis of the levels of IL-6 in cell

ok

P <
0.001 compared to control (CTR) (ANOVA and Dunnett’s a posteriori test). CTR, untreated control; AA, 1 h

supernatants. Dedicated ELISA kit was used. IL-6 levels are presented in pg/ml. Bars indicate SD, n = 3,

S2



treatment with 100 pM ascorbic acid; Fe;O4 SL-NPs, 24 h treatment with 0.5 or 2 mg/ml Fe;O4 SL-NPs (as
indicated); Fe;O4 SL-NPs+AA, 1 h pre-treatment with 100 pM ascorbic acid and then 24 h treatment with 0.5 or
2 mg/ml Fe;04 SL-NPs (as indicated).
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Multipurpose FezO4@APTES—-Ag heterostructures for mutual heat generation, SERS probing, and
antimicrobial activity were fabricated using a three-step process. Silver metallic particles were
precipitated on a thin silica shell that served as an interlayer with FesO4 nanocubes. The structural
properties were studied by means of the powder X-ray diffraction technique, and selected area electron
diffraction. Particle size, distribution, and morphology were evaluated using transmission electron
microscopy, while element mapping was performed using the STEM-EDS technique. The presence of
the silica shell and the effectiveness of the Ag reduction were checked by FTIR-ATR spectroscopy. The
heat generation ability was studied by using AMF and NIR contactless external stimulations working
separately and simultaneously. We demonstrated that the dual mode stimulation leads to a SAR (specific
absorption rate) of 1000 W g~ with the predominant role of the mechanism associated with the light

interaction. The SERS effect was recorded with the use of the R6G standard molecule showing high
Received 19th August 2022 bility of the heterostructures for R ignal tation. FesO bes decorated with A
Accepted 19th September 2022 capability of the heterostructures for Raman signal augmentation. FezO4 nanocubes decorated wi g
particles have shown antibacterial activity against P. aeruginosa. The FesO4@APTES—-Ag presents

DOI: 10.1039/d2ra05207e promising potential as a multipurpose platform for biological applications ranging from photomagnetic
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1. Introduction

The ability of magnetite nanoparticles (MNPs, Fe;0,) to induce
heat under the action of external stimulants is a basis for the
biological application of hyperthermia that can support modern
therapeutic approaches to cancer treatment." This particular
material attribute is directly related to the magnetic properties
of Fe;0, and is driven by the general mechanism of power loss
that incorporates three main contributions being a conse-
quence to the alternating magnetic field (AMF) exposure.” The
first one is associated with hysteresis losses that depend on the
coercive field and are characteristic of the particles with
domain/multidomain structure, the second with generation of
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therapies, to analytical probes exploiting the SERS effect and antibacterial activity.

eddy currents whose strength is affected by the magnetic field
frequency and intensity and their induction changes in the
following material classification manner: metals > semi-
conductors > insulators. The last is connected with the residual
losses that can be subdivided into Néel (internal) and Brownian
(external) relaxations. Internal relaxation represents fluctua-
tions in MNP magnetic moments, while the external mecha-
nism is due to fluctuations in magnetic moments that cause
rotation of the entire particle.>” The presence or absence of one
of the power loss mechanisms is strongly dependent on many
parameters like particle size, composition, shape, anisotropy,
stability, presence of ligands, etc.®

Laser exposure with wavelengths within the therapeutic
optical biological window maximized tissue light penetration
(650-1300 nm) is used to heat nanoparticles of different kinds
to induce temperature effects.” The rule of thumb is to find
a highly absorbing material that will dissipate the collected
energy non-radiatively (net phonons) to heat a given system to
achieve a biologically relevant temperature effect.'** Among
many materials exploited, magnetite is a very promising
candidate to achieve this goal,"** as its optical properties show
reasonable absorption in the near-infrared range (NIR)."

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Recently, considerable interest has been faced towards
exploitation of multimodal heat induction by the use of the
simultaneous action of AMF and NIR.”*** The trick is to take the
advantage out of the two totally independent mechanisms of
energy conversion into heat that allow to achieve much faster
sample heating and reduce the development of thermotol-
erance by cells that is characteristic of slow heating rates.” It is
also possible to go beyond the maximum temperature that can
be achieved by using separate mode, to limit the concentration
of MNPs if needed, or to reduce the overall exposure time.
Therefore, the search for new materials with optimized prop-
erties and/or offering additional functions is of great
importance.

The noble metal decorated magnetite particles, especially
with silver and gold, are of special interest since combination of
magnetic properties with plasmonic effect have interesting
implications. For instance Fe;O0,@Au heterostructures have
been proposed for use as an opto-magnetic platforms,*® whereas
Das et al. proposed reversed Ag@Fe;O, composite structures.
However, both materials did not show significant enhancement
in SAR (specific absorption rate) compared to the commercially
available Resovist®. In the case of the Fe;O,@Ag decorated
hybrid material, not much was done in terms of temperature
effects. The main direction was pushed towards surface-
enhanced Raman scattering (SERS) for detection of analy-
tes,”””® modern and effective catalysts***' or disinfectant with
antibacterial activity.®® The role of the magnetic core in the
latter examples was limited to separation agent facilitating
collection of the heterostructures from the medium after use
with a static magnetic field and particles recycle.

The purpose of the presented studies was to assess the effi-
ciency of energy conversion using combined AMF and NIR
(808 nm laser light) external contactless stimulation in the
multipurpose heterostructure of Fe;O,@APTES-Ag. Except for
the significant temperature response of the hybrid material, its
multifunctional properties were tested towards the SERS probe
for detection of analytes as well as antimicrobial activity was
estimated against Staphylococcus aureus ATCC 25923, Staphylo-
coccus epidermidis ATCC 12228, Escherichia coli ATCC 25922 and
Pseudomonas aeruginosa ATCC 27953 with pronounced effect
against the last bacterial strain. Morphology-controlled Fe;O,
MNPs (nanocubes) were used as a core material, while (3-ami-
nopropyl)triethoxysilane (APTES) served as an interconnector
layer between Fe;O, and Ag, a surface protection agent
(prevention of MNP from oxidation and contact with outer
media) and as a chelation enhancer due to increased affinity of
amine APTES groups for silver cations.

2. Materials and methods

2.1. Three-step synthesis of MNPs core-shell structures
decorated with Ag nanoparticles

The synthetic protocol for the fabrication of Fe;0,@APTES-Ag
core-shell structures included three distinct steps, namely (I)
preparation of the Fe;0, nanocubes stock particles, (II) surface
coverage of the stock MNPs with the APTES shell, and (III)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reduction of silver cations to induce precipitation of metallic Ag
nanoparticles.

2.1.1 Synthesis of Fe;O, nanocubes. The stock Fe;O,
nanocubes were prepared by adopting the well-known thermal
decomposition technique described by Kim et al.** with slight
amendments. Briefly, 2 mmol of iron(m) acetylacetonate
precursor (Fe(acac)s; 99.7%, Thermo Fischer Scientific, Ger-
many), 4 mmol (1.4 ml) of oleic acid (OA, 90%, Sigma Aldrich,
Poland) and 10 ml of diyl ether (BE, 98%, Sigma Aldrich,
Poland) were taken. The iron source was transferred to the
three-neck glass flask and dissolved in BE solvent with the
subsequent addition of the OA ligand under an inert N,
protective atmosphere (N, 99.999%, Linde, Poland) using an
acrylic glove box (GS Glove Box Systemtechnik GMBH
P10R250T2) with pressure gas control. The flask with mixed
chemicals was attached to the setup combined with a mechan-
ical stirrer, automatic temperature controller with Pt-100 sensor
(LTR 2500, Juchheim, Germany), reflux column, laboratory
heater, and N, line. Afterward, the reaction mixture was
degassed for one hour at room temperature with a constant flow
of N,. Finally, the solution was heated up to 285 °C and kept for
30 minutes. The resulting black product was separated from the
mother liquor by centrifugation and washing cycles using
portions of the solvent mixture hexane/acetone/ethanol (1:1:1
ratio, all pure for analysis from Chempur, Poland). The purified
stock nanoparticle suspension is stored in an ethanol solution
in a laboratory refrigerator. The concentration of Fe;O, cubes
was measured using the microbalance.

2.1.2 APTES silica shell formation. This step involved the
following actions. First, 50 mg of well-dispersed Fe;O, nano-
cubes are transferred to hexane and washed three times with
this solvent to completely remove ethanol. If fresh particles are
prepared from step (I), the MNPs can be kept directly in hexane
after purification. A laboratory magnet can be used to facilitate
cube separation if necessary. Finally, Fe;O, particles are resus-
pended in 5 ml of hexane and sonicated for 2 hours at room
temperature. The suspension is transferred to the flask and
filled with an additional portion of hexane to 45 ml. After that,
2 ml of IGEPAL CO-520 (polyoxyethylene (5) nonylphenylether,
Sigma Aldrich, Poland) was sonicated for an additional 15
minutes. Then, 0.4 ml of ammonia (25% solution, 99%, Hon-
eywell, Poland) was kept in an ultrasound bath for an additional
15 minutes at room temperature. Subsequently, the mixture was
placed in a glass flask in the set-up equipped with a mechanical
stirrer and 100 pul of tetraethoxysilane (TEOS, 99.9%, Thermo
Scientific, Poland) was added in constant mixing for one hour.
Lastly, a mixture of 100 ul of TEOS and 100 pl of APTES ((3-
aminopropyl)triethoxysilane, 99%, Sigma Aldrich, Poland) was
added and left for 16 hours with stirring. The Fe;O,@APTES
core-shell structures were separated using a laboratory magnet
followed by washing cycles with an acetone and ethanol
mixture. The concentration of particles was measured using the
same technique as in the first step.

2.1.3 Fabrication of metallic Ag nanoparticles on Fe;0,@-
APTES surface. To induce Ag nanoparticle formation, 2 mg
Fe;0,@APTES were dispersed in 20 ml of deionized water and
sonicated for 15 minutes. Subsequently, four portions of 0.1 ml

RSC Adv, 2022, 12, 27396-27410 | 27397
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of AgNO; solution (99%, POCH, Poland) (1 mg ml ") were
added every 15 minutes. The sample was still placed in an
ultrasonic bath during this stage. The entire suspension was
then transferred to the glass flask and 0.76 ml of NaBH, solu-
tion (1 mg ml™", 99% Thermo Scientific, Poland) was added to
induce a fast reduction of Ag" and the formation of Ag metallic
particles under mechanical stirring. The final Fe;0,@APTES-Ag
product was purified separately with H,O and ethanol (3 times
each solution) and separated with a laboratory magnet. The
core-shell material was resuspended in ethanol for storage and
further use.

2.2. Characterization of nanoparticle physicochemical
properties

Stock Fe;O, nanoparticle structure was evaluated by means of
the X-ray powder diffraction technique (XRD) using a Bruker D8
Advance diffractometer equipped with a Cu lamp as the X-ray
source (1.54 A) and K,, nickel filter. The range of measured
260 was between 15 and 70° with a step of 0.02° applying 0.8 s
integration time. The recorded diffraction pattern was back-
ground corrected using Diffrac.Eva software (V.2) and compared
with the ICDD diffraction database for structure identification
and crystallographic plane assignment. Further data curation
(including normalization and reference comparison) for the
final presentation was performed using Origin Pro 2019 9.60
software (OriginLab, USA).

The particle size, morphology, additional structural data, and
element mapping were performed using Tecnai Osiris X-FEG
transmission electron microscope (TEM) operating at 200 kv
using different techniques high-resolution TEM (HRTEM), high-
angle annular dark-field (HAADF) imaging in scanning trans-
mission electron microscopy (STEM) as well as energy dispersive
analysis for confirmation of the presence of silica shell as well as
the location of silver particles. Fourier transformation was applied
to the HRTEM picture to measure the interplanar distance and
identification of exposed crystallographic planes by Fe;O, parti-
cles using DigitalMicrograph (v. 1.85.1535) software. The nano-
cube, silver particle size, and distribution together with silica shell
thickness were evaluated in Image]J software (v. 1.8.0_1720). The
sample for TEM characterization was prepared by sonication
cycles and further deposition of a droplet of MNPs ethanol
suspension on a 200 mesh copper grid coated with a transparent
layer of carbon (EM Resolutions, United Kingdom) and slow
solvent overnight evaporation under dust protection.

The nanoparticle concentration was determined using the
microbalance technique using a precise Radwag MYA 5.4Y
scale. The measurement was made through three independent
repetitions.

Fourier-transform infrared spectroscopy (FTIR) was used to
carry out the measurements of the vibrational spectra of
prepared materials utilizing a Thermo Scientific Nicolet iZ10
FTIR spectrometer equipped with Smart Orbit Diamond ATR
(attenuated total reflection accessory). All materials were slowly
dried and placed on a diamond surface. Spectra were recorded
at room temperature within the 4000-500 cm ' wavenumber
range.
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2.3. AMF and NIR energy conversion on heterostructures

The behavior of the stock nanocubes and Fe;O,@APTES-Ag
core-shell structures upon the action of the alternating
magnetic field (AMF), near-infrared 808 nm laser radiation
(NIR), and synergy of both external stimulants was measured
with help of magnetic field generator G2 D5 Series Multimode
1500 W driver supplied by Nanoscale Biomagnetics (Spain)
using calorimetric CAL1 coilset. The NIR radiation was deliv-
ered through 400 pm multimode optical fiber (CNI China). FLIR
T660 Thermovision camera was used for a direct measure of
sample temperature. The applied field frequency and intensity
were within a range of 145-486 kHz and 23-33 kA m ™' while
laser power was between 0.3-1.7 W. The distance of the optical
fiber from the suspension surface was 4 cm assured full top
sample coverage (around 1 cm?). During the synergy of both
contactless stimulants, optimized parameters were used (302
kHz, 28 kA m~", 900 mW). Before experiments, CAL1 was cali-
brated using manufacturer procedure whereas laser output
power was checked using Ophir StarLite power meter with beam
track thermal sensor 10A-PPS (Ophir, Israel). All data were
recorded using ResearchIR software (FLIR, USA) and analyzed
using Origin Pro software. The concentration of the prepared
stock suspensions of Fe;O, and Fe;O,@APTES-Ag core-shell
structures used for energy conversion studies varied between 1-
6 mg ml "

2.4. Surface-enhanced Raman scattering (SERS) on
heterostructures

The ability to generate the SERS effect was analyzed using an
inVia Micro Raman Renishaw spectrometer combined with
a Leica DM 2500M microscope (Renishaw, UK) equipped with
a 488 nm laser as an excitation source. The measurements were
taken with an exposure time of 10 s with triple scan accumu-
lation and for the laser output power that ranged from 25 pW to
0.5 mW. As a reference material for testing, rhodamine 6G (R6G,
Sigma-Aldrich, Poland) was chosen. Various ethanol dilutions
of rhodamine were prepared (0.05-2.5 pM) and mixed with
0.75 mg ml™" of Fe;0, nanocubes, Fe;O,@APTES and Fes-
O,@APTES-Ag heterostructures, respectively. After a short
incubation, samples were placed on quartz discs and slowly
dried. The final SERS measurement was carried out with a 50x
lens magnification and choosing three random positions for
each material. Baseline correction was performed during data
processing.

2.5. Antimicrobial activity tests with bacteria strains

Antibacterial activity of nanoparticles was evaluated by deter-
mination of minimum inhibitory concentration (MIC), on basis
of the serial dilution method. As model bacteria, 4 reference
strains were used: Staphylococcus aureus ATCC 25923, Staphy-
lococcus epidermidis ATCC 12228, Escherichia coli ATCC 25922,
and Pseudomonas aeruginosa ATCC 27953. Before the experi-
ments, they were first cultured in Mueller-Hinton (M-H) broth
(Biomaxima, Poland) at 37 °C to obtain inoculates of initial
density equal to 0.1 McFarland (an equivalent of 3.0 x 10" CFU

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ml ). Suspension of each nanopatrticle in ethanol was diluted
in Mueller-Hinton (M-H) broth to obtain a series of concen-
trations: 50-500 ug ml~* for Fe;0, nanoparticles and 1.56-50 pg
ml™' for Fe;O,@APTES and Fe;O,@APTES-Ag core-shell
nanoparticles. As reference samples, ethanol was diluted in
M-H broth to obtain analogous concentrations as in NPs dilu-
tions. As a positive control of bacterial growth, pure M-H broth
was used (separately for each bacterial strain). 200 pl of each
NPs suspension, in quadruplicate, was pipetted into wells of
a 96-well plate and supplemented with 4 pl of bacterial inocu-
late (to initial titer 0.6 x 10° CFU ml '). Pure M-H broth
without inoculation was used to control the initial medium
sterility. Immediately after the inoculation (7 0 h), the absor-
bance of the wells was measured at 660 nm in Biotec Synergy H4
Hybrid multiplate reader (Fisher Scientific, USA). Then, the
plates were incubated in Innova 42 incubator shaker (New
Brunswick Scientific, USA) at 37 °C, 150 rpm, and 24 h. Finally,
the turbidity in the wells was examined. MIC (minimum
inhibitory concentration) was defined as the lowest concentra-
tion of NPs which prevented bacterial growth in the culture
medium which was visualized by lack of turbidity in the wells.

3. Results and discussion

3.1. Physicochemical characterization of materials

The structural properties of the core material, namely Fe;O,
nanocubes, were evaluated using the XRD technique. The
recorded diffraction pattern after background correction and
normalization is presented in Fig. 1, and compared with the
reference ICDD card (International Centre for Diffraction Data -
PDF database) no. 019-0629 that is ascribed to the cubic Fd3m
magnetite structure. All the appearing reflections, within the
measured 26 range, were assigned to the respective crystallo-
graphic planes showing a perfect match with the chosen stan-
dard card. In addition, selective area electron diffraction (SAED)

O Fe,0, reference ICDD 019-0629
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was performed on a single particle together with identification
of the exposed crystallographic fringes using Fourier trans-
formation applied to the HRTEM image (Fig. 1 right panel).
Both measurements confirmed that the stock material crystal-
lized in a cubic symmetry that is characteristic of the ferrite
family. The measured interplanar distance of the 0.149 nm (4 4
0) plane agrees with the reference data.

The size, distribution, and morphology of the Fe;O, nano-
cubes, Fe;O,@APTES-Ag, and Ag particles in the core-shell
structures were defined using TEM imaging (Fig. 2). Non-
modified Fe;0, particles have a predominant cubic morphology
that is maintained during the APTES coverage and the Ag"
reduction step. The particle size and distribution for the stock
cubes was 72 + 13.9 nm, while Fe;O,@APTES-Ag was 94.7 +
15.5 nm, and the Ag nanoparticles were 8.5 £ 3.7 nm. The shape
of the Ag precipitate on the surface of Fe;0,@APTES is not well
defined, and the particles tend to have a rather irregular
morphology. In the case of silica modification using APTES, the
thickness of the shell was measured giving the mean value of
12.8 + 3.4 nm. As can be seen, the shell formed by the silica
interlayer containing amine functional groups is rather thin.
The choice of APTES as a shell-forming material was dictated by
the fact that -NH, functional groups bond Ag" cations through
chelation, not through sorption as -OH functionality, and
ensures a higher affinity towards silver cations.** All results have
been collected and plotted in Fig. 3 for quick comparison.
Interestingly, the particles tend to organize in chain-like
structures.

According to Qiao et al.,* this behavior is characteristic of
magnetic particles, where magnetic dipolar interactions
between particles dominate (long-range) over van der Waals
forces (short range). Usually, this kind of assemblies are
observed for magnetite with a size greater than 40 nm. What can
be potentially worth mentioning is that this type of self-
organization is less pronounced for the Fe;O,@APTES-Ag

B11)
O

Intensity (a.u.)

20 (deg)

Fig. 1
plane of the stock FezO,4 nanocubes.
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Fig. 2 TEM images of the FesO, stock nanocubes, nanocubes covered with a thin shell of APTES as well as FesO, decorated Ag metallic

nanoparticles on APTES shell.

core-shell since the thickness of the silica shell and Ag size
probably reduce the possibility of effective magnetic interac-
tions due that their diameters account for the separation of the
magnetic cores between each other.

Element mapping was performed (Fig. 4) using the STEM-

HAADF-EDS technique to check the effect of the surface
coverage of APTES and silver reduction in terms of the presence
of silicon and silver elements in the Fe;O,@APTES and

25 40
Fe,0, APTES shell Fe,0,@APTES-Ag
35 9 151 7
20 7
30 ,
25
= 15 10
=
8 20 7
101 151 7 2
%9992 / 5 20
de9077 10
54 / =
/éﬁ i ; v
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Fe,0, particle size (nm) APTES shell thickness (nm)

Fe,O,@APTES-Ag particle size (nm)

- 0 et 0 : e
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Ag particle size (nm)

Fig. 3 Particle size distribution curves for FesO4 stock cubes, APTES shell thickness, FesO4@APTES—Ag core—shell structures, and Ag particles.
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Fe,0, @APTES-Ag

Fig. 4 STEM-HAADF-EDS element mapping of the effect of FezsO4 nanocubes surface modification with APTES and result of the reduction

process leading to the formation of the Ag metallic islands.

Fe;O,@APTES-Ag structures. It can be seen that the Fe;O,
nanocubes were covered with a rather uniform and thin APTES
shell. The reduction of adsorbed Ag' cations leads to the
formation of separated islands of metallic silver, as confirmed
by the overlap areas between the Ag element map and the

Fe,0, Fe,0,@APTES Fe,0,@APTES-Ag

Normalized transmittance (a.u.)

PRRSRTSRN INFUR ST N NN U U T SN SN U U U NS U S SRR NS

..... L B B i B B

2500 2000 1500 1000
Wavenumber (cm™)

Fig. 5 FTIR-ATR spectra of the stock FezO, nanocubes, FesO,@-
APTES core—shell and FezO4@APTES—Ag heterostructures.

© 2022 The Author(s). Published by the Royal Society of Chemistry

HAADF image that are characteristic of the presence of indi-
vidual Ag particles bounded to the Fe;O, cubes through the
APTES interlayer.

The FTIR-ATR spectroscopy was used to record vibrational
spectra of Fe;O, nanocubes, Fe;O,@APTES core-shell and
Fe;0,@APTES-Ag heterostructures (see Fig. 5) and to assess the
effect of silica surface coverage and silver attachment after the
reduction process. The appearance of the Fe;0, nanocubes IR
spectra is characteristic of magnetite and consists of the band
with a maximum intensity of around 550 cm ™" that is generally
ascribed to the Fe-O bond vibrations.** The Fe;O,@APTES
shows characteristic bands that are associated with the Si-O-Si
modes at 1037, 763 cm™ ', Si-OH at 948 cm™ ', band at
1635 cm ' associated with NH, groups and 1542 cm ™' mode of
N-H, vibrations of C-H at 2979 and 2892 cm ™%, structural units
-CH, and -CHj; at 1488 and 1384 cm ™' that give evidence of
Fe;0, surface coverage with APTES.*” In the case of the Fe;-
O,@APTES-Ag the attachment of the metallic particles after
reduction is clear since most notable peaks are shifted toward
lower energies, especially the ones associated with silica vibra-
tion modes.

3.2. AMF and NIR external contactless energy conversion on
Fe;0,@APTES-Ag structures

Temperature generation was studied using three different
modes of stimulation (1) alternating magnetic field followed by
optimization of magnetic field frequency and intensity (145-486
kHz, 22-28 kA m™); (2) 808 nm NIR laser by applying a different
output laser power; and (3) under the simultaneous action of
both AMF and NIR (dual-mode) performed as a function of

RSC Adv, 2022, 12, 27396-27410 | 27401
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Fig.6 Heating curves of the FesO,@APTES—Ag under stimulation with (a) alternating magnetic field, (b) different field intensities for 302 kHz, and
(c) 808 nm infrared laser radiation as a function of laser power. The solid black line represents reference FesO4 nanocubes behavior. The working
particle concentration in each case was 1 mg ml™.

nanoparticle concentration (1-6 mg ml ") for altering heating minimized absorption by water molecules and biological

effects. The choice of the 808 nm wavelength was motivated by
the well-known spectral characteristic of Fe;O, particles and its

systems.®** Approaches (1) and (2) were used mainly to optimize
both stimulant parameters and were carried out on colloids
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Fig.7 Concentration dependence of the induced heating effects on Fes:O4@APTES—Ag core—shell structures using different modes of external
contactless stimulation. DUAL mode represents the simultaneous action of AMF and laser for optimized magnetic field and laser parameters.
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dependence on the T« under different stimulation modes.

with a concentration of 1 mg ml™" exclusively. As reference
material for comparison of the heating efficacy of Fe;0,@-
APTES-Ag structures, bare cubic MNPs colloid was taken. The
heating curves for the optimization steps are presented in Fig. 6.
As one can note, the best working set between all available field
frequencies and intensities for AMF action was 302 kHz and 28
kA m~" (compare Fig. 6a and b). Upon action of the 808 nm NIR
light constant increase of the laser output power up to 1700 mW
leads to a consecutive increase in the AT. Interestingly, during
the comparison of Fe;O,@APTES-Ag structures with bare Fe;0,
nanocubes, we observed that there is only a slight AT difference
for the best working AMF and NIR parameters applied. The
effective concentration of magnetic material in the complex
structure will be lower because of the presence of silica shell
and silver particles. Another feature that could take place is that
the silica shell and decorated silver particles can help reduce
dipole-dipole magnetic interactions since their size accounts
for the increase in distance between magnetic cores.*® This type
of interaction between particles has already been shown to have
a detrimental effect on heat generation.® The heating mecha-
nism induced by NIR radiation is not related to the heat losses
generated by AMF. The temperature effect will depend on the
absorption properties of the given material and the further
dissipation of energy through non-radiative pathways.® As one
can see, the response of the core-shell sample to the 808 nm
irradiation is strikingly greater than that of AMF and extreme
ATvalues can be achieved depending on the applied laser power
(almost 50 °C). No saturation effect was observed within the
laser power range studied, meaning that a further increase of
this parameter will result in even higher AT.

Based on the behavior of the Fe;0,@APTES-Ag sample upon
exposure to both stimulants, it was decided that the so-called

© 2022 The Author(s). Published by the Royal Society of Chemistry

dual-mode will be carried out to check if there will be any
beneficial outcome that improves the heating efficiency. For
dual-mode measurement, most optimal magnetic field param-
eters were applied, namely 302 kHz and 28 kA m™ ', while for
NIR laser it was decided that we will limit the laser power to 900
mW to not overcome the AMF heat induction mechanism, and
to significantly reduce the laser optical density (around 1 W
cm?).

All recorded heating curves were presented in Fig. 7 in a way
that allows the comparison of the AMF, laser, and dual modes
separately. Furthermore, the effect of particle concentration was
studied as well. The values of d7/d¢ that define the speed of the
temperature increase, AT, and Ty, were extracted and pre-
sented in Fig. 8. In general, dual-mode heat induction results in
improvement of AT (Fig. 7) and the highest achievable Ty,ax
values (Fig. 8c). Separate AMF and NIR action gives in all cases
a lower Tpac than during dual exposure. The progressive
increase of Fe;O,@APTES-Ag concentration increases Tiax in
an almost linear manner for AMF stimulation, which can be an
indication of the absence of changes in particle state in
suspensions.* What is worth noting, is that the above concen-
tration of 4 mg ml~' AMF heat induction starts to dominate over
laser exposure leading to the higher T;,, while at this concen-
tration the saturation is already achieved for NIR action though
the further increase of the nanoheaters does not change the
Tmax at all. The reason for that can be sought in the blocking of
light penetration through the colloid due to the high number of
NIR absorbers (critical concentration achieved) that are located
at the proximal portion of dispersion. This fact can be sup-
ported by the data presented in Fig. 6¢ that showed a progres-
sive temperature increase with laser power without achieving
a saturation for the Fe;0,@APTES-Ag particles concentration of
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Table1 Specific absorption rate (SAR), dT/dt, AT, and T,ax parameters
of the FezO,4 reference nanocubes and FezO,@APTES—-Ag core—shell
structures under contactless stimulation with AMF, laser, and synergic
action. The corresponding magnetic field frequency was 302 kHz
(optimal setting)

AMF
Field intensity dT/de Timax SAR
(kA m™1) CCs™ AT (0) W)
Fe;0,4
28 0.023 13.3 371 96.2
Fe,0,@APTES-Ag
22 0.009 6.3 28.4 37.7
24 0.011 8.2 30.5 46.0
26 0.012 9.5 31.6 51.4
28 0.018 12.4 33.9 75.3
LASER

dryde T SAR
Laser power (mW) (ccs™) AT (cC) Wg™
Fe;0,4
1700 0.138 48.6 74.5 579.6
Fe;0,@APTES-Ag
300 0.034 9.6 34.2 142.3
500 0.042 16.6 41.9 175.8
700 0.055 21.6 46.7 230.2
900 0.070 26.8 50.4 292.9
1100 0.083 31.3 56.8 347.3
1300 0.099 37.5 62.6 414.3
1500 0.115 41.5 67.3 481.3
1700 0.123 46.4 71.9 514.7
DUAL

d7/dt Tinax SAR

AMF & laser parameters (ccs™ AT (°Q) Wg™
Fe;0,@APTES-Ag
302 kHz, 28 kA Infl, 900 0.180 26.8 66.4 1031.9

mw

1 mg ml . The saturation forced by the core-shell concentra-
tion was also noticeable for dual-mode energy conversion.
Utilization of the laser light leads to the observed saturation
regime that depends on the particle number due to the same
reason mentioned. However, one can note that the heating
efficiency during simultaneous action of AMF and NIR can be
strongly enhanced and this augmentation has an almost
cumulative character.

The specific absorption rate (SAR), being a measure of the
heating performance, was calculated using the following
formula:

cdr
SAR = . (1)

where C is the specific heat capacity of the medium (Cy,o —
4.185J g~ ' °C™"), m is the particle mass in dispersion (g), and
dT/dt is the slope of the linear fit of the heating curve for the
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Table 2 FesO4@APTES—Ag particle concentration dependence of dT/
dt, AT, and T.ax Values extracted for different external stimulations

dT/de¢
Concentration (mg ml ™) (ccrs™ AT Timax (°C)
AMF 302 kHz 28 kA m™*
1 0.018 12.4 33.9
2 0.021 18.0 40.8
4 0.079 41.8 63.5
6 0.159 49.8 71.4
LASER 900 mW
1 0.070 26.8 50.4
2 0.090 31.0 56.2
4 0.120 36.9 62.6
6 0.122 37.8 62.3
DUAL 302 kHz 28 kA m™* 900 mW
1 0.181 26.8 66.4
2 0.242 51.3 74.6
4 0.20 55.9 78.6
6 0.21 57.5 81.7

first tens of seconds. The results of the fitting (d7/d¢) and
calculations (SAR) with additional parameters (AT and Tiax)
were collected in Tables 1 and 2, while the chosen dependencies
were presented in Fig. 8.

The SAR of the Fe;0,@APTES-Ag core-shell structures for
the action of AMF was calculated for an optimized magnetic
field frequency of 302 kHz as a function of field intensity and
compared to bare Fe;O, nanocubes. In general, the obtained
values are below 100 W g~ meaning that the heating efficiency
of both samples is not impressively high. However, due to their
size (above 60 nm), and the presence of strong interparticle
interactions, SAR for bare Fe;O, nanocubes (96 W g’1 calcu-
lated for the total Fe;0, mass) is comparable with reports in the
literature about similar objects.® It is worth mentioning that
fabrication of the core-shell Fe;O,@APTES-Ag does not cause
the loss of SAR. In our experiments, the values are very close to
the uncovered cubes and we need to take into mind that within
the same particle concentration the content of the iron will be
lower than in a reference sample, though a drop in SAR was
observed (75.3 instead of 96 W g~'). Another reason can be
sought in the presence of a silica insulating layer that can
hinder heat dissipation, despite the thickness of about 10 nm.
However, both samples at a particle concentration equal to 1 mg
ml~" cannot be heated above 40 °C and an increase of
concentration (above 2 mg ml ') is necessary to achieve the
biologically relevant temperature range when heated with AMF
(see Table 2 and Fig. 7, 8c).

Significant heating with AMF can be achieved above 4 mg
ml " of Fe;0,@APTES-Ag up to 71 °C. Upon analysis of the field
intensity dependence of SAR and d7/d¢ (Fig. 8a), we found that
both parameters change in a polynomial way (square). This
trend should be expected by taking into account the Rosensweig
work on the dissipation of power losses under AMF.> The
heating effectiveness with NIR laser exposure is generally one
order of magnitude greater in terms of SAR and d7/d¢ values,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pointing to a higher efficacy of the heating mechanism through
photostimulation. For comparison, SAR for the AMF is 75.3 W
g~ " and above 500 W g~ " for laser, while d7/dt changes from
0.018°Cs ' t0 0.123 °C s~ " when exposed to 808 nm wavelength
at 1700 mW. As we can see, the SAR and d7/d¢ change linearly
with laser output power as previously elucidated by others.*
The maximum temperature that was achieved was 72 °C at 1700
mW. The concentration dependence for laser radiation was
measured for the 900 mW (to limit LOD) and saturation was
observed above 2 mg ml~" meaning that in terms of NIR further
increase of the nanoheaters number has no sense since no Ty, ax
is enhanced.

Interesting result has been achieved with dual-mode stimu-
lation performed by using AMF with a field frequency of 302
kHz, 28 kA m~" intensity, as well as 900 mW of laser output
power. The greater augmentation of d7/d¢ was observed up to
0.2 °C s~ while SAR was above 1000 W g ' for the Fe;0,@-
APTES-Ag concentration of 1 mg ml™". A further increase in the
number of core-shell particles resulted in saturation similarly
as for the laser mode alone. Comparison of the SAR values
calculated for our heterostructures with the literature date is
hard since one can find only one article authored by Das et al.*®
They reported SAR values for simultaneous action of AMF and
laser light (442 nm instead of 808 nm and different LODs) of the
order of 300 W g * (here 1000 W g %), but the field intensity was
above 800 Oe (63 kA m™ ") instead of maximum of 28 kA m ™" in
our case. We need to stress that they also used reverse hetero-
structures Ag@Fe;0,, so direct comparison is impossible.

3.3. Surface-enhanced Raman scattering on Fe;0,@APTES-
Ag multipurpose platform

Verification of SERS augmentation on the prepared nano-
materials was performed with the rhodamine 6G standard
(R6G). As one can observe, only with presence of the

View Article Online
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Fe;O,@APTES-Ag characteristic Raman bands of the R6G dye
were revealed at characteristic positions 611, 773, 1188, 1311,
1362, 1421, 1506, 1573, 1655 cm ™', respectively (see Fig. 9a and
inset).**** All other materials, including the R6G dye alone, did
not generate any signal for 2.5 pM at 0.25 uW. Clearly, the
presence of Ag metallic islands in Fe;O,@APTES-Ag promotes
the SERS electromagnetic mechanism that results in a strong
enhancement of the Raman signal that allows detection of the
R6G analyte. The SERS sensitivity was tested using R6G stan-
dard solutions with the following concentrations 0.01, 0.05, 0.5,
1 and 2.5 pM (Fig. 9a). It should be noted that the R6G Raman
bands can be detected down to 0.05 uM (50 nM) of the dye.
Below that concentration no Raman modes were visible at 25
uW of laser power. The dependence of the 488 nm laser output
power (25 pW-0.5 mW) on signal detectability was checked for
the 0.5 uM R6G sample and shown in Fig. 9b. Approximately
three-fold SERS signal improvement was observed meaning that
the change in excitation power can be used for detection of
lower R6G dye concentration, thus it can surpass the mention
limit below 0.05 uM. Recently, it was shown that the excellent
SERS probe was constructed based on purely Au snowflake NPs
that is capable of detecting R6G at the level of 3 nM.*>*
However, it is hard to estimate what laser power was used in the
experiments, since no data was provided. At the same time, one
has to remember that SERS probe sensitivity depends strongly
on the source laser output power and can be also detrimental on
the stability of measured analyte (generated heat can damage
molecules).* Therefore, in the case of our Fe;O,@Ag hetero-
structures, we were able to detect the R6G at 50 nM and with the
use of a low laser power that does not exceed 25 pW. As it was
also shown by us, increase of the source power can enhance the
signal intensity and as a consequence, increase the sensitivity of
the probe significantly, as was presented by us in Fig. 9b.
Another practical aspect can be found in the fact that the SERS

a) b)
2.5uM 1uM 0.5 uM——0.05 uM — 500 pW —— 250 pW —— 125 pW —— 25 uW
9000 9000
14 * R6Galone @ R6G with Fe,0, 25 uWw 0.5uM
8000 4 4 R6G with Fe,0,@APTES 8000
12
7000 - 7000
; 6000 — shid 600 800 1000 1200 1400 1600 :aloo 2000 6000
o] ] Raman shift (cm™)
> 5000 5000
§7 ]
& 4000 4000
k= ]
3000 4 3000
2000 4 2000
1000 3 ﬁ 1000
04 2 1 <2 T T T ot e 0 -4 . i T T T r 1
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Raman shift (cm™)

Fig. 9 SERS effect on Fes04@APTES—Ag heterostructures (a) as a function of R6G standard solution concentration recorded with 25 pW laser
power (inset shows no signal recorded neither for R6G alone, R6G on FezO4 nor FesO,4@APTES) as well as (b) as a function of the 488 nm laser

power measured for 0.5 uM of R6G.
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probe based on magnetic core heterostructures can be quite
easily recovered and reused. Thus, we conclude that the
proposed platform possesses sufficient sensitivity to be applied
as a SERS probe.

3.4. Antibacterial activity of Fe;0,@APTES-Ag
heterostructures

Fe;0, particles are recognized in general as inert for bacteria.
However, after silver-nanostructures decoration, they are likely
to exhibit antibacterial activity. For this purpose, the minimum
inhibitory concentration of the nanocubes was determined
against four bacterial strains prevalent in nosocomial and
medical devices-related infections. The results revealed, as ex-
pected, that bare Fe;O, nanocubes did not show any antibac-
terial activity in concentrations up to 500 pg ml "
Fe;0,@APTES-Ag nanocubes were not effective against both
tested Gram-positive strains as well as against E. coli (up to 50
ug ml~"). However, they inhibited the growth of the P. aerugi-
nosa strain at a concentration of 50 pug ml~' (Table 3). This
observation is particularly interesting because P. aeruginosa is
a critically dangerous bacterial strain associated with nosoco-
mial infections, causing morbidity and mortality in many
patients and remarkably resistant to antibacterial agents, thus
difficult to eradicate.*® Its mechanism of resistance to antibac-
terial factors is based on outer membrane permeability, efflux
systems, antibiotic-inactivating enzymes, resistance by muta-
tions and acquisition of resistance genes, biofilm-mediated
resistance, and formation of persister cells.*® It was reported
to cause approximately 10% of hospital infections.**° For this
reason, the World Health Organization (WHO) has recently
listed carbapenem-resistant P. aeruginosa as one of three
bacterial species in which there is a critical need for the devel-
opment of new antibiotics to treat infections.*® Therefore, the
sensitivity of P. aeruginosa to Fe;O,@APTES-Ag nanocubes
deserves particular interest and further studies, although the
MIC value is relatively high (50 pg ml™"). However, this is
understandable in view of the low percentage of silver in the
overall structure of the nanocubes.

Interestingly, Fe;O,@APTES (without silver) also showed
notable activity against S. aureus and S. epidermidis strains (50
pg ml~" and 25 pg ml™', respectively; Table 3). S. aureus is
usually reported as the most common nosocomial infection-

Table 3 Minimum inhibitory concentrations (MICs) of tested nano-
cubes against 4 reference bacterial strains: Staphylococcus aureus
ATCC 25923 (S.a.), Staphylococcus epidermidis ATCC 12228 (S.e.),
Escherichia coli ATCC 25922 (E.c.) and Pseudomonas aeruginosa
ATCC 27953 (P.a.)

NPs MIC (ug ml™)

Concentration
Sample range (igml™") S.a S.e. E.c. Pa.
Fe;04 50-500 >500 >500 >500 >500
Fe;O,@APTES 1.562-50 50 25 >50 >50
Fe;0,@APTES-Ag 1.562-50 >50 >50 >50 50
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causing bacteria.*"*> Whereas S. epidermidis, although being
a natural skin colonizer, is nowadays regarded as the most
frequent cause of nosocomial infections and indwelling
medical device-associated infections, mainly due to its high
ability to form biofilm on the surfaces of such devices.*** The
reason of the antibacterial activity of APTES-capped Fe;O,
nanocubes is intriguing. APTES contains amino groups which
can bring benefits in increasing of antibacterial activity of Fe;0,
particles. It was earlier reported® that recombinant peptides
with numerous amino acid residues showed antibacterial
activity. Moreover, it was demonstrated that APTES-modified
ZnO particles induced an antimicrobial effect, in particular
against Gram-negative bacteria,*® APTES modification of TiO,
NPs enhanced the antibacterial efficiency against Escherichia
coli under artificial solar light>® and APTES-functionalized
zeolite shows evidence of antibacterial activity against both
Gram-positive and Gram-negative strains.”” Thus, it seems that
this phenomenon also deserves more attention in further
studies because APTES-coating of nanostructures may form
a platform for their further modifications, increasing their
antimicrobial potential.

4. Conclusions

The Fe;0,@APTES-Ag heterostructures were synthesized using
a three-step process involving the synthesis of the magnetite
nanocube core material, surface coverage with a thin silica
shell, and chemisorption of Ag" cations and their subsequent
reduction resulting in the formation of silver metallic islands.
The estimated size of the multipurpose composite was around
94.5 nm, while Ag silver particles were of 8.5 nm interconnected
with the Fe;O, surface through a silica shell with an average
thickness of 12.8 nm. The effectiveness of heterostructure
fabrication was evidenced by the TEM imaging and FTIR-ATR
spectroscopy. The silica shell and silver particles are clearly
distinguishable, as well as FTIR gave an indication of the Fe;0,
surface coverage and Ag attachment that manifested in the shift
of the characteristic vibration bands and the appearance of new
features.

The multifunctionality of Ag-decorated Fe;O, nanoparticles
was manifested in the ability to generate significant tempera-
ture effects under the action of AMF and NIR radiation, to use it
as a SERS probe and antimicrobial activity. In the case of heat
induction, Fe;0, heterostructures showed exceptional respon-
siveness to synergic action of AMF and NIR (808 nm laser light)
that resulted in a high SAR value of 1000 W g~ '. The laser-
induced energy conversion was more effective than AMF stim-
ulation, with one order of magnitude higher d7/d¢ in the first
case. It was shown that even the AMF-based mechanism is not
that efficient; the temperature effect can be enhanced by
increasing the concentration of nanoheaters, leading to a Tax
of 71 °C. Increase of the same particle concentration during
laser exposure leads to saturation above 2 mg ml ™", and the
same behavior was observed for dual mode stimulation.

The verification of the ability of Fe;0,@APTES-Ag to
enhance the Raman signal of the R6G molecule was confirmed.
The detection limit of R6G can be augmented by modulating the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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incident laser power and can be increased below 0.01 pM of the
dye.

The antimicrobial activity of the heterostructures was tested
against four bacterial strains, Staphylococcus aureus ATCC
25923, Staphylococcus epidermidis ATCC 12228, Escherichia coli
ATCC 25922 and Pseudomonas aeruginosa ATCC 27953. The
Fe;0,@APTES-Ag showed the highest activity for inhibition of
P. aeruginosa at 50 pg ml~ . This is a very interesting effect from
the application point of view, since P. aeruginosa is an extremely
dangerous bacteria that causes high mortality in patients and is
very resistant to antibacterial agents.
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Fe304@SiO>@Au heterostructures were prepared using a three-step process that included (I) non-hydrolytic
thermal decomposition synthesis of magnetic nanoparticles with cubic morphology, (II) deposition of the
amorphous silica shell using wet-chemistry technique and (III) reduction of the chemisorbed gold cations using
NaBH,4 agent. The energy conversion was performed using the action of the alternating magnetic field (AMF) and
NIR laser light (808 nm) under separate and mutual contactless stimulation. It was found that the Fe304@-

SiO2@Au heterostructures are highly responsive to both stimuli with the predominance of the NIR heat-induced
mechanism. The dual action of AMF and NIR for optimized parameters is advantageous since heating occurs
faster and more efficiently (SAR 1300 W/g). The final desirable temperature can be tuned by the adjustment of
the AMF, NIR parameters, and particle concentration. The heterostructures show a cytostatic effect in contact
with the breast cancer lines SK-BR-3, MCF-7, and MDA-MB-231.

1. Introduction

Energy conversion materials attract significant attention due to their
importance for modern applications, starting from water splitting for
hydrogen generation [1], new photocatalytic systems that can utilize the
electromagnetic spectrum of visible range more efficiently, batteries,
and energy storage materials [2,3] that will allow a more sustainable
approach to the exploitation of natural resources. The trend also extends
toward less bulky solutions, for instance in the bio-related field. This is
especially visible in the development of materials that utilize the con-
tactless transformation of external stimuli into heat energy that can be
advantageously used in hyperthermia or more generally associated with
temperature-stimulated processes in medicine [4-6]. The main interest
is focused on the use of different magnetic nanoparticle or their heter-
ostructures with plasmonic metallic particles that can convert alter-
nating magnetic field (AMF) and laser light (preferably NIR radiation) to
induce biologically relevant temperature regimes [7,8]. Of course, heat
generation for medical applications is not restricted to only these two
types of nanoparticles or external stimulations, but they seem to be the

most exploited in the literature [9]. Both AMF and NIR heat inductions
rely on a completely different physical mechanism. The sample heating
with the former one can be achieved if the system shows magnetic
properties. Therefore, heat losses are caused by three distinct contri-
butions (1) coercive field defined by the hysteresis behavior, (2) in-
duction of eddy currents that are dependent on the AMF field intensity,
frequency as well as conductivity of magnetic material, and (3) so-called
residual losses associated with reorientation of magnetic moments. In
the last case, one can distinguish between Néel (internal reorientation)
and Brown relaxations (external - reorientation of the magnetic moment
that causes movement of the whole particle) [10]. The light-induced
heating depends on how the energy dissipation occurs after the ab-
sorption process of a specific system. If nonradiative processes dominate
then the energy will be directed toward net vibrations (phonons)
causing a temperature rise [9]. Thus, the optical materials that are dark
in color should, in principle, show high efficacy toward heat generation
by light interaction within VIS-NIR spectral range.

One of the interesting ideas is to combine the action of AMF and NIR
to induce heating (synergy, dual mode) and go beyond the physical
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limitations of separate stimulation. For the first time, this approach was
proposed and performed by Espinosa et al. [11]. The achieved maximum
efficiency of the dual-heat generation expressed with a specific ab-
sorption rate (SAR) exceeded 4000 W/g, while with AMF the SAR was
below 1000 W/g. It was a striking result, as the colloid containing highly
responsive particles (Fe304) was instantaneously heated above 43 °C.
This is crucial since fast heating is mandatory and helps to avoid the
development of thermal tolerance by the cells [12]. The works devoted
to the use of synergic action of AMF and NIR are continued on
ferrite-type materials [13] and extend to hybrid materials combining
quantum dots (Fe304/CdSe) [14], polymer composites (Fe3O4@po-
lyrhodanine, Fes04@PMMA) [15,16], as well as heterostructures with
plasmonic particles (Ag@Fe304, Fe3O4@Au) [17-19]. Studies on
opto-magnetic stimulation of FesO4@Au hybrid materials are very
limited. The paper authored by Espinosa et al. [18] deals with a com-
parable approach to our proposal but differs from a synthetic approach.
It results in a significantly different appearance of heterostructures
while heat induction was done with different AMF parameters and NIR
wavelength (680 nm). Al-Mamun et al. [19] proposed the other type of
hybrid material constituted of a continuous gold layer around Fe3O4
magnetic core fabricated with another type of technique. The recorded
temperature effects were measured for completely different AMF and
light parameters and heat efficiency parameters were not calculated nor
discussed.

In this study, we present the synthetic approach toward Fe304@SiO5
gold decorated heterostructures showing high efficiency of energy
conversion (SAR>1300 W/g). The heat generation was performed upon
dual-mode action (synergy) of the AMF and 808 nm NIR laser light on
colloidal suspension of nanoparticles as a function of their concentration
and stimulants parameters. In addition, the cytostatic effect of the het-
erostructures was tested using three breast cancer cell lines i.e., SK-BR-3,
MCEF-7 as well as MDA-MB-231 of different phenotypes. The hetero-
structures were synthesized with the use of a three-step process starting
from the fabrication of morphologically controlled Fe304 nanocubes, the
surface coverage of Fe3O,4 with silica layer and subsequent quick
reduction of gold cations source onto SiO, to form small Au plasmonic
nanoparticles. The combination of both materials into a dispersible
colloidal suspension allows the fabrication of the multifunctional plat-
form for advanced bio-related applications. The range of possible usage
directions covers hyperthermia, regenerative medicine, and bio-imaging
due to the presence of magnetite core while the beneficial role of gold
nanoparticles can be sought in opening possibilities for extensive surface
modification due to the gold high affinity toward biomolecules [20].

2. Materials and methods
2.1. Materials

All used chemicals were of analytical grade (except otherwise stated)
i.e. iron acetylacetonate (Fe(acac)s; 99 %, Thermo Fisher Scientific,
Germany), dibenzyl ether (BE, 98 %, Sigma Aldrich, Poland), oleic acid
(OA; 90 %, Sigma Aldrich, Poland), tetraethoxysilane (TEOS; 99.9 %,
Thermo Scientific, Poland), (3-aminopropyDtriethoxysilane, (APTES; 99
%, Sigma Aldrich, Poland), ammonia (25 % solution, 99 %, Honeywell,
IGEPAL CO-520 (Polyoxyethylene (5) nonylphenylether; Sigma Aldrich,
Poland), Chloroauric acid (HAuCly; 99.99 %, Sigma Aldrich, Poland),
sodium borohydride (NaBH,; 99 % Thermo Scientific, Poland), hexane,
acetone, and ethanol were delivered by Chempur, Poland (all pure for
analysis) as well as N3 (99,999 %, Linde, Poland). The water used in this
study was of Milli-Q purity standard.

2.2. Preparation of the Fe304@SiO2@Au core-shell structures
Fabrication of the Fe304@SiO>@Au heterostructures involved three

stages (1) synthesis of well-defined cubic Fe304 nanoparticles through
thermal decomposition technique using high-temperature boiling
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solvent (BE) [21], (2) nanocubes surface coverage with a mixture of the
TEOS/APTES to deliver amorphous silica shell with amino functions,
and finally (3) gold cations reduction on the Fe304@SiO; surface to
decorate core-shell material with small Au metallic particles. Each stage
was followed by the appropriate separation/purification cycles as
described in the synthetic protocol.

Briefly, the synthesis of nanocubes was performed by using 2 mmol
of Fe(acac)s, 4 mmol of OA, and 10 ml of BE. It is necessary to use a N
protective atmosphere to avoid possible deterioration of chemicals and
avoid secondary reactions that can drastically affect the morphology
control over Fe3O4 particles. Therefore, for the manipulation with
chemicals acrylic glovebox was used (GS Glove Box Systemtechnik
GMBH P10R250T2) together with a N» gas line during the process of
particle formation. The iron source was dissolved in the mixture con-
taining OA ligand and BE solvent in a three-neck glass flask protected
with stop cocks. Afterward, the flask was assembled with the set-up that
included a mechanical stirrer, Pt-100 sensor attached to the temperature
controller (LTR 2500, Juchheim, Germany), heating mantle, reflux
column, and N inlet. The top of the reflux column served as a gas outlet
(N3 evacuated through the glass ending with a standard laboratory
tube). Before the reaction was started, the mixture was degassed for one
hour at room temperature under a constant flow of inert gas. After that,
the temperature was raised to 285 °C and kept for 30 min. Finally, the
particle growth was stopped and the resulting black mixture containing
Fe304 was cooled to room temperature without fast quenching. The
product was separated and purified through several washing and
centrifugation steps using a solvent mixture containing hexane/
acetone/ethanol in 1:1:1 vol proportion. Magnetic particles were
resuspended in a fresh portion of ethanol and placed in a laboratory
fridge.

A silica shell containing NH; functional groups was fabricated by the
following procedure. The 50 mg of Fe3O4 nanocubes were taken from
the stock dispersion, transferred to the hexane, and sonicated for 2 h at
room temperature in a two-neck glass flask. After that, 45 ml of an extra
portion of hexane and 2 ml of IGEPAL CO-520 were added, and the
sonication step was repeated for 15 min. In the following step, 0.4 ml of
ammonia was added and sonicated for additional 15 min. The glass flask
was removed from the ultrasonic bath and attached to the mechanical
stirrer. In order to deposit a silica shell, 100 ul of TEOS was added under
constant stirring for 1 h. Afterward, 100 pl portions of TEOS and APTES
were added, and the mixture was left for 24 h under constant stirring.
The resulting Fe304@SiO2 hybrid containing an amorphous silica shell
was separated using a standard laboratory magnet and washed several
times with an acetone and ethanol mixture to purify the sample.

The last step toward Fe304@SiO2@Au involved the chemisorption of
gold cations and their subsequent precipitation with a strong reducing
agent. Therefore, in a glass flask, 2 mg of earlier prepared Fe304@SiO2
nanoparticles were dispersed in 20 ml of H,O using an ultrasonic bath
(10 min). The glass flask was further placed in the ice bath and a me-
chanical stirrer was attached. The temperature of the mixture was set
between 8 and 10 °C and 314 pl of 0.012 M HAuCly was added (divided
into equal portions). After that, the temperature was raised to 23-25 °C
and the reduction process took place followed by the addition of 200 pl
of 0.012 M NaBH,4 under stirring. The final product was purified by
washing, and separation cycles using water and ethanol.

2.3. The experimental characterizations of the samples

The structural identity of nanoparticles and heterostructures was
evaluated through the X-ray powder diffraction technique using a
Bruker D8 Advance apparatus (Bruker, Germany) equipped with Cu
lamp (A-1.54 A) and Ni filter. The diffraction patterns were recorded
within the 15-70° 26 range with a 0.02° step and integration time of 0.8
s. Data were background corrected using Diffrac.Eva software (V.2) and
compared with the iron oxides and gold standards from the ICDD
diffraction database.
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The particle concentration was measured and calculated using a
simple weighting technique with Radwag MYA 5.4Y (Radwag, Poland)
microbalance in triplicates and final averaging.

Particles imaging for size, distribution, and morphology determina-
tion of Fe304, Fe304@SiOz and Fe304@SiO.@Au was performed
through transmission electron microscopy (TEM) using Tecnai Osiris X-
FEG (FEI Company, USA) operating at 200 kV. High-angle annular dark-
field scanning TEM (HAADF-STEM) and energy dispersive analysis EDS
was performed for elements content determination and mapping. A
standard procedure for sample preparation for TEM was applied through
the deposition of a small droplet of ethanol dispersion containing
respective particles on a 200 mesh Cu carbon-covered grid (EM Reso-
lutions, United Kingdom), and overnight drying under dust protection.

Fourier transformed infrared (FTIR) spectra were measured using
Nicolet iZ10 FTIR spectrometer (Thermo Fischer Scientific, USA)
equipped with Smart Orbit Diamond attenuated total reflection acces-
sory (ATR). The spectra were recorded at room temperature using
automated correction for CO5 and humidity within the 4000-500 cm ™
spectral range.

Absorption spectra were measured using a Cary 300 Bio UV-VIS
spectrometer on colloidal samples with a particle concentration of 62.5
ug/ml covering the range of 300-900 nm using a quartz cuvette with a 1
cm optical path.

Contactless energy conversion using AMF and NIR light was
measured using a combined platform that included magnetic field
generator G2 D5 Series Multimode 1500 W driver equipped with calo-
rimetric CAL1 coilset (Nanoscale Biomagnetics, Spain), NIR 808 nm
semiconducting laser module with 400 ym multimode optical fiber (CNI,
China) and FLIR T660 thermovision camera. Ophir StarLite power meter
with beam track thermal sensor 10A-PPS (Ophir, Israel) was used for the
calibration of the 808 nm laser. The CAL 1 coilset was calibrated using
an automated procedure delivered by the manufacturer. A broad range
of parameters were tested i.e. for the AMF the applied field frequency
was within the range of 145 — 486 kHz while field intensity was set
between 23 and 33 kA/m. In the case of NIR light, the laser power was
within 0.3 up to 1.8 W. Synergic stimulation of the samples under dual
mode (AMF and NIR) was done by using optimized parameters of
magnetic field and NIR settings (330 kHz, 27 kA/m, and 900 mW). All
data were recorded using ResearchIR software (FLIR, USA).

2.4. Cell culture

Experiments were carried out using breast cancer cells, namely SK-
BR-3, MCF-7 and MDA-MB-231 obtained from ATCC (Manassas, VA,
USA). Cells were grown at 37 °C in DMEM medium supplemented with
10 % (v/v) FBS and 100 U/ml penicillin, 0.1 mg/ml streptomycin, and
0.25 pg/ml amphotericin B (Corning, Tewksbury, MA, USA) in a
controlled humidified atmosphere containing 5 % CO,.

2.5. MTT assay

Changes in the metabolic activity of Fe304@SiO>@Au-treated cells
were revealed using the MTT assay [22]. Briefly, MCF-7, SK-BR-3, and
MDA-MB-231 cells were seeded onto a 96-well plate at a cell density of 1
x 10* cells per well and incubated for 24 h at 37 °C. Next, 1, 10, 100, and
1000 pg/ml of Fe304@SiO2@Au was added for 24 h and 48 h (expect of
concentration of 1000 ug/ml where the time of treatment was 18 h and
42 h), and then metabolic activity was evaluated as previously described
[22]. Non-treated cells served as a negative control.

2.6. Statistical analysis

The results represent the mean + SD of at least two independent
experiments. The treated and untreated groups were compared using a
one-way analysis of variance (ANOVA) followed by Dunnett’s multiple
comparison test. Probability values (p) of less than 0.05 were considered
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statistically significant. Statistical analysis was performed using the
GraphPad Prism 8 software.

3. Results and discussion
3.1. Physicochemical characterization of materials

3.1.1. Structure and morphology of Fe304@SiO2@Au heterostructures

The magnetite core nanoparticles and Fe304@SiO;@Au hybrid
diffraction patterns are presented in Fig. 1. The reflections of both ma-
terials were compared with the standards from the ICDD database using
the magnetite card no. 019-0629 and 04-0784 for gold particles. All
peaks were assigned to the specific crystallographic planes following the
standards used for phase identification. One can clearly observe that
except for the characteristic reflections being attributed to the magnetite
structural phase three distinct peaks appeared at 38.4°, 44.5°, and 64.9°
that belong to the cubic phase of gold metal particles. Reflections match
well with referenced compounds which confirms the formation of Fe3O4
and Au structural phases. It was noted that the deposition of the silica
shell led to the increase of the signal noise but also the lower 26 range
raised due to the contribution of the amorphous material (SiO5). It was
also found that there is a difference in FWHM (full width at half
maximum) of the reflections for Fe304 and Au phases 0.16° and 0.90° 26
(after correction for apparatus broadening) meaning that both materials
vary significantly in particle size. The XRD measurement did not provide
evidence of the formation of heterostructures; therefore, the presence of
hybrid material was verified using TEM imaging and element mapping
techniques.

The particle size and morphology of the Fe304@SiO2@Au hetero-
structures were evaluated by TEM, while the presence of key elements
was confirmed by high-angle annular dark-field imaging (HAADF) in
scanning transmission electron microscopy (STEM) combined with EDS
element mapping (Fig. 2). The hybrids consisted of predominantly cubic
shape Fe304 core particles with the presence of the gold metallic islands
interconnected with the magnetite core through the layer of amorphous
silica shell (see element distribution maps presented in Fig. 2).

The image analysis was used to calculate the mean size of Fe304 and
Au, which was 79 + 12 nm, and 8 + 3 nm, respectively. The result of
materials imaging showed that the chosen synthetic approach leads to
the formation of heterostructures in which the metallic Au (as supported
by the phase analysis) exists as particle islands attached to the magnetic
core through the SiO, linking layer. The ratio of the molar Au/Fe
element content was calculated from the EDS data to be 0.5 meaning
that for each mole of gold there is two times more Fe. The weight

O Fe;0, reference ICDD 019-0629 # Au reference ICDD 04-0784

] Fe,0,@SiO,@Au
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Fig. 1. X-ray diffraction patterns of the Fe3O, core particles and Fe304@-
SiO,@Au heterostructures.
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200 nm

Fig. 2. TEM of the Fe30,@SiO,@Au heterostructures with HAADF imaging and element distribution maps.

percentage of the iron, silica, and gold were 33.47, 10.25, and 56.28 wt 3.1.2. Optical properties and surface properties

%, respectively. Absorption spectra of the Fe304 and Fe304@SiO2@Au hybrids were
recorded for their colloidal suspensions containing 62.5 pug/ml of par-
ticles (Fig. 3). The spectra for both materials were measured within the

Normalized absorbance (a.u.)
Normalized transmittance (a.u.)

LI B B B L B L NN R ML

300 400 500 600 700 800 900 1800 1500 1200 900 600
Wavelength (nm) Wavenumber (cm™)

Fig. 3. Absorption (left) and FTIR-ATR (right) spectra of the Fe304 and Fe30,@SiO,@Au nanomaterials.
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300-900 nm spectral range and further normalized for comparison
purposes. In fact, the appearance of the Fes04 and their heterostructures
with Au metallic particles reminds a characteristic behavior observed for
similar objects with a pronounced absorption within the NIR range
(above 750 nm). This range is the most interesting for optical-based bio-
applications and covers the so-called optical biological window char-
acterized by minimized absorption of a biological system [18,23]. It
means that the particles with absorption bands located within this range
will be locally and exclusively excited by the interacting light as well as
due to the weak absorption of the biological object the NIR light can
penetrate it deeper. The strong rise of the absorbance at the visible re-
gion for the heterostructures is directly related to the presence of the
gold plasmonic particles with a size of around 8 nm [24,25].

FTIR-ATR spectra were collected for the stock Fe3O4 nanocubes and
Fe304@SiO2@Au heterostructures to study the surface properties of the
materials, to identify the presence of silica and the effect of the forma-
tion of the hybrid material (right part of Fig. 3). Although the measured
spectral range was up to 4000 em ™! the most informative region was
between 2000 and 500 cm™!. The FTIR-ATR spectra of the Fe3O4
nanocubes constitute only one strong peak with a maximum of around
550 cm ! associated with characteristic vibrations of the Fe-O bonds
[26]. In the case of Fe304@SiO>@Au heterostructures, the abundance of
vibration modes can be found as the result of hybrid material formation.
For instance, peaks at 1120, 1034, and 945 as well as 766 em?,
respectively, are characteristic of the Si-O-Si, Si-O, and Si-OH structural
elements [27,28]. The most pronounced effect of the silica shell depo-
sition around the magnetic core is the observation of a strong red shift of
the 550 cm™! modes (Fe-O vibrations) toward 572 cm~ L. We believe
that this behavior is related to the formation of a bond between the
Fe304 surface and silica. Thus it represents the mode vibrations corre-
lated with the Si-O-Fe-O structural units [29].

3.1.3. Contactless energy conversion of the AMF and NIR laser radiation on
Fe30,4@SiO,@Au heterostructures

Heat induction on the Fe304@SiO2@Au hybrid material was studied
using the contactless action of AMF as a function of the AMF field fre-
quency (145-486 kHz), field intensity (23-33 kA/m), and different
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808 nm NIR laser output power (300-1800 mW) in a calorimetric coil,
and under pseudo-adiabatic conditions. Subsequently, combined AMF
and laser stimulation for the following parameters 330 kHz, 27 kA/m,
and 900 mW were applied to study the synergic action under the so-
called dual mode. The measurements were carried out as a function of
the heterostructures concentration (1-4 mg/ml) as well. The starting
temperature was between 19 and 21°C. Afterward, the experimental
results were collected and plotted in Figs. 4-5. As one can see (Fig. 4a
and b) response of the Fe30,@SiO,@Au heterostructures to the action of
the different parameters of AMF is field frequency and intensity
dependent. Experiments were performed for the hybrid material con-
centration of 1 mg/ml. The observed AT values spread over the range of
12-19.5 °C, which means that it is possible to heat heterostructures to a
biologically relevant temperature range (37-43 °C). The sample showed
a strong field intensity dependence, AT was between 7 and 19.5 °C.
Together with the modulation of magnetic field frequency, both AMF
parameters can be used for the optimization of sample heating while the
concentration of particles can be left constant. Separate stimulation with
808 nm laser results in a very good response of the heterostructures to
the NIR action. The observed temperature change as a function of the
laser output power (300-1800 mW) represented by AT is higher than in
the case of AMF and was between 10 and 54 °C. Afterward, it was
decided to measure a heterostructures concentration dependence vs.
AMF, NIR, and under synergy mode (Fig. 5) with the use of optimized
parameters.

Obviously, the concentration effect is evident and results in
achieving higher temperatures. An increase in the number of thermo-
seeds and therefore, contact area leads to more efficient heat exchange
between heterostructures and medium. In the case of AMF and NIR
action, the AT was the highest for the 4 mg/ml concentration with a
comparable value of around 36 °C (Tjqx around 55 °C depending on the
starting ambient temperature). Interestingly, the synergy of AMF
(330 kHz, 27 kA/m) and NIR for more balanced laser power (900 mW)
led to an almost cumulative AT increase and was in the range of
41-56 °C (Tpax 62-77 °C). Clearly, the so-called dual mode can be
treated as more advantageous if a higher temperature is desirable to
induce, for instance, cell ablation [9,30] or if there is a need to minimize

a) /\ 486 kHz 23 kA/m /386 kHz 26 KAIm > 345kHz 27 kAlm b) A C) 0 30mw O 600mw /\ 900 mw
<] 330kHz 27 kAIm [> 302 kHz 28 kA/m () 145 kHz 33 kAIm O 27kam O 24kAm A 21 kAlm 7 18 kAlm 7 1200mw > 1500 mw <] 1800 mW
20 20 4 55 -
18 4 18 3 50 7
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Fig. 4. Temperature evolution curves of the colloidal suspension of the Fe30,@SiO>@Au (1 mg/ml) measured using (a) AMF frequencies with maximum achievable
field intensity, (b) AMF field intensity dependence for 330 kHz, and (c) 808 nm NIR laser for different laser output power.
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Fig. 5. Heating curves under separate AMF, NIR, and synergy action (dual mode) recorded for the optimized parameters of both external stimuli (330 kHz, 27 kA/m,
900 mW) as a function of the Fe30,@SiO,@Au heterostructures concentration (1-4 mg/ml). Control refers to only pure water.

particle concentration. Of course, it is possible to achieve to get higher
Tmax through the increase of the laser power or AMF parameters.
However, one has to take into account the safety limits of AMF and NIR
that can be used in biological systems without inducing adverse effects
[9,31].

Some important parameters defining the efficacy of the material for
heat induction through AMF and NIR conversion were extracted directly
from the heating curves while the specific absorption rate (SAR) was
calculated using the following formula:

_ Cmsample dT

SAR (@9)

myp,  dt

where C is the specific heat capacity of medium (here water, 4.185 J/
g°C), Msample is the mass of colloid (g), mups is the mass of nanoparticles
(heterostructures) in a dispersion (g), dT/dt is the slope of the heating
curve fitted with a linear model for the first tens of seconds (to avoid the
effect of heat exchange between system and surrounding) [32,33]. The
SAR value is treated as a direct estimate of the efficiency of sample
heating, whereas the value of dT/dt gives an impression of how quickly
the temperature increases over unit time. The taken value of the specific
heat does not contain a contribution to the specific heat capacity of the
heterostructures since the mass ratio of the particles to the solvent is
negligible. All calculations were performed for the heterostructures
concentration of 1 mg/ml and gathered in Table 1.

The SAR value calculated for the separate AMF stimulation for the
best responsive field frequency of 330 kHz was 130.8 W/g for the
27 kA/m (340 Oe/34 mT) of magnetic field intensity. It was observed
that the SAR together with dT/dt strongly depends on the field intensity
(Fig. 6) and follows the trend proposed by Rosensweig [34]. Upon
comparison with similar structures, namely multicore shape magnetic
particles covered with nanogold [18], SAR for the AMF was above
600 W/g at 900 kHz and 25 mT (20 kA/m, 250 Oe) and thus cannot be
directly compared. However, during in vitro tests, AMF field parameters
were drastically changed to 100 kHz, while the field intensity was kept
at 20 kA/m. This resulted in the necessity of a concentration increase up
to 60 mM (it roughly corresponds to 5 mg/ml of iron) to compensate for

Table 1

Specific absorption rate (SAR), dT/dt, AT, and Tpg of the Fe304@SiO,@Au
structures under contactless stimulation with AMF, laser, and synergic action.
The corresponding magnetic field frequency was 330 kHz (optimal setting).

AMF

Field intensity (kA/m) dT/dt (°C/s) Tmax (°C) SAR (W/g)
18 0.013 26.8 54.8

21 0.013 29.9 54.6

24 0.02 34.2 84.7

27 0.03 38.7 130.8
LASER

Laser power (mW) dT/dt (°C/s) Tinax CC) SAR (W/g)
300 0.06 33.6 251.1

600 0.07 44.7 292.95
900 0.08 53.8 334.8
1200 0.10 60.7 418.5
1500 0.13 68.2 544.0
1800 0.13 74.5 544.0
DUAL

AMF & laser parameters dT/dt (°C/s) Tinax CC) SAR (W/g)
330 kHz, 27 kA/m, 900 mW 0.23 62.5 1318.6

the frequency change and get a reasonable increase of AT (slightly below
10 °C) with AMF. Although our samples are not comparable, the
decrease of the field frequency to 145 kHz (limitation of our instrument)
with higher field intensity 33 kA/m (41 mT) leads to AT of around
12 °C. Upon comparison with results of Abdulla-Al-Mamun et al. [19], it
is even more complicated to show some similarities or differences since
no data on the AMF conversion efficacy was shown. They focused only
on the final temperature achieved.

In the case of 808 nm NIR stimulation, the SAR was in the range of
250-540 W/g. The dT/dt values were found to be four times higher in
contrast to the action of AMF, namely 0.03 °C/s at 330 kHz and 27 kA/
m and 0.13 °C/s for 1500 mW. The laser power dependence of SAR and
dT/dt follows the polynomial trend with the maximum achieved for
1500 mW. Further increase of the laser power does not lead to the
enhancement of SAR showing remarkable saturation (no more energy
can be stored and converted). The concentration effect for the AMF is
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Fig. 6. Chosen dependencies of the most crucial parameters associated with the efficacy of the energy conversion (a) Tiqy as a function of the AMF field intensity
(blue) and laser output power (black). (b) specific absorption rate (SAR) and temperature rise dT/dt as a function of the AMF field intensity as well as (c) SAR and dT/

dt dependencies on 808 nm laser power.

remarkable (see Table 2) and allows for modulation of the Ty, from
38.7 to 56.1 °C. For NIR action this is not the case. An increase in the
particle amount does not provide any further effect on Tpqy. It might
imply, that the optimal concentration of heterostructures was already
achieved. Thus a further increase in concentration gives nothing since
there is no effective light penetration. It is blocked or limited by strongly
absorbing particles located at the forefront of the colloid suspension.
The NIR stimulation with the 808 nm light was studied earlier by
Espinosa et al. [11] on bare magnetite particles. It was shown that the
Fe3O4 can rather efficiently convert NIR energy into heat. They also
studied the Au plasmonic multicore magnetic heterostructures [18] and
showed that 808 nm conversion leads to a lesser AT increase (compared
to this study) probably due to the significant differences in the type of
hybrids prepared. Therefore, they obtained better results upon 680 nm
laser stimulation due to the elevated absorbance of Au itself within this
spectral region.

Dual mode contactless stimulation using the synergy of the AMF and
NIR was performed on Fe304@SiOo@Au heterostructures with opti-
mized parameters by considering two main facts — the best performance
of hybrids under the action of AMF (330 kHz, 27 kA/m) as well as
balanced 808 nm laser power to not mask AMF effect and reduce the
predominant mechanism of optical heating (below saturation limit and

Table 2
Fe304@SiO>@Au particle concentration dependence of dT/dt, AT, and Tpax
values extracted for different external stimulations.

AMF 330 kHz 27 kA/m

Concentration (mg/ml) dT/dt (°C/s) Tnax °CC)
1 0.031 38.7

2 0.029 42.3

4 0.089 56.1
LASER 900 mW

Concentration (mg/ml) dT/dt (°C/s) Trmax (°C)
1 0.08 53.8

2 0.13 53.3

4 0.10 54.6
DUAL 330 kHz 27 kA/m 900 mW

Concentration (mg/ml) dT/dt (°C/s) Tpnax (°C)
1 0.23 62.5

2 0.27 67.5

4 0.35 76.9

with comparable dT/dt heating speed). The results of the experiments
are shown in Fig. 5 (DUAL description) presented as heterostructures
concentration dependence. The synergic action of the AMF and 808 nm
NIR laser is remarkable. Energy conversion using dual-mode leads to the
highest AT of 54 °C with Ty, being 62 °C, with high heating speed dT/
dt of 0.23°C/s, and the most enhanced SAR above 1300 W/g. The
overall heating effect is almost cumulative and allows for fast sample
heating. This is especially important for bio-related applications in view
of the minimization of cell thermotolerance evolution. The T can be
adjusted either by the change of field parameters or by the laser power.
It is also possible to optimize it through particle concentration (Fig. 6) to
fit the specific temperature regimes that will be biologically relevant
(diathermia, hyperthermia, or ablation). To the best of our knowledge,
only two reports with similar hybrid materials can be found in the
literature and they are solely focused on synergy or photo-magnetic
stimulation [18,19]. However, due to differences in materials prepara-
tion, the final form of heterostructures (multi-shape core magnetic
particles covered with Au and core-shell Fe304@Au with closed gold
layer), the use of unlike light excitations and AMF parameters it is
difficult to compare them. The most valuable conclusion is that the
performance of such materials strongly depends on the properties of
each constituent of heterostructures. Utilization of the two external
stimulants is beneficial and can be sought as an interesting alternative
for biomedical applications that open additional possibilities in the en-
gineering of multifunctional platforms.

3.2. Effect of Fes04@SiO2@Au on breast cancer cells

Since magnetite nanoparticles have potential applications in photo-
thermal anticancer therapy [35] we decided to test the cytotoxic effect
of Fe304@SiO2@Au on the breast cancer cell lines possessing different
receptor statuses, namely SK-BR-3 (ER’, PR’, HER"), MCF-7 (ER", PR*/,
HER) and MDA-MB-231(ER’, PR, HER") (Fig. 7). To test this, we used
different concentration of Fe304@SiO.@Au (1, 10, 100 and
1000 ug/ml), and two-time points, 24 h, and 48 h (except for the con-
centration of 1000 pg/ml where we used 18 h and 42 h time points). Our
analysis could show that the number of metabolically active cells
significantly decreases with the concentration of Fe304@SiO,@Au used
for 24 h of treatment (Fig. 7a—c, p < 0.01, p < 0.001). Interestingly, the
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Fig. 7. The effect of treatment with Fe304@SiO>@Au on metabolic activity of SK-BR-3 (a), MCF-7 (b) and MDA-MB-231(c) cells. The cells were treated with 1, 10,
100, and 100 pg/ml of Fe30,@SiO,@Au for 24 h and 48 h, and analyzed using MTT assay. Metabolic activity under standard growth conditions is considered as 100
%. Bars indicate SD, n = 8, ***p < 0.001, **p < 0.01, *p < 0.05 compared to untreated control (ANOVA and Dunnett’s a posteriori test). CTR - untreated cells. The

experiment was done in 2 replicates".

most pronounced effect was observed in SK-BR-3(HEK')>MCF-7
(HEK)>MDA-MB-231(HEK) cells (Fig. 7a-c, p < 0.01, p < 0.001).
Moreover, we could observe that after 48 h of treatment, cells adapt to 1,
10, and 100 pg/ml of Fes04@SiO2@Au as their viability increases or
stays at a constant level (Fig. 7a—c, p < 0.01, p < 0.001). Therefore, we
can conclude that 1, 10, and 100 pg/ml of Fe304@SiO>@Au after 48 h of
treatment possess cytostatic effects on analyzed breast cancer cells.

4. Conclusions

The Fe304@SiO2@Au heterostructures build-up of 79 nm magnetic
cubes and 8 nm gold nanoparticles linked through the silica amorphous
layer were fabricated using a three-step process. The structural prop-
erties were confirmed by using XRD and FTIR-ATR techniques. The
cytostatic effect of the Fe304@SiO2@Au hybrid materials was noticed
on SK-BR-3, MCF-7, and MDA-MB-231 cells and was concentration-
dependent. It can be treated as beneficial in certain scenarios howev-
er, further surface modification might be necessary to reduce the
possible side effects in contact with non-pathological cells.

We have shown that the magneto-plasmonic hybrid material is
strongly responsive towards contactless external stimulation with the
alternating magnetic field and NIR laser light (808 nm). Heating ability
can be modulated by a change of AMF and NIR parameters (field fre-
quency, field intensity, laser output power), and nanoparticle concen-
tration. We found that the energy conversion is more efficient upon
using NIR light than AMF. We have shown that the so-called dual mode
can be treated as beneficial since heating occurs faster and in a more
efficient way (SAR above 1300 W/g) as well as temperatures exceeding
65 °C can be achieved as well. We point out that the heterostructures
concentration effect is more pronounced under AMF stimulation while
the number of thermoseeds during NIR action is already high and its
further increase did not provide a significant Tp,q, increase. We state that
the use of two different physical mechanisms of heat generation can be
an interesting alternative that opens possibilities for engineering
advanced multifunctional platforms for biomedical applications.



M. Kulpa-Greszta et al.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data Availability

Data will be made available on request.

Acknowledgements

Financial support of the National Science Centre, Poland in course of
realization of Project no. UMO-2017/25/B/ST5/00497 is gratefully
acknowledged. The authors would like to thank M.Sc. Eng. Patrycja
Ktoda for technical assistance.

Author contribution statement

R.P. and M.K.-G. work conceptualization, R.P. data analysis, writing
and editing of manuscript regarding all parts except biological effects on
cancer cells, preparation of Fig. 6. M. K.-G. and A.T. synthesis of nano-
materials, A.T. XRD and FTIR-ATR measurements, preparation of Figs. 1
and 3, M. K.-G. absorption spectra, performed all energy conversion
experiments, analyzed data and prepared Figs. 2, 4, and 5. M.K.-G. and
A.T. took part in manuscript editing regarding synthesis and nano-
materials characterization as well as final corrections. A.D. performed
TEM and STEM-EDS measurements and participated in manuscript
editing. I.LR. MTT experiments and data analysis, preparation of Fig. 7
writing biological part, corrections. All authors accepted the final
version of the manuscript.

References

[1] J. Qi, W. Zhang, R. Cao, Solar-to-hydrogen energy conversion based on water
splitting, Adv. Energy Mater. 8 (2018) 1-16, https://doi.org/10.1002/
aenm.201701620.

[2] N. Nitta, F. Wu, J.T. Lee, G. Yushin, Li-ion battery materials: present and future,
Mater. Today 18 (2015) 252-264, https://doi.org/10.1016/j.mattod.2014.10.040.

[3] J.M. Gongalves, M.N.T. Silva, K.K. Naik, P.R. Martins, D.P. Rocha, E. Nossol, R.A.
A. Munoz, L. Angnes, C.S. Rout, Multifunctional spinel MnCo204based materials
for energy storage and conversion: a review on emerging trends, recent
developments and future perspectives, J. Mater. Chem. A 9 (2021) 3095-3124,
https://doi.org/10.1039/d0tal1129e.

[4] H. Gavilan, S.K. Avugadda, T. Fernandez-Cabada, N. Soni, M. Cassani, B.T. Mai,
R. Chantrell, T. Pellegrino, Magnetic nanoparticles and clusters for magnetic
hyperthermia: optimizing their heat performance and developing combinatorial
therapies to tackle cancer, Chem. Soc. Rev. 50 (2021) 11614-11667, https://doi.
0rg/10.1039/d1cs00427a.

[5] M. Fathi-Achachelouei, H. Knopf-Marques, C.E. Ribeiro da Silva, J. Barthes, E. Bat,
A. Tezcaner, N.E. Vrana, Use of nanoparticles in tissue engineering and
regenerative medicine, Front. Bioeng. Biotechnol. 7 (2019) 1-22, https://doi.org/
10.3389/fbioe.2019.00113.

[6] J.C. Bischof, K.R. Diller, From nanoparticle heating to thermoregulation: a
multiscale bioheat transfer review, Annu. Rev. Biomed. Eng. 20 (2018) 301-327,
https://doi.org/10.1146/annurev-bioeng-071516-044532.

[7] X.Liu, Y. Zhang, Y. Wang, W. Zhu, G. Li, X. Ma, Y. Zhang, S. Chen, S. Tiwari, K. Shi,
S. Zhang, H.M. Fan, Y.X. Zhao, X.J. Liang, Comprehensive understanding of
magnetic hyperthermia for improving antitumor therapeutic efficacy, Theranostics
10 (2020) 3793-3815, https://doi.org/10.7150/thno.40805.

[8] M. Kim, J.H. Lee, J.M. Nam, Plasmonic photothermal nanoparticles for biomedical
applications, Adv. Sci. 6 (2019) 1900471, https://doi.org/10.1002/
advs.201900471.

[9] D. Jaque, L. Martinez Maestro, B. del Rosal, P. Haro-Gonzalez, A. Benayas, J.

L. Plaza, E. Martin Rodriguez, J. Garcia Solé, Nanoparticles for photothermal
therapies, Nanoscale 6 (2014) 9494-9530, https://doi.org/10.1039/c4nr00708e.

[10] E.Y.K.N. Suriyanto, S.D. Kumar, Physical mechanism and modeling of heat
generation and transfer in magnetic fluid hyperthermia through Néelian and
Brownian relaxation: a review, Biomed. Eng. Online 16 (2017) 36, https://doi.org/
10.1186/512938-017-0327-x.

[11] A. Espinosa, R. Di Corato, J. Kolosnjaj-Tabi, P. Flaud, T. Pellegrino, C. Wilhelm,
Duality of iron oxide nanoparticles in cancer therapy: amplification of heating
efficiency by magnetic hyperthermia and photothermal bimodal treatment, ACS
Nano 10 (2016) 2436-2446, https://doi.org/10.1021/acsnano.5b07249.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Materials Today Communications 35 (2023) 105513

S.A. Sapareto, W.C. Dewey, Thermal dose determination in cancer therapy, Int. J.
Radiat. Oncol. Biol. Phys. 10 (1984) 787-800, https://doi.org/10.1016/0360-3016
(84)90379-1.

R. Pazik, A. Lewinska, J. Adamczyk-Grochala, M. Kulpa-Greszta, P. Kloda,

A. Tomaszewska, A. Dziedzic, G. Litwienienko, M. Noga, D. Sikora, M. Wnuk,
Energy conversion and biocompatibility of surface functionalized magnetite
nanoparticles with phosphonic moieties, J. Phys. Chem. B 124 (2020) 4931-4948,
https://doi.org/10.1021/acs.jpcb.0c02808.

M.A. Antoniak, R. Pazik, U. Bazylinska, K. Wiwatowski, A. Tomaszewska,

M. Kulpa-Greszta, J. Adamczyk-Grochala, M. Wnuk, S. Mackowski, A. Lewinska,
M. Nyk, Multimodal polymer encapsulated CdSe/Fe304 nanoplatform with
improved biocompatibility for two-photon and temperature stimulated
bioapplications, Mater. Sci. Eng. C 127 (2021), 112224, https://doi.org/10.1016/j.
msec.2021.112224.

M. Kulpa-Greszta, A. Tomaszewska, E. Zachanowicz, P. Krzeminski, R. Pazik,
Contactless and synergic heat generation using AMF and laser radiation within 1st
and 2nd optical biological window on PMMA covered cobalt-manganese ferrite
hybrid particles, J. Alloy. Compd. 898 (2022), 162840, https://doi.org/10.1016/j.
jallcom.2021.162840.

M. Kulpa-Greszta, R. Pazik, P. Kloda, A. Tomaszewska, E. Zachanowicz, K. Patka,
G. Ginalska, A. Belcarz, Efficient non-contact heat generation on flexible, ternary
hydroxyapatite/curdlan/nanomagnetite hybrids for temperature controlled
processes, Mater. Sci. Eng. C 118 (2021), 111360, https://doi.org/10.1016/j.
msec.2020.111360.

R. Das, N. Rinaldi-Montes, J. Alonso, Z. Amghouz, E. Garaio, J.A. Garcia, P. Gorria,
J.A. Blanco, M.H. Phan, H. Srikanth, Boosted hyperthermia therapy by combined
AC magnetic and photothermal exposures in Ag/Fe304 nanoflowers, ACS Appl.
Mater. Interfaces 8 (2016) 25162-25169, https://doi.org/10.1021/
acsami.6b09942.

A. Espinosa, M. Bugnet, G. Radtke, S. Neveu, G.A. Botton, C. Wilhelm, A. Abou-
Hassan, Can magneto-plasmonic nanohybrids efficiently combine photothermia
with magnetic hyperthermia? Nanoscale 7 (2015) 18872-18877, https://doi.org/
10.1039/¢5nr06168g.

M. Abdulla-Al-Mamun, Y. Kusumoto, T. Zannat, Y. Horie, H. Manaka, Au-ultrathin
functionalized core-shell (Fe304@Au) monodispersed nanocubes for a
combination of magnetic/plasmonic photothermal cancer cell killing, RSC Adv. 3
(2013) 7816-7827, https://doi.org/10.1039/c3ra21479f.

A. Heuer-Jungemann, N. Feliu, I. Bakaimi, M. Hamaly, A. Alkilany, I. Chakraborty,
A. Masood, M.F. Casula, A. Kostopoulou, E. Oh, K. Susumu, M.H. Stewart, L.

L. Medintz, E. Stratakis, W.J. Parak, A.G. Kanaras, The role of ligands in the
chemical synthesis and applications of inorganic nanoparticles, Chem. Rev. 119
(2019) 4819-4880, https://doi.org/10.1021/acs.chemrev.8b00733.

D. Kim, N. Lee, M. Park, B.H. Kim, K. An, T. Hyeon, Synthesis of uniform
ferrimagnetic magnetite nanocubes, J. Am. Chem. Soc. 131 (2009) 454-455,
https://doi.org/10.1021/ja8086906.

A. Lewinska, J. Siwak, I. Rzeszutek, M. Wnuk, Diosmin induces genotoxicity and
apoptosis in DU145 prostate cancer cell line, Toxicol. Vitr. 29 (2015) 417-425,
https://doi.org/10.1016/j.tiv.2014.12.005.

X. Hou, X. Wang, R. Liu, H. Zhang, X. Liu, Y. Zhang, Facile synthesis of
multifunctional Fe304@SiO2@Au magneto-plasmonic nanoparticles for MR/CT
dual imaging and photothermal therapy, RSC Adv. 7 (2017) 18844-18850,
https://doi.org/10.1039/c7ra00925a.

S. Jain, D.G. Hirst, J.M. O’Sullivan, Gold nanoparticles as novel agents for cancer
therapy, Br. J. Radiol. 85 (2012) 101-113, https://doi.org/10.1259/bjr/
59448833.

X. Huang, M.A. El-Sayed, Gold nanoparticles: optical properties and
implementations in cancer diagnosis and photothermal therapy, J. Adv. Res. 1
(2010) 13-28, https://doi.org/10.1016/j.jare.2010.02.002.

B. Lesiak, N. Rangam, P. Jiricek, I. Gordeev, J. Téth, L. Kévér, M. Mohali,

P. Borowicz, Surface study of Fe304 nanoparticles functionalized with
biocompatible adsorbed molecules, Front. Chem. 7 (2019) 642, https://doi.org/
10.3389/fchem.2019.00642.

V.C. Karade, A. Sharma, R.P. Dhavale, R.P. Dhavale, S.R. Shingte, P.S. Patil, J.
H. Kim, D.R.T. Zahn, A.D. Chougale, G. Salvan, P.B. Patil, APTES monolayer
coverage on self-assembled magnetic nanospheres for controlled release of
anticancer drug Nintedanib, Sci. Rep. 11 (2021) 5674, https://doi.org/10.1038/
s41598-021-84770-0.

E.F. Boa Morte, D.S. Marum, E.B. Saitovitch, M. Alzamora, S.N. Monteiro, R.J.
Sanchez Rodriguez, Modified magnetite nanoparticle as biocatalytic support for
magnetically stabilized fluidized bed reactors, J. Mater. Res. Technol. 14 (2021)
1112-1125, https://doi.org/10.1016/].jmrt.2021.06.105.

F. Ahangaran, A. Hassanzadeh, S. Nouri, Surface modification of Fe304@Si02
microsphere by silane coupling agent, Int. Nano Lett. 3 (2013) 23, https://doi.org/
10.1186/2228-5326-3-23.

A.J. Welch, M. Motamedi, S. Rastegar, G.L. LeCarpentier, D. Jansen, Laser thermal
ablation, Photochem. Photobiol. 53 (1991) 815-823, https://doi.org/10.1111/

j-1751-1097.1991.tb09896.x.

R. Hergt, S. Dutz, Magnetic particle hyperthermia-biophysical limitations of a
visionary tumour therapy, J. Magn. Magn. Mater. 311 (2007) 187-192, https://
doi.org/10.1016/j.jmmm.2006.10.1156.

E. Mazario, J. Sdnchez-Marcos, N. Menéndez, M. Canete, A. Mayoral, S. Rivera-
Fernandez, J.M. De La Fuente, P. Herrasti, High specific absorption rate and
transverse relaxivity effects in manganese ferrite nanoparticles obtained by an
electrochemical route, J. Phys. Chem. C 119 (2015) 6828-6834, https://doi.org/
10.1021/jp510937r.


https://doi.org/10.1002/aenm.201701620
https://doi.org/10.1002/aenm.201701620
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1039/d0ta11129e
https://doi.org/10.1039/d1cs00427a
https://doi.org/10.1039/d1cs00427a
https://doi.org/10.3389/fbioe.2019.00113
https://doi.org/10.3389/fbioe.2019.00113
https://doi.org/10.1146/annurev-bioeng-071516-044532
https://doi.org/10.7150/thno.40805
https://doi.org/10.1002/advs.201900471
https://doi.org/10.1002/advs.201900471
https://doi.org/10.1039/c4nr00708e
https://doi.org/10.1186/s12938-017-0327-x
https://doi.org/10.1186/s12938-017-0327-x
https://doi.org/10.1021/acsnano.5b07249
https://doi.org/10.1016/0360-3016(84)90379-1
https://doi.org/10.1016/0360-3016(84)90379-1
https://doi.org/10.1021/acs.jpcb.0c02808
https://doi.org/10.1016/j.msec.2021.112224
https://doi.org/10.1016/j.msec.2021.112224
https://doi.org/10.1016/j.jallcom.2021.162840
https://doi.org/10.1016/j.jallcom.2021.162840
https://doi.org/10.1016/j.msec.2020.111360
https://doi.org/10.1016/j.msec.2020.111360
https://doi.org/10.1021/acsami.6b09942
https://doi.org/10.1021/acsami.6b09942
https://doi.org/10.1039/c5nr06168g
https://doi.org/10.1039/c5nr06168g
https://doi.org/10.1039/c3ra21479f
https://doi.org/10.1021/acs.chemrev.8b00733
https://doi.org/10.1021/ja8086906
https://doi.org/10.1016/j.tiv.2014.12.005
https://doi.org/10.1039/c7ra00925a
https://doi.org/10.1259/bjr/59448833
https://doi.org/10.1259/bjr/59448833
https://doi.org/10.1016/j.jare.2010.02.002
https://doi.org/10.3389/fchem.2019.00642
https://doi.org/10.3389/fchem.2019.00642
https://doi.org/10.1038/s41598-021-84770-0
https://doi.org/10.1038/s41598-021-84770-0
https://doi.org/10.1016/j.jmrt.2021.06.105
https://doi.org/10.1186/2228-5326-3-23
https://doi.org/10.1186/2228-5326-3-23
https://doi.org/10.1111/j.1751-1097.1991.tb09896.x
https://doi.org/10.1111/j.1751-1097.1991.tb09896.x
https://doi.org/10.1016/j.jmmm.2006.10.1156
https://doi.org/10.1016/j.jmmm.2006.10.1156
https://doi.org/10.1021/jp510937r
https://doi.org/10.1021/jp510937r

M. Kulpa-Greszta et al.

[33]

[34]

K. Wu, J.P. Wang, Magnetic hyperthermia performance of magnetite nanoparticle
assemblies under different driving fields, AIP Adv. 7 (2017), 056327, https://doi.
org/10.1063/1.4978458.

R.E. Rosensweig, Heating magnetic fluid with alternating magnetic field, J. Magn.
Magn. Mater. 252 (2002) 370-374, https://doi.org/10.1016/50022-5347(17)
32321-2.

10

Materials Today Communications 35 (2023) 105513

[35] A. Wiodarczyk, S. Gorgon, A. Radon, K. Bajdak-Rusinek, Magnetite nanoparticles
in magnetic hyperthermia and cancer therapies: challenges and perspectives,
Nanomaterials 12 (2022) 1807, https://doi.org/10.3390/nano12111807.


https://doi.org/10.1063/1.4978458
https://doi.org/10.1063/1.4978458
https://doi.org/10.1016/S0022-5347(17)32321-2
https://doi.org/10.1016/S0022-5347(17)32321-2
https://doi.org/10.3390/nano12111807

Published on 02 February 2023. Downloaded on 6/7/2023 7:16:36 AM.

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

’ M) Check for updates ‘

Cite this: Dalton Trans., 2023, 52,
2580

Received 31st December 2022,
Accepted 1st February 2023

DOI: 10.1039/d2dt04178b

rsc.li/dalton

Temperature effects induced by NIR photo-
stimulation within I** and 11"? optical biological
windows of seed-mediated multi-shell nanoferritest

Magdalena Kulpa-Greszta, )2 Anna Tomaszewska, () Andrzej Dziedzic® and

Robert Pazik (2 *®

Different types of ferrite core—shell structures, namely CoFe,O4@CoFe;O,4 CoFe,O4@FezOy,
CoFe,04@MnFe, 0,4, and CoFe,O4,@MnFe,O4@ZnFe,Oy4, were prepared by the seed-mediated approach.
We show that this synthetic methodology offers great and important flexibility in the engineering of
multi-shell ferrite nanoparticles which can be further used in various advanced applications. This impress-
ive tool can be used for particle size tuning of homo- and heterostructures through convenient control of
the concentration of metal acetylacetonates without the necessity of changing synthetic parameters, i.e.,
temperature, time, and solvent. The contactless conversion of laser light within I (808 nm) and 1"
(1122 nm) biological optical windows was studied on the fabricated ferrite core—shell materials which
showed promising heating effects that can be a basis of their practical exploitation in the biomedical field.

1. Introduction

The ferrite family described with the general chemical formula
MFe,0, (M - Fe**, Co®*, Mn**, Zn**, Ni**, Mg*") is attracting a
lot of attention due to its unique magnetic properties that are
size and shape dependent." Therefore, their nanoscale par-
ticles are widely studied for many applications including per-
manent magnets,” ferrofluids,®> magnetic memory," magnetic
separation,” catalysis,® water splitting (hydrogen generation),”
electromagnetic interference shielding materials,® contrast
agents for magnetic resonance imaging (MRI),’ hyperthermia
induced by external stimuli (alternating magnetic field,
laser light, combined opto-magnetic stimulus, and micro-
waves),'* "> photodynamic therapy (PDT),'® magnetic drug
delivery platforms,'”'® regenerative medicine,"® etc Their
magnetic performance can be further tuned by combining
the properties of hard and soft magnets by engineering
core-shell heterostructures consisting of different ferrite com-
pounds.?*>* Generally, this type of hybrid/composite material
(Fe;0,@CoFe,0,, CoFe,0,@MnFe,0,, CoFe,0,@MgFe,0,,
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Fe;0,@7Zn;_,Co,Fe,0,, NiFe,0,@CoFe,0,, and CoFe,0,@NiFe,0,)
can be fabricated by the seed-mediated growth technique,
where the core ferrite particles are prepared and then the
growth of the same or another type of ferrite as a shell is
performed.”*! The seeding process is generally performed
using the thermal decomposition technique in high-tempera-
ture boiling organic solvents and can be repeated multiple
times to achieve a desired core-shell particle size*® or for the
growth of additional shell structures.>® This is a very ben-
eficial approach, since to force particle growth, there is no
need to use a high temperature post heat-treatment that dra-
matically changes the particle properties in terms of size dis-
tribution, loss of the ability to form highly stable colloidal
suspensions, induction of particle sintering, and reduction of
the active surface area, all of which are necessary for certain
applications where colloidal suspensions are of interest. The
last property is, in particular, mandatory in hyperthermia,
since a significant number of thermoseeds are necessary to
effectively heat the macroscopic volume to biologically rele-
vant temperatures (>37 °C).>*> Thus, well-dispersible materials
with a high surface area characterized by narrow size distri-
bution are important. The fine tuning of the particle size,
morphology, and composition of materials has a significant
effect on the efficacy of particle heating since it affects
directly the magnetic behavior of the materials and thus
changes the way how ferrites dissipate heat under an alternat-
ing magnetic field.>*> Nowadays, this area is intensively
exploited.

This journal is © The Royal Society of Chemistry 2023
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Less attention was focused on the possibility of photo-
stimulation of ferrites with laser light to induce light
conversion into heat by taking advantage of non-radiative pro-
cesses (activation of net phonons).**** In this work, we
exploited several aspects of the seed-mediated growth tech-
nique for the fabrication of well-developed core-shell struc-
tures with the CoFe,O, core as a basis for precise size
control of shell growth in the formation of CoFe,0,@CoFe,0,
homostructures, CoFe,O,@Fe;O, binary heterostructures,
and ternary ferrite core-shell materials composed of
CoFe,0,@MnFe,0,@ZnFe,0, hybrids. The particle size was
fine-tuned between 8 and 40 nm by seed-mediated growth and
can be further adjusted by optimizing the amount of substrate
(s). We have shown that the proposed core-shell hetero-
structures can efficiently convert monochromatic laser light
within I* and 11" biological optical windows into heat that
might be of possible interest for application in temperature-
stimulated biological processes or other energy harvesting
applications.

2. Materials and methods
2.1 Materials

Metal acetylacetonates, namely iron(m) acetylacetonate
(Fe(acac);, 99%), cobalt(u) acetylacetonate (Co(acac),, 99%),
manganese(u) acetylacetonate (Mn(acac),, 97%) and zinc(u)
acetylacetonate hydrate (Zn(acac),"H,0, 99%), were bought
from Thermo Fisher Scientific, Poland. The main solvent, i.e.,
benzyl alcohol (99%), was purchased from Thermo Fisher
Scientific, Poland, while ethanol (96%) was delivered by
Chempur, Poland. The nitrogen gas (N,, 99.999%) for gas line
supply and glovebox was bought from Linde, Poland. All
chemicals, except zinc(u) acetylacetonate hydrate, were used
without additional purification while the zinc source was de-
hydrated using a procedure described in the preparation
section.

2.2. Fabrication of multi-shell nanoferrites

For the synthesis of ferrite materials (CoFe,O,, CoFe,0,@
Fe;0,4, CoFe,0,@MnFe,0,, and CoFe,0,@MnFe,0,@ZnFe,0,),
the seed-mediated growth technique was used based on the
protocol established by Bilecka et al,*® who utilized the
general non-hydrolytic approach proposed by Niederberger
et al.*’ with necessary amendments. The important changes
relied on the use of the Bilecka preparation technique to
obtain core nanoparticles without using a microwave reactor.
In our case, we used a standard glassware based set-up.
Further deposition of the ferrite shells required adjustment of
the substrate amount as a result of the decrease of the surface
contact area upon increase of the particle size, as described
further. The protocol changes forced the application of
different synthesis time durations as well.

2.2.1. Synthesis of CoFe,O, core nanoparticles. The seed
material, namely the CoFe,O, core, was prepared as a stock
material for the construction of all core-shell structures in the
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following way: 0.5480 g of Co(acac), and 1.4128 g of Fe(acac);
were taken directly in a three-neck glass flask protected with
stopcocks and 70 mL of benzyl alcohol were added. The entire
handling of metal complexes was carried out using an acrylic
glovebox with N, inert gas purge which was steered using an
automated gas pressure controller (GS Glove Box
Systemtechnik GMBH P10R250T2, Germany). The flask with
the mixture was placed in an ultrasonic bath for 10 min to
completely dissolve the substrates and attached to a set-up
consisting of a mechanical stirrer, a heating mantle controlled
by a temperature controller (LTR 2500, Juchheim, Germany)
equipped with a Pt-100 sensor, a reflux column, and a N, gas
inlet through the shared neck (outlet - the end of the reflux
column connected to a lab hose). The mixture was quickly
heated to the boiling temperature of benzyl alcohol (205 °C)
and kept for 4 hours. The mother solution containing the
product was then left to cool down to ambient temperature.
The resulting material was separated from the reaction
mixture using a standard laboratory magnet and washed
several times with benzyl alcohol. The core CoFe,O, particles
were resuspended in 70 mL of fresh benzyl alcohol, sonicated
for 30 min, and divided into two portions. One was used as
the starting material for the seed-mediated process, and the
second, after solvent exchange to ethanol, served as the
material for physicochemical characterization.

2.2.2. Synthesis of CoFe,0,@CoFe,0, core-shell struc-
tures. The CoFe,0, core stock nanoparticles in benzyl alcohol
(35 mL) were mixed with a freshly prepared benzyl alcohol
solution (35 mL) containing 0.7064 g of Fe(acac); and 0.274 g
of Co(acac),. After sonication for 10 minutes, a three-neck
glass flask was mounted to the set-up and heated to 205 °C
and kept for 4 hours under N, flow and constant stirring. After
cooling, the product was separated, resuspended in benzyl
alcohol, sonicated for 30 min, and divided in the same way as
previously described. The seeding step was performed three
times to allow the particles to grow while maintaining the
same conditions.

2.2.3. Synthesis of CoFe,0,@Fe;0, core-shell structures.
In the case of the CoFe,0,@Fe;0, (Co@Fe) heterostructures,
35 mL of benzyl alcohol suspension containing core CoFe,O,
nanoparticles in benzyl alcohol were taken and mixed with
1.060 g of Fe(acac); dissolved in the same solvent (35 mL). The
glass flask with the mixture was sonicated for 10 minutes,
mounted to the set-up, and heated to 205 °C and kept for 4 h.
After the reaction was stopped, the product was cooled down,
separated, resuspended in benzyl alcohol, and sonicated for
30 minutes before it was divided into two even portions. The
seeding process was continued (eight times) to obtain signifi-
cant growth of the Fe;0, shell. During the fourth repetition of
seeding, the amount of the new substrate was reduced by 50%
to 0.530 g Fe(acac);. A further reduction in the amount of the
substrate was carried out after the sixth seeding step to 0.265 g
of the iron source while the volume remained constant each
time (70 mL). The final products were separated and purified
as previously described. In total, eight seeding processes were
carried out.
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2.2.4. Synthesis of multi-ferrite CoFe,O0,@MnFe,0,
@ZnFe,0, core-shell structures. The fabrication process of the
multi-ferrite core-shell structures containing three different
ferrites, namely CoFe,O,4, MnFe,0,, and ZnFe,0, (Co@Mn and
Co@Mn@Zn), in one heterostructure was executed by using a
similar approach. First, all core CoFe,O, particles were
obtained in the same way as described earlier. 35 mL of benzyl
alcohol suspension of CoFe,0, core particles were mixed with
0.1372 g of Mn(acac), and 0.3532 g of Fe(acac); dissolved in
the same solvent. The same steps were repeated as in the case
of the previous examples. Seeding was performed two times to
obtain CoFe,0,@MnFe,0, binary heterostructures. In order to
prepare a ternary heterostructure containing a ZnFe,O, shell,
0.1408 g of Zn(acac),-H,O and 0.3532 g of Fe(acac); were
dissolved in 35 mL of benzyl alcohol. Since the zinc source
contains crystalline water, the obtained mixture was first
dehydrated by increasing the temperature to 120 °C and
keeping for 1 hour to remove it under nitrogen purge. After
that, 35 mL of benzyl alcohol suspension containing the
CoFe,O,@MnFe,0, core-shell was added. The reaction
mixture was again heated to 205 °C and kept for 4 hours.
The remaining steps were the same as mentioned before.
The seeding was performed only once to get the
CoFe,0,@MnFe,0,@ZnFe,0, multi-shell compound.

2.3. Characterization of nanoparticles

The X-ray powder diffraction (XRD) technique was used to
evaluate the structural properties of the prepared core-shell
ferrites. The measurements were conducted with a Bruker D8
Advance (Bruker, Germany) instrument equipped with a Cu
lamp (1.54060 A) as the source of X-ray radiation. The source
Cu lamp (1.54060 A) and a Ni filter were used to get rid of the
Kg, line. Diffraction patterns were background corrected using
Diffrac.Eva software (V.2). Each sample was measured within
the 2 6 range of 15-65° with a 0.02° step and an integration
time of 0.8 s.

The nanoparticle concentration was determined by using a
Radwag MYA 5.4Y microbalance (Radwag, Poland) through
evaporation of the solvent from a known suspension volume
and crucible weighing (average of three repetitions).

The data regarding sample morphology, particle size, and
element distribution were collected through transmission elec-
tron microscopy (TEM), high-angle annular dark-field scan-
ning TEM (HAADF-STEM), and energy dispersive EDS using a
Tecnai Osiris X-FEG microscope (FEI, USA). Core-shell
materials in the form of colloidal suspensions were deposited
on a 200 mesh Cu carbon-covered grid supplied by EM
Resolutions (United Kingdom) and dried overnight under dust
protection.

Measurements of the heating ability of core-shell ferrites
under the irradiation of 808 and 122 nm monochromatic light
were carried out by using a self-constructed set-up consisting
of an isolated vessel, an FLIR T660 thermovision camera
(FLIR, USA), continuous NIR laser modules emitting 808 nm
line (maximum output power: 2.74 W) and 1122 nm (1 W)
(CNI, China), and 400 pm optical fibers (CNI, China) for light
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delivery. Both the laser modules were calibrated with an Ophir
StarLite laser power meter using a beam track thermal sensor
10 A-PPS with measurable laser powers from 20 mW up to
10 W (Ophir, Israel). All data were recorded and processed
with ResearchIR and Origin Pro 2019 software.

3. Results and discussion

3.1. Physicochemical characterization of core-shell ferrite
structures

The CoFe,0,@CoFe,0, (Co@Co) based core-shell structures
were fabricated by using a seed-mediated process starting
from the core material with a size of 9.4 nm. The seeding
process was repeated three times without changes in the
amount of fresh portion of the iron and cobalt substrates
until 15 nm particle size was achieved. The structural pro-
perties of the starting core material and the final product
were evaluated utilizing the XRD technique (Fig. 1a) using
reference card no. 22-1086 for CoFe,O, taken from the ICDD
database. As one can see, peak positions of both samples
showed a good match with the position of the peaks associ-
ated with the ferrite cubic structure confirming the formation
of the core material and Co@Co multishell particles. The
growth of the isostructural shell manifests through significant
narrowing of reflections which is an indication of the particle
size increase. The seed-mediated process can be further con-
tinued and will result in a progressive increase in the shell
thickness which is shown in another example. The Co@Co
particle size, distribution, and morphology were evaluated by
the TEM imaging technique (see Fig. 2 and 5a). The core
CoFe,0, can be characterized by a sphere-like shape with a
mean particle size of 9.4 nm and a relatively narrow size dis-
tribution. After 11" and III" seeding stages, the growth of
particles progressed to the size of 13 and 15 nm, respectively.
We also observed a noticeable morphology change toward
less regular shapes.

In the case of fabrication of the other two heterostructures,
namely CoFe,0,@Fe;0, (Co@Fe) and CoFe,0,@MnFe,0,@
ZnFe,04(Co@Mn@Zn) with an intermediate CoFe,0,@
MnFe,0, (Co@Mn) phase, the same CoFe,O, core stock par-
ticle dispersion was used as previously described. We have
shown that for the Co@Fe core-shell material, it is possible to
prepare particles with a precise size control between 10 and
40 nm for eight repetitions of seeding. However, the particle
growth can likely be continued with some restrictions which
have to be considered at some point. These additional issues
will be discussed later. As we have shown in Fig. 1b, the ferrite
structure was retained during the fabrication steps with pro-
nounced narrowing of reflections. Since our aim was focused
toward seed growth of the Fe;O, layer, we were interested to
know if there will be a need to change the synthesis time in
contrast to the fabrication process of the Co@Co structures.
Therefore, we performed the synthesis for 1, 2, and 4 h and
carried out TEM analysis afterward (Fig. 3). We observed that
for a shorter time (less than 2 h) the final product may contain
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Fig. 1 XRD patterns of the seed-mediated (a) Co@Co homostructures,
(b) Co@Fe binary heterostructures and (c) Co@Mn and Co@Mn@Zn
core—shell materials.

a fraction of the individual small particles that will finally
coalesce into bigger counterparts.

The same feature was found in the formation of flower-like
magnetite particles prepared by the thermal decomposition
technique with acetophenone.'” Hence, we decided to perform
the rest of the synthesis for 4 h in all cases. Again, the TEM
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technique was used to estimate the particle size and mor-
phology of the Co@Fe core-shell materials (Fig. 4 and 5b). For
this purpose, we chose, besides the CoFe,O, core (9.4 nm),
Co@PFe samples after 111", V", and VIII™ seeding. The particle
size changed (Fig. 5b) from the starting size of 9.4 up to 25, 32,
and 37 nm for the core ferrite in the I, V", and vIi™
seeding, respectively. Indeed, one may conclude that progress-
ive particle growth occurred with an increase in the number of
seeding stages. After the IV seeding process, we decided to
perform a TEM analysis of this sample to check whether still
the concentration of the fresh iron source is not too high
(Fig. 6) since the surface contact area decreases in each further
step. As particle growth causes a reduction of the available
surface for the chemisorption of new monomers, saturation
might occur. Then the excess monomers not having access to
the seed surface will immediately react and transform into
individual Fe;O, particles without the formation of a shell.
Therefore, we checked it by using two approaches: (1) after IV
seeding, we maintained the monomer concentration without
any change and (2) we reduced the monomer concentration
significantly (by 50%) to compensate for surface area
unavailability.

TEM analysis was carried out after obtaining the products
of approaches (1) and (2). The effect of not applying any
changes (approach 1) is visible in Fig. 6. One can observe the
formation of small particles (indicated by blue arrows) whose
size corresponds to the particle size of 10-11 nm. This implies
that due to too high iron monomer concentration separate par-
ticles of Fe;O, are formed instead of increase in the shell
thickness. This is a significant conclusion since it suggests
that it is necessary to lower the monomer concentration due to
the decrease in the surface area of seeded particles to avoid
the growth of new individual particles. The result of the
second approach is shown in Fig. 4 and is denoted as Co@Fe
seed V. What we found interesting was the change of the par-
ticle morphology into a more regular one upon size increase
after V" seeding with reduced concentration of the iron
complex. It is worth noting that the reaction mixture does not
contain any other specific additives that are commonly used to
force directional growth such as oleic acid, higher alcohols,
etc.*®* The only parameter that was changed by us was the
concentration of the iron source during the IV" seeding. As it
was previously shown,*® an effective monomer concentration
can play an important role in particle nucleation and growth.

For instance, too low a precursor concentration can lead to
issues with morphology control due to the insufficient avail-
ability of the substrate that is necessary for the termination of
directional growth, while a more precisely chosen amount
results in control of particle shape.® In our case, a decrease in
monomer concentration coincidently forced the directional
growth of the particles toward a more regular morphology
through the delivery of a sufficient number of monomers for
growth termination without the addition of other chemicals.
Therefore, to maintain the core-shell structures after further
seeding steps we decided to decrease the concentration of
substrate(s).
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Fig. 2 TEM images of the Co@Co core—shell ferrites after several repetitions of the seed-mediated process. The CoFe,O4 core is treated as a refer-
ence for size tuning.

Fig. 3 Effect of synthesis time on the formation of the Co@Fe seed Ill core—shell material after addition of the fresh Fe(acac); portion.
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Fig. 4 TEM images of the Co@Fe heterostructures after several repetitions of the seed-mediated process. The CoFe,O4 core is treated as a refer-

ence for size tuning.

Since the XRD technique is crystal structure indicative and
we deal with the same cubic structure among the ferrite family,
it is necessary to check the presence of respective elements by
using a different methodology. Fig. 7 shows the results of the
HAADF-STEM-EDS technique that can identify elements in the
sample and provide information regarding their content and
reproduce elemental distribution maps. It is then possible to
confirm that the core particles and Co@Fe heterostructures
contain appropriate elements. Moreover, the distribution maps
show that the intensities of the pixels corresponding to the iron
content increase with the shell thickness.

We exploited this technique further to check whether it is
also possible to synthesize a core-shell material that will
contain several shells of different ferrite materials, namely
CoFe,0, as the core, MnFe,0O, as the intermediate layer, and
ZnFe,0, as the outer layer. We wanted to keep the particle size
below 30 which is particularly an important trait for bio-
related applications. Fig. 1c shows the diffraction patterns of

This journal is © The Royal Society of Chemistry 2023

the CoFe,O, core, the intermediate Co@Mn hybrid, and
finally, the ternary heterostructure of Co@Mn@Zn ferrites. As
in the previous cases, the recorded results allow for the con-
clusion that all prepared materials have a typical cubic ferrite
structure. The peak narrowing is not that pronounced since we
limited seeding repetitions, and hence limited particle growth.
The particle size and distribution were estimated using TEM
(Fig. 8). For the intermediate Co@Mn hybrid, the mean par-
ticle size was around 14.5 nm, while for the ternary
Co@Mn@Zn heterostructure it was 16 nm. We have to under-
line that the seeding of the MnFe,0, shell was repeated twice,
while for ZnFe,0,, we did it only once. The process can be con-
tinued depending on the final desired particle size or the
outer layer can be covered with another type of ferrite com-
pound. This synthesis technique opens up a possibility not
only for particle size control but also for optimization of com-
position in a more sophisticated way to tune or tailor specific
physicochemical properties.
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Fig. 6 TEM images of the Co@Fe sample after the IV™" seeding process without reduction of monomer concentration to compensate for the
decreased surface area. The plot shows the distribution of the particle size for small FesO, particles formed due to too high a concentration of

monomers.

We have provided elemental maps (Fig. 8) to prove that the
shell composition changes upon the ferrite compound switch.
For the characterization of the energy conversion, we have
chosen representative samples that were seeded a maximum of
three times (Co@Co seed III, Co@Fe seed III, and
Co@Mn@Zn) and had a particle size below 30 nm that would
allow their use as platforms for biological applications where
small particle size plays an important role and facilitates their
internalization in cells.

2586 | Dalton Trans., 2023, 52, 2580-2591

3.2. Heat generation through contactless NIR laser light
irradiation on ferrite core-shell structures

Laser light conversion into heat was performed on different
ferrite core-shell structures by using 808 and 1122 nm wave-
lengths located within the I®' and II"® optical biological
windows. All measurements were carried out on nanoparticle
colloidal dispersions in water with the standard 1 mg mL ™"
concentration (Fig. 9). The laser light was delivered continu-
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Fig. 7 HAADF-STEM and EDS images of the seed-mediated core—shell structures synthesized via thermal decomposition: CoFe,O,4, Co@Fe seed I,

Co@Fe seed V, and Co@Fe seed VIII.

ously through an optical fiber at a height that allows for com-
plete coverage of the forefront area of colloids (approximately
1 cm® for 808 nm). In the case of the 808 nm light, we per-
formed a series of measurements as a function of the laser
output power in the range of 500 to 2100 mW (1 W cm™> up to
4.2 W cm™?). The overall laser exposure time was set at 1800 s
which was long enough to achieve a temperature plateau. The
starting temperature was between 21 and 23 °C.

On the other hand, for the 1122 nm laser light, 900 mW
power (spot area approx. 0.5 cm®, 3.6 W cm_z) was chosen to
check the ability and performance of materials in heat gene-
ration in the 11" transparency window for biological objects.
The results of the contactless heat generation with 808 nm are
presented in Fig. 9, while d7/dt, SAR, and Ty, are plotted in
Fig. 10 to show the reliability of the prepared core-shell pro-
ducts. The abovementioned parameters particularly d7/d¢ and
SAR provide valuable information regarding the efficiency of
heat conversion under a given stimulus. The value of d7/d¢ is
extracted directly from the so-called heating curves by using
linear fit for the first tens of seconds of temperature evolution.
This is a standard procedure that allows for the minimization
of the contribution of the heat exchange between the system
(dispersion) and surroundings. The sample was placed in an
isolated container assuring pseudo-adiabatic conditions to
minimize heat flow. Afterward, the specific absorption rate
(SAR), a measure of heating efficiency,’® can be calculated
using the following formula:

Cmsample d_T

SAR = e (1)

mnps

where C is the specific heat capacity of the medium (Cy,o:
4.185 ] g~ ' °C), Mgample is the mass of the colloid (g), m is the
particle mass in dispersion (g), and d7/d¢ is the slope of the

This journal is © The Royal Society of Chemistry 2023

linear fit of the heating curve. We used only the specific heat
capacity of water since the contribution of the specific heat
capacity related to the nanoparticles is negligible at such a
concentration (1 mg mL™'). The Tn. value gives an
impression of how high temperature can be achieved during
laser light exposure.

First, we focus on Th,x dependence. As one can see the
overall Ty,.x values for all studied nanoparticles did not differ
significantly. However, some variations can be found. The
highest temperature of 81 °C was achieved on CoFe,O, core
particles (9.4 nm), then 79 °C for Co@Mn@Zn ternary hetero-
structures (16 nm), 72° for Co@Fe (25 nm), and lastly 69 °C
for Co@Co (15 nm). We think that the differences might orig-
inate from several phenomena. (1) Size reduction leads to an
increase in surface area and thus should result in better heat
exchange which is the most probable explanation for the
highest Ty« in the case of core particles. (2) The agglomer-
ated state of particles can be favorable in terms of increased
absorption capability of such objects due to the particle mul-
tiple scattering,*™*> which also explains the core particle be-
havior as well and can be good reasoning for the Tp,,, simi-
larity with that of Co@Mn@Zn heterostructures. (3) Thermal
conductivity of a material affects its ability to transfer heat to
the medium, and thus, since Fe;O, has a lower thermal con-
ductivity than CoFe,0,*?, it might be an explanation for the
lower Tya.x with the same laser parameters applied. The
lowest Tpax 69 °C was achieved for Co@Co (15 nm), but the
value is comparable with that of the Co@Fe heterostructure.
We think that this might relate to the decrease in the surface
area in comparison with that of the CoFe,O, core sample.
The theoretical change in the surface area for 9.4 nm and
15 nm particles is almost two-fold (203 m> g~' and 127 m®
¢™1); thus it may be a possible explanation for Tp,,.. However,
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Fig. 8 TEM images of the CoFe,O,4 core, Co@Mn intermediate, and Co@Mn@Zn ternary ferrite heterostructures with elemental maps.

as we stated, the observed differences are not that striking
and can be caused by laser instabilities (3%) and temperature
measurement errors (+1 °C). Upon literature comparison with
similar in-size ferrite particles, the obtained Ty,.x values are
comparable.""?

2588 | Dalton Trans., 2023, 52, 2580-2591

The laser power dependence on temperature is linear for
every sample and saturation is not achieved within the studied
power range. It means that if necessary, it is possible to go
beyond the recorded T in this study. We would like to
underline that in comparison with the most common alternat-

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Plots showing the changes of dT/dt, T,,ax, and SAR parameters of the CoFe,O,4 core and Co@Co, Co@Fe, and Co@Mn@Zn core—shell struc-

tures as a function of 808 nm laser power.

ing magnetic field stimulation (AMF) for inducing temperature
effects, the photo-stimulation mechanism does not depend on
particles’ physical rotations (one of the mechanisms of heating
with AMF - Brown relaxation) that might be switched-off due
to particle immobilization within cells or viscosity changes.
Thus, it is expected that in a biological system it will not take
place due to the difference in the heating mechanism.
Regarding SAR values, the heating efficiency is quite high
being close to 600 W g~' for the lower power range (below
1000 mW-2 W cm™>) and exceeding 1000 W g~' for the
highest laser power in this study. It means that the mechanism

This journal is © The Royal Society of Chemistry 2023

of light conversion is very effective, particularly considering
that the NIR absorption of the ferrite family is rather
moderate.***> On a side note, measurement of the heating
ability of the Co@Fe samples that contain Fe;O, and obser-
vation of the pronounced temperature effect might also be
treated as evidence for the stability of the magnetite phase
since Fe,0; shows no absorption within the NIR range.*® So,
by this indirect experiment, formation of the Fe;O, phase can
be also proved and its degradation over time can be studied as
well. The concentration dependence of the materials was
measured (Fig. S1 and S21) under the action of laser stimu-

Dalton Trans., 2023, 52, 2580-2591 | 2589


https://doi.org/10.1039/d2dt04178b

Published on 02 February 2023. Downloaded on 6/7/2023 7:16:36 AM.

Paper

lation as well. We have shown that 1 mg mL™" concentration
seems to be optimal since the increase in the number of
thermoseeds up to 2 mg mL™" does not improve Tyax while
the decrease in the particle concentration by half leads to a
decrease in the Ty, as expected.

Our goal apart from the fabrication of multi-shell ferrite
heterostructures was also to examine the generation of heat
by utilizing the light wavelength from the II"® optical biologi-
cal window. As is well known, the I°** window covers a spectral
range between 700 nm and 980 nm, whereas the 11"? is in the
range of 1000- 1400 nm. What is worth mentioning is that in
the I* window the light absorption is minimized by biological
objects but there is a significant light scattering. However, in
the 11" one, scattering is minimized while some absorption
might occur as well. However, the 11" optical window seems
to be also very intriguing since the wavelengths of interest
deliver less energy (the longer the wavelength, the smaller the
energy) and, in principle, should be far less harmful in con-
trast to the I* window range. For instance, 808 nm delivers
1.53 eV, while 1122 nm corresponds to 1.1 eV. The minimized
light absorption within the mentioned optical biological
windows assures a deeper penetration depth, localized and
specific light interaction with nanoparticles, and elimination
of autofluorescence. Therefore, we performed the measure-
ment of the ability to convert 1122 nm light for a laser output
power of 900 mW (3.6 W cm™?) for all prepared materials (see
Fig. 11) and extracted SAR and Ty, As one can see the SAR
and T, are comparable between the samples. This is also a
spectral range at which the absorption ability of the ferrites
reduces; hence T, is significantly lower than that under
808 nm stimulation. We can further conclude that all fabri-
cated materials are interesting candidates as energy conver-
ters that can effectively generate heat with the use of NIR
laser radiation covering the range of I** and 1™ biological
optical windows.
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Fig. 11 Heating curves of the CoFe,O,4 core particles and Co@Co,
Co@Fe, and Co@Mn@Zn core-shell structures under 1122 nm and
900 mW (3.6 W cm™) laser light stimulation, and the Tn.x and SAR
values for all materials studied.
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4. Conclusions

In this work, we have shown that the seed-mediated technique
can be treated as a flexible and important tool for the synthesis
of core-shell ferrite structures, namely CoFe,O,@CoFe,0,,
CoFe,0,@Fe;0,, CoFe,0,@MnFe,0,, and CoFe,O,@MnFe,0,@
ZnFe,0,. The fabrication methodology allows particle size
fine-tuning through substrate concentration control without
the necessity for a significant change in synthetic parameters.
We found that above certain particle size of the core material
in later seeding steps it is necessary to decrease the concen-
tration of monomer(s) due to the decrease in the surface
contact area. We considered this also as a beneficial side effect
that led to the directional growth of particles toward a better-
defined particle morphology. This approach can be extended
beyond particle size in the prepared materials. It is possible
to combine different ferrite compounds within multi-
shell heterostructures which can help in the engineering of
interesting new composites with exceptional physical-chemi-
cal properties. We have shown that the prepared core-shell
materials have a high ability to convert laser light within the I*
(808 nm) and 1™ (1122 nm) optical biological windows in a
contactless manner achieving a biologically relevant tempera-
ture range.
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Hybrid materials composed of inorganic magnetic cobalt-manganese mixed nanoferrites and PMMA
polymeric shell have been fabricated by applying an in-situ polymerization process using pre-prepared
inorganic core particles (8-9 nm). The ability of the hybrid heating under action of alternating magnetic
field and laser radiation (in a separate and synergy mode) was evaluated and compared with stock nano-
particles. It was found that hybrid materials show a high response to both stimulants and the highest
temperature was achieved by using both AMF and laser exposure under synergic mode (twice the value for
the AMF alone). The specific absorption rate of composite material was around 30 W/g for the optimized
field parameters and both laser wavelengths (808 and 1122 nm). The great response of the hybrid material
for contactless action of AMF and NIR radiation makes the proposed material very interesting for future
biomedical and EMI shielding applications.
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1. Introduction

Composite materials/hybrids that consist of organic-inorganic
counterparts are important for material science and other disciplines
due to their final physicochemical features strongly depend on the
properties of all components [1]. Since we live in an era dominated
by polymers it is hard to imagine further development without this
group of materials with all of their advantages and drawbacks.
Merge of the physiochemical properties of both compounds opens a
variety of possibilities in the engineering of new composites with
modified or sometimes unexpected properties [2]. Directions of
practical use of hybrids range from construction materials [3],
modern electronic devices [4] toward more sophisticated and de-
manding biological applications [5,6]. Combinations of the poly-
methacrylate (PMMA) with magnetic nanoparticles (MNPs),
predominantly with Fes0,4, are already known [7-9]. Most studies

* Corresponding author at: Department of Biotechnology, Institute of Biology and
Biotechnology, College of Natural Sciences, University of Rzeszow, Pigonia 1, 35-310
Rzeszow, Poland.
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are targeted at bone replacement materials i.e. bone cement [10],
scaffolds additive [11], hyperthermia [12] with the open possibility
of the tracking healing process by MRI (magnetic particles as a
contrast agent) [13]. The PMMA has a status of a highly biocompa-
tible polymer, though MMA monomer is not [14]. It has reasonable
mechanical properties that depend on its final form [ 11| whereas the
ferrite surface needs blocking due to the risk of the redox process,
namely Fenton’s reaction resulting in the creation of toxic radical
species [15]. Thus this kind of composite material allows for the
preservation of ferrite heating ability and reduction of toxicity. Ap-
plication of contactless heat induction is especially important in the
biomedical field in the treatment of cancer via hyperthermia and
stimulation of regenerative process [16,17]. However, it is not limited
to this field exclusively. Heat generation mechanism through AMF in
magnetically active materials is described in detail and can be di-
vided into three main components that contribute to overall tem-
perature increase: (1) hysteresis losses, (2) eddy currents, and (3)
residual losses (i.e. Brown (external) and Neel (internal) relaxations
[18]. Whereas the exposure of materials to the specific light irra-
diation, except emission, can result in energy dissipation due to the
non-radiative processes (net vibrations - phonons) that cause self-
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heating [19]. From the biological point of view compounds that can
absorb within the It and II"® biological window (minimized ab-
sorption of a biological system) are important for specific and lo-
calized heating [20] or imaging purposes [21]. This effect can be also
used in protection against electromagnetic radiation within the
UV-VIS-NIR region if needed (light filtering) [22,23].

Another emerging application is electromagnetic interference
shielding composites (EMI) protecting against the action of the al-
ternating and static magnetic field [24]. The growth of the electronic
industry demands new and more effective solutions. Either way, the
biomedical field and EMI shielding benefit from the same phe-
nomena i.e. the ability of AMF conversion into heat energy. In the
case of biomedicine applications, it is crucial to generate biologically
relevant temperature to affect healing processes. Whereas for the
unperturbed function of electronic sensors and other device com-
ponents AMF blocking is mandatory to avoid interference. The
shielding effect is also important in the protection of workspaces
and other areas to comply with the electromagnetic safety regula-
tions [24,25].

Inorganic-organic hybrids utilizing PMMA as an organic coun-
terpart and magnetic inorganic particles are most commonly pre-
pared by in situ polymerization in a mass or in an emulsion that
results in a different type of composites - bulks, foams, thin films, or
powders. The MNPs can be generally fabricated by a variety of
techniques like coprecipitation [26], sol-gel [27], thermal decom-
position [28,29] allowing for control over particle size and dis-
tribution, specific morphology, elemental composition, surface
properties, etc. The main goal of this study was focused on con-
tactless heating effects of the inorganic-organic hybrid
CogsMngsFe;04 (mixed hard/soft magnetic compound) covered
with the PMMA shell. The heat was generated by AMF, laser action
(808 nm 1122 nm), and synergy of both external stimulants directed
towards possible biomedical application where the hybrid material
can be used as an additive to the more complex composite materials
for bone tissue regeneration[30-34] and/or modern shielding
composites.

2. Experimental section

2.1. Synthesis of CogsMng sFe;04 nanoparticles and CogsMng sFe;0,4@
PMMA hybrids

The main motivation for choosing this particular composition of
the CogsMngsFe,04 nanoparticles came from our previously pub-
lished studies devoted, in part, to the magnetic characterization of
the CoyMn;_4Fe,0,4 series [35]. It was shown that this elemental
composition is the best balance between magnetic properties and
the biological impact. Therefore, for the synthesis of CogsMng sFe;04
nanoparticles, we have chosen a well-described in the literature
microwave-driven solvothermal technique that assures repeatability
regarding particle size, its distribution, and particle suspension
stability in a hydrophilic media [36]. Another advantage is that the
product can be prepared reliably, relatively fast (60 min), and does
not need any additional specific treatments except separation from
the reaction mixture. Briefly, as main substrates, organic metal
complexes have been taken namely 257 mg of Co(acac); (99.9%, Alfa
Aesar), 253 mg of Mn(acac), (99.9%, Alfa Aesar), and 1413 mg of Fe
(acac)s (99.9%, Alfa Aesar, acac abbreviation corresponds to acet-
ylacetonate group) and directly dissolved in 70 ml of acetophenone
(99%, Sigma Aldrich) in a special Teflon vessel. Special care has to be
done with the acetylacetonate complexes since their sensitivity to
the humid atmosphere can result in their deterioration. Thus all
operations have been done in an acrylic glovebox (GS Glove Box
Systemtechnik GMBH P10R250T2) fed by N, (99.99%, Linde). After-
ward, the reaction mixture was placed in the Ertec® Magnum V2
microwave reactor (closed system, Ertec, Poland) and the process
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was initiated with the following parameters 200 °C, with pressure
limit set to 15 atm, duration 60 min. Finally, the black product was
separated from the solution by the laboratory magnet, purified with
washing-centrifuging cycles (five times, 20 ml ethanol portions each
time) and resuspended in 30 ml of de-ionized water. The particle
concentration in a CogsMngsFe,04 suspension was estimated using
microbalance (Radwag MYA 5.4Y, Poland). The stock suspension was
stored in a laboratory fridge.

Nanoparticle surface coverage with PMMA shell was performed
through a standard in-situ polymerization process[37]. In order to do
that, methyl methacrylate (MMA) monomer (99%, Sigma Aldrich),
potassium peroxydisulfate as a polymerization initiator (299.0%,
KPS, Sigma Aldrich), have been used for the preparation of reference
PMMA and CogsMngsFe,04@PMMA samples. The MMA monomer
was cleared of the hydroquinone (inhibitor) through washing cycles
with 10% NaOH (p.a., Sigma Aldrich) and dried over MgS0O4 (p.a.,
Sigma Aldrich) right before the polymerization process. For the
preparation, 6 ml of a concentrated stock suspension of
CogsMng sFe;04 nanoparticles (100 mg of particles) were taken and
an additional portion of water was added (14 ml). The mixture was
sonicated for 20 min and directly transferred to a glass flask with
inlets for a mechanical stirrer, gas inlet (a blanket of protective N,),
inlet for chemicals, and Pt-100 sensor for precise temperature con-
trol. Through the one of dropping funnels, 2.12 ml of MMA was in-
jected and a polymerization initiator was added (40 mg). The
process was carried out for 3 h keeping constant temperature
(80 °C), mechanical stirring, and flow of N,. It is not recommended to
use a magnetic stirrer since magnetic nanoparticles will be collected
by this element. The final product consisting of composite material
was separated with a laboratory magnet, further washed with water,
and vacuum-dried.

2.2. Apparatus

Structural features were studied through the X-ray powder dif-
fraction (XRD) using a Bruker D8 Advanced diffractometer with
copper lamp (1.54060 A) as a source of X-ray radiation and Ni filter
for removal of K, line covering the 20 range of 15-70°. The ex-
perimental data were compared with the standard reference cards
from the ICSD database. The effect of the PMMA coverage was
checked by Fourier transformed infrared spectroscopy attenuated
total reflection FTIR-ATR technique with a Thermo Scientific Nicolet
iZ10 spectrometer equipped with a Smart Orbit Diamond ATR ac-
cessory. Spectra were recorded at room temperature within the
range of 4000-500 cm™?, corrected to the baseline, and normalized
for better cross-comparison. As reference materials, PMMA and non-
covered CogsMngsFe,04 particles were taken. The temperature
stability of the compounds has been measured using a thermo-
gravimetric technique (TGA) with a Mettler TA-300 analyzer with a
temperature rate of 10 °C/min, from 25° to 650°C, and under ni-
trogen atmosphere. Particle size, morphology, and elements dis-
tribution of stock CogsMngsFe,0, nanoparticles were estimated
using transmission electron microscopy (TEM) with a Tecnai Osiris
X-FEG HRTEM microscope operating at 200 kV. Before imaging, a
droplet of particle suspension was deposited on a 200 mesh carbon-
covered copper grid (EM Resolutions United Kingdom) and dried
overnight under dust protection. Due to the high voltage (high en-
ergy) and risk of polymer melting imaging of hybrid materials has
been done using scanning electron microscopy (SEM) with a Tescan
Vega 3 microscope working under a low voltage regime. The re-
ference PMMA and hybrid materials were placed on carbon tape and
mounted to the alumina SEM table. Particle size and distribution
were evaluated using freeware Image] ver. 1.46r software.

The contactless energy conversion on cobalt-manganese mixed
ferrite nanoparticles and CogsMngsFe;04 @PMMA hybrid was stu-
died by using different external stimulations namely alternating
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Fig. 1. X-ray diffraction patterns (a), FTIR-ATR spectra (b), and TGA curves (c) of the CogsMngsFe;04 nanoparticles, Cog sMng sFe,0,@PMMA hybrid, and PMMA reference sample.

magnetic field AMF and near-infrared laser radiations covering I**

(808 nm) and I1I"? (1122 nm) optical biological window either in a
separate or dual mode. The measurements of temperature effect
were conducted using a specially designed set-up provided by
NanoScale Biomagnetics, Spain consisting of magnetic field gen-
erator G2 D5 Series Multimode 1500 W driver equipped with S32
coil. The coil was thermally isolated by a thick-walled polystyrene
box filled with additional polymer-based foam insulating material to
limit heat exchange with the external environment. The G2 driver in
this particular configuration generates AMF with frequencies be-
tween 100 and 771 kHz and field intensity is within the range of 3.8
- 34.5 kA/m depending on the presets (controlled by Maniac soft-
ware provided by the manufacturer). For the NIR stimulation 808
(maximum output power 2.74 W), and 1122 nm (1 W) nm con-
tinuous wave laser modules equipped with 400 pum optical fibers
(CNI, China) were used. The laser power of all modules can be
controlled over a broad range. Heat generation was directly mea-
sured by FLIR T660 thermovision camera and analyzed with
ResearchIR dedicated software. The lasers calibration was performed
by using an Ophir StarLite power meter equipped with a beam track
thermal sensor 10 A-PPS (Ophir, Israel).

3. Results and discussion
3.1. Characterization of basic physicochemical properties

Structural properties of the prepared materials were evaluated
through comparison of the X-ray diffraction patterns with the re-
ference standard card no. 03-0864 ascribed to the CoFe,04 phase
from the ICDD database (Fig. 1a). The PMMA polymer shows a typical
diffraction pattern for amorphous materials. In the case of the stock
CogsMng sFe;04 nanoparticles and hybrid materials clearly distin-
guishable reflections can be observed at peak position corre-
sponding with the reference standard of the ferrite family. The low
quality of both patterns is caused by the strong absorption of the
X-ray radiation by cobalt-manganese ferrite as well as the hybrid
pattern shows higher noise due to the content of PMMA lowering
the signal intensity of crystalline material.

The FTIR-ATR measurements were carried out for the stock
CogsMngsFe;04, CogsMngsFe,0, @PMMA hybrid and compared
with the reference PMMA prepared using the same technique
without the addition of nanoparticles (Fig. 1b). As one can see all free
spectra share common vibrational features.

For instance, the PMMA and Cog sMng sFe,04,@PMMA consist of
mutually repeating characteristic peaks that can be ascribed to the
following vibrational modes C=0 stretching at 1726 cm™' (strong),
group of CH; and CH, deformations between 1479 and 1386 cm™
(medium), series of C - O stretching at 1265 and 1241cm™
(medium), CH3 wagging and twisting at 1189 and 1145 cm™! (strong).
Another wagging of CH; at 1066cm™' (weak), two modes re-
sponsible for C - C stretching at 987 and 967 cm™! (weak) as well as
CHs, CH,, rocking at 914, 842-810 cm™! (weak) and finally C=0 out
of plane bending at 752cm™ (weak). All of the observed bands
positions are in an agreement with the previously reported peak
positions of PMMA structural units [23,38]. The difference between
the reference sample and hybrid spectra can be found in the pre-
sence of the extra vibrational mode at 586 cm™’, in the latter one,
that is shared with the FTIR-ATR of the stock CogsMngsFe,04. The
appearance of this mode is a consequence of vibrations of M-O units
(M represents metal cation) at the ferrite tetrahedral site. The band
is relatively broad suggesting that mixed metal cations site occu-
pancy is present. This is a common phenomenon that can be found
in ferrites (spinels) [39]. Thermogravimetric analysis was performed
on all studied samples (Fig. 1c¢) revealing typical decomposition
behavior of PMMA that is consistent with previous reports [40]. The
content of the magnetic nanoparticles in hybrids was estimated to
be around 21% of the total mass.

Particle size, distribution, morphology, and elements mapping of
the CogsMngsFe;04 nanoparticles were evaluated by means of TEM
imaging and HAADF-EDS mapping (Fig. 2). In the case of reference
PMMA and fabricated CogsMngsFe;04, @PMMA hybrid (Fig. 3) SEM
technique had to be employed instead of TEM due to the sample
melting and decomposition risk (high beam energy). In all cases,
particle size and distribution were calculated using Image] software
by taking at least 100 objects into consideration. Stock
CogsMng sFe;04 nanoparticles size was 8.2 nm (SD 0.84) being very
typical for ferrites obtained with this particular technique [35,36,41].
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Fig. 2. TEM images (a) and HAADF-EDS elements mapping (b) of the CogsMngsFe;04 stock nanoparticles prepared by microwave-driven solvothermal technique.

In addition to that the average crystallite size was also calculated by
using the well-known Scherrer formula:

ka
cos @W/ﬁz—ﬁoz‘ (1)

where D is the average crystallite size; g, —apparatus broadening;
B - full width at half maximum; © - the angle of the peak; k constant
(usually equal to 0.9), and 1 is an X-ray wavelength. The value ob-
tained using Eq. (1) was equal to 7 nm is similar to that obtained

D=
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from TEM analysis meaning that the particles are mainly constructed
out of the individual crystallites.

Nanoparticles form islands of aggregates that could be broken
down to some extent with an ultrasound bath (sonication process).
The results of the elemental analysis show a proper ratio of cations
whereas mapping provided evidence of homogenous distribution of
metal cations within the investigated area (14.21% of Mn, 15.05% of
Co and 70.74% of Fe), as previously reported [35].

The reference PMMA and binary hybrid were imaged by SEM
under a low voltage regime (5 kV) even though the beam energy was
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Fig. 3. SEM images of the PMMA reference (a) and CopsMngsFe;04 @PMMA hybrid particles (b) prepared by in-situ polymerization.
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not that high as in comparison to 200kV in TEM it was not fully
avoidable to induce a partial hybrid melting. According to the TGA
data, the thermal stability of the hybrid is a bit lower than PMMA
(compare curves in Fig. 1c) which could be a cause of this observa-
tion. What is worth noting, the PMMA reference sample fabricated
by the same approach form rather uniform, spherical objects with
the mean size of 403 nm (SD 31). The hybrid CogsMngsFe,0,@
PMMA morphology is less perfect but still, a predominance of
spherical particles can be found. The average diameter of 473 nm
(SD 34) was estimated that could reflect the nanoparticle state in the
reaction mixture (aggregates) or can be sought as a deviation of
technique repeatability. However, still, the difference is not that
significant, the PMMA and hybrid particles are between 400 and
500 nm range.

3.2. Contactless energy conversion

3.2.1. Alternating magnetic field stimulation

Temperature effects induced through non-contact stimulation of
the CogsMngsFe,0,4 nanoparticles and CogsMngsFe;0,@PMMA hy-
brids in a powder form with AMF (frequency and field intensity
dependence), laser exposure (808 and 1122 nm, as a function of
different laser power) as well as under synergy of both external
stimuli (dual-mode, with optimized parameters in terms of field
frequency, intensity and laser power) were studied. In the case of the
alternating magnetic field, both materials were measured (see Fig. 4)
by using the following frequency range 145 - 486 kHz (constant field
intensity of 22.5 kA/m) and field intensity between 18 and 22.5 kA/m
(fixed frequency at 486 kHz). The effect of the magnetic field re-
presented through the dependence of field frequency and field in-
tensity on maximum temperature achieved was presented in Figs. 4c
and 4f. Specific absorption rate (SAR) was calculated as a measure of
the heat induction effectiveness using the well-known formula:

dT
SAR=Cor )
where C stands for specific heat capacity (J/g°C) and dT/dt defines
temperature increase over time (°C/s) and is a product of linear fit-
ting of the heating curve for the first 5-10s of exposure to given
stimulation[42].

This procedure allows for the minimization of the heat losses due
to the exchange with the environment. For the pure CogsMngsFe;04
nanoparticles value of 0.6]/g°C was taken directly from the DSC
measurement of specific heat capacity due to the unavailability of
that value in the specialized literature. Since the PMMA specific heat
capacity is 1.46 J/g°C thus average specific heat capacity [43] for the
hybrid material (1.29 ]/g°C) was calculated by:

Co = Cnpsinps + Cpvivia Mpyimva
av — )
Mnps + MppMA (3)

where Cyp;s is the specific heat capacity of CogsMngsFe;04, Cppma —
specific heat capacity of PMMA, myps — a mass of nanoparticles,
Mpyma — @ Mass of polymer. Most important parameters i.e. dT/dt as
well as specific absorption rate (SAR) for pure CogsMngsFe;04 and
hybrid particles under the action of AMF were gathered in Table 1.
Such a short time chosen for the calculation of the dT/dt was due to
the rapid temperature increase in all samples regardless of external
stimulation. Usually, the maximum value of temperature was
achieved after 300s of the AMF exposure in both materials. In the
case of the AMF action on non-covered nanoparticles, the highest
temperature generated was 107°C for 486kHz and 22.5 kA/m
(maximum field intensity achievable at this frequency). One can
observe that there is a linear dependency of the magnetic field fre-
quency and intensity on the sample temperature and this is the
optimal regime for magnetic field frequency. Above 486 kHz tem-
perature drops dramatically since the magnetic moments cannot
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keep up with field changes whereas frequencies below 100 kHz are
causing too slow movement to generate a reasonable amount of
heat. The same behavior stands for the hybrid particles, but since the
magneto-responsive material is diluted by the presence of polymeric
shell thus the maximum temperature achieved was 61 °C. The values
of dT/dt for the CogsMngsFe;04 are high between 11.5 and 25 °C/s
that results also in SAR that ranges from 6.9 to 15 W/g. In the case of
hybrid particles the temperature increase in time is almost four
times less due to the smaller amount of MNPs thus SAR is within a
range of 2.7 - 9.3 W/g. The rapidity of changes for both materials
suggests effective conversion of the AMF field causing significant
and quick temperature rise. As a control sample PMMA without
nanoparticles was used showing that there is no interaction between
AMF and PMMA polymer since, obviously, it is a non-magnetic re-
sponsive substance. Therefore, conversion occurs exclusively on
C00'5Mn0'5Fezo4.

3.2.2. Laser photo-stimulation and dual-mode

Results of the laser photo-stimulation of the Cog sMng sFe;04 and
Cog sMng sFe,0,@PMMA with 808 and 1122 nm wavelengths as a
function of laser output power are shown in Fig. 5 and Table 2. The
laser wavelengths have been chosen due to the well-known and
meaningful absorption of the ferrite family[44] that covers I** and
11" biological optical windows assuring localized and specific sti-
mulation of chosen inorganic core minimizing possible interference
with biological systems. The I** window covers a wavelength range
from 700 nm to 980 nm whereas I["? is in the range of 1000 nm up to
1400 nm. What is worth mentioning is that biological systems
within the I** window show almost no light absorption, but optical
extinction exists due to the residual scattering whereas for the I
scattering is minimized but absorption does not vanish completely
[19]. Though, it is of great interest to study the effect of both sti-
mulations on the heat generation capability of the cobalt-manga-
nese ferrite hybrid materials. As one can see the temperature
increase in all cases is rapid and shows that there is effective light
absorption leading to the heat induction for both types of materials.
In general, the dependence of the dT/dt shows the same trend as
during AMF stimulation. The fitted values are almost two times
higher under exposure to both laser lines and are within the range of
46-82°C/s (808nm) and 26-73°C/s (1122nm) for the
CogsMngsFe,04. While for the composite sample the calculated
dT/dt is 6.8 =22 °C/s (808 nm) and 5.2 - 19.3 °C/s (1122 nm), respec-
tively.

Specific absorption rates for these two materials follow the same
dependence. However, upon the comparison of both the SAR is al-
most three times higher for NIR light exposure than AMF meaning
that the laser photo-stimulation is more effective. The lower values
of dT/dt and SAR in composite materials are due to the less number of
nanoheaters in hybrid. As in the previous section as a control sample
reference PMMA was used to check whether there will be some
heating effect on pure polymer powder as well. One can note that
there is no interaction of the chosen laser lights with the PMMA
itself (the polymer is transparent for 808 and 1122 nm).

The laser power dependence on the maximum sample tem-
perature of the CogsMngsFe;04 and CogsMngsFe,04 @PMMA upon
irradiation with 808 and 1122 nm lines is shown in Fig. 5. The effect
of both laser lights is linearly scalable with output powers and fol-
lows the same linearity trends as in the case of the magnetic field
parameters within tested ranges. What can be of particular interest
is the comparison of the slopes of the field frequency and laser
power dependencies on maximum temperature (Figs. 4 and 5)
achieved during separate stimulations. For instance, for the nano-
particles and hybrid particles, the values are 0.1 and 0.06 °C/kHz
whereas stimulation with 808 nm laser leads to the 0.24 and
0.12°C/mW and finally for 1122 nm it gives 0.25 and 0.13 °C/mW
showing high responsiveness of materials to both external physical
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Fig. 4. Heating curves of the CogsMngsFe;04 nanoparticles (a, b, ¢) and CogsMngsFe,0,@PMMA hybrids (d, e, f) as a function of the AMF frequency and field intensity.

Table 1

Specific absorption rate (SAR) and dT/dt values of the stock CogsMngsFe,04 MNPs and CogsMngsFe,04 @PMMA hybrids under AMF.
AMF parameters CopsMng sFe;04 Cogp sMng sFe;,04, @PMMA
Frequency (kHz) Intensity (kA/m) dT/dt (°C/s) SAR (W/g) dT/dt (°C/s) SAR (W/g)
145 225 11.5 6.9 21 2.7
302 225 17.8 10.7 4.6 59
330 225 19.9 11.9 51 6.6
345 225 213 129 53 6.8
386 225 234 14.0 5.9 76
486 225 25.0 15.0 72 9.3
486 21 243 14.6 6.9 8.9
486 19.5 233 14.0 6.3 8.1
486 18 22.8 13.7 5.7 73
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Fig. 5. Conversion of the laser irradiation (808, 1122 nm) on Cog sMng sFe;04 nanoparticles (a, b, ¢) and Cogp sMng sFe;04 @PMMA hybrids (d, e, f) as a function of the laser power.

The control sample refers to PMMA without nanoparticles filler.

factors. The effect of the laser radiation on nanoparticles is dominant
in comparison to AMF alone thus synergy with laser radiations has
not been checked (it heats so fast that the AMF contribution is
simply overtaken by lasers). However, synergy was done in the case
of composite materials where the number of nanoheaters is sig-
nificantly reduced and the dT/dt were not that drastically high. The
results of these measurements are presented in Fig. 6, and have been
compared for clarity with separate excitations. We have chosen
optimized parameters from previous sections that have been as

follows: for single action: AMF 486 kHz, 22.5 kA/m, laser radiation
output power 490 mW (both 808 and 1122 nm) and during dual-
mode stimulation: AMF 486 kHz, 22.5kA/m and LASER power
490 mW (both 808 and 1122 nm).

What we observed is that the dual action of both physical sti-
mulants can enhance the hybrid heat conversion, and in the case of
synergy with 808 nm laser line the SAR increased up to 30.4W/g
whereas synergy with 1122 nm led to a value of 29.3W/g. The
maximum temperature achieved with a single action for the hybrid
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Table 2

Specific absorption rate (SAR) and dT/dt values of the stock CogsMngsFe;04 nano-
particles and CogsMngsFe;04 @PMMA hybrids under 808 and 1122 laser exposure.

Cop sMngsFe;04 Cop sMng sFe;,04, @PMMA
Laser power (mW)  dT/dt (°C/s)  SAR (W/g)  dT/dt (°C/s) SAR (W/g)
808 nm laser
190 46.9 28.1 6.8 8.8
290 529 31.7 10.8 139
390 711 42.6 14.4 18.6
490 823 494 22.0 284
1122 nm laser
190 26.2 15.7 5.2 6.7
290 28.1 16.9 7.2 9.3
390 478 28.7 13.1 16.9
490 739 443 19.3 249

stimulated with AMF was around 61 °C, with 808 nm laser 86 °C,
with 1122 nm 84 °C and under dual-mode it was 101 °C. Thus we
believe that this type of contactless heat induction can be used for
efficient energy conversion to induce temperature effects on
composite materials with flexibility in parameters optimizing that
can control the final temperature response under the action of
different physical stimulations. This can be an interesting basis for
exploiting the potential of this type of hybrid in biological appli-
cations. However, one has to consider the biological safety

(a)

A AMF
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limitations of both external stimulants. For instance, it is generally
said that the AMF parameters namely field frequency (f) and field
intensity (H) the value of their product (fH) should not exceed
4.85.10® A/ms (Atkinson-Brezovich limit) or 5-10° A/ms (Hergt
limit)[45]. The tested AMF parameters on a chosen group of pa-
tients started to cause some discomfort after 60 min and depend
on the body part exposed|46]. In our experiments, the values of the
field frequency and intensity vary from 2.6-10% to 10.9 10° A/ms
depending on exact parameters applied with a maximum exposure
time of 5 min in the case of hybrids and tens of seconds in the case
of pure particles. The accepted limit of laser irradiation is 0.33 W/
cm?, but higher laser optical densities with shorter exposition
times can be also tolerated by the biological systems[19]. For both
excitation units (808 nm and 1122 nm - spot area, no focusing lens
used, was around 1cm? controlled by the optical fiber distance
from the sample) the laser optical densities were between 0.2 and
1 W/cm? though slightly below and above the limit. The main issue
with the estimation of whether both stimulants could cause any
significant adverse effect relies on scarce literature data and mixed
opinions especially when one considers short exposure times.
Additionally, such a rapid response of the magnetic nanoparticles
and especially composites lead to the conclusion that absorption of
both external stimulants is very effective that can be useful in the
engineering of modern EMI, light-shielding materials, or possibly
in the biomedical field as well.
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Fig. 6. Comparison of the energy conversion on CogsMngsFe;0, @PMMA hybrid under separate AMF, laser, and dual-mode stimulation with 808 nm (a) and 1122 nm (b).
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4. Conclusions

The hybrid materials consisting of inorganic magnetic material
namely CogsMngsFe,04 nanoparticles as a core and PMMA organic
shell were prepared by using an in-situ polymerization process. The
particle size of the composite was estimated to be between 400 and
500 nm whereas nanoparticles content was around 21%. The heating
ability of the produced hybrids was measured by using AMF, 808,
1122 nm laser exposure and under synergic action of both external
stimulants in a contactless manner. The results were compared with
the pure CogsMngsFe,04 nanoparticles and PMMA polymer used as
a reference sample. It was found that the heating ability of the pure
nanoparticles is a very rapid process and strongly depends on the
magnetic field parameters as well as the laser power. Moreover, laser
heating with both 808 and 1122 nm wavelengths is almost two times
faster for the core particles and overcomes the AMF heat induction.
In the case of the CogsMngsFe;,0,@PMMA composite materials
where the number of nanoheaters is smaller, in comparison to the
stock particles, the effect of synergic action of both stimulations is
more pronounced and allows for more effective heat generation than
under separate exposure. The SAR values for the composite material
under dual-mode were close to 30 W/g under dual-mode whereas
pure particles showed 49 and 44 W/g for the 808 and 1122 nm, re-
spectively. The AMF exposure alone led to the SAR close to 15 and
9.3 W/g for the CogsMngsFe;04. and hybrid materials.A
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Tytuk: Synergic Temperature Effect of Star-like Monodisperse Iron Oxide Nanoparticles and Their
Related Responses in Normal and Cancer Cells.

Autorzy: Magdalena Kulpa-Greszta, Maciej Wnuk, Anna Tomaszewska, Jagoda Adamczyk-Grochala,
Andrzej Dziedzic, Iwona Rzeszutek, Bartosz Zarychta, Dominika Btoniarz, Anna Lewinska, Robert
Pazik

Czasopismo: The Journal of Physical Chemistry B, 2022, 126, 42, 8515-8531, DOI:
10.1021/acs.jpcb.2c06061

Moéj wktad w powstanie pracy polegat na wykonaniu pomiaréw i analizie wynikow przedstawionych
na Fig. 6D, 6F.

MJdj wktad procentowy: 5%

/.\\\ al. Powstaficéw Warszawy 6, 35-959 Rzeszow
(£ ) WYDZIAt tel.: +48 17 865 1652, e-mail: chemia@prz.edu.pl
1'\@" s m{m”w = www.wch.prz.edu.pl



/

Y\
)) POLITECHNIKA e e 2 35955 oo
"+ RZESZOWSKA taei.: 22’; :;68:5 lla(;.:)z.a:mail,: ki-ncse?arizaeéz:r:'.edu.pl

im. IGNACEGO tUKASIEWICZA www.prz.edu.pl

Rzeszow, 08.02.2023

Dr hab. Andrzej Dziedzic, prof. UR
Instytut Fizyki

Kolegium Nauk Przyrodniczych
Uniwersytet Rzeszowski

ul. Pigonia 1, 35-310 Rzeszow

e-mail: adziedzic@ur.edu.pl

OSWIADCZENIE O WSPOLAUTORSTWIE

Potwierdzam mdj udziat w nastepujacych publikacjach:

Tytul: Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Andrzej Dziedzic, Robert Pazik
Czasopismo: RSC Advances, 2021, 11, 20708-20719, DOI: 10.1039/D1RA02977K

M¢j wklad w powstanie pracy polegal na wykonaniu obrazowania TEM oraz uczestnictwie
w redagowaniu manuskryptu w zakresie wynikoéw TEM.

Moj wkiad procentowy: 10%

Tytul: Synergic Temperature Effect of Star-like Monodisperse Iron Oxide Nanoparticles and Their
Related Responses in Normal and Cancer Cells.

Autorzy: Magdalena Kulpa-Greszta, Maciej Wnuk, Anna Tomaszewska, Jagoda Adamczyk-Grochala,
Andrzej Dziedzic, Iwona Rzeszutek, Bartosz Zarychta, Dominika Btoniarz, Anna Lewinska, Robert
Pazik

Czasopismo: The Journal of Physical Chemistry B, 2022, 126, 42, 8515-8531, DOI:
10.1021/acs.jpcb.2c06061

M¢j wkiad w powstanie pracy polegal na wykonaniu obrazowania TEM i SEM-EDX oraz
uczestnictwie w redagowaniu manuskryptu w zakresie wynikow TEM i SEM-EDX.
Moéj wkiad procentowy: 5%

Tytul: Alternating magnetic field and NIR energy conversion on magneto-plasmonic FesO@APTES—
Ag  heterostructures  with  SERS  detection  capability —and  antimicrobial  activity.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Anna Michalicha, Daniel Sikora, Andrzej
Dziedzic, Renata Wojnarowska-Nowak, Anna Belcarz, Robert Pazik
Czasopismo: RSC  Advances, 2022,12, 27396-27410, DOI: 10.1039/D2RA05207E
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Moj wkiad w powstanie pracy polegat na:

- pisaniu manuskryptu, jego redakcji i nanoszeniu poprawek,
- wykonaniu obrazowania TEM i mapowania SEM-EDX.
Moj wktlad procentowy: 10%

Tytuk: Heat generation on Fe;04@SiOx@Au core-shell structures using the synergy of an alternating
magnetic  field and NIR laser light within Ist biological optical — window.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Andrzej Dziedzic, Iwona Rzeszutek,
Robert Pazik

Czasopismo: Materials Today Communications, 2023, June 105513,

DOI: 10.1016/j.mtcomm.2023.105513

Mo6j wkiad w powstanie pracy polegat na:

- redakcji manuskryptu i odniesieniu si¢ do uwag recenzentow,

- wykonaniu obrazowania TEM i mapowania SEM-EDX.

Modj wkiad procentowy: 10%

Tytuk: Temperature effects induced by NIR photo-stimulation within Ist and IInd optical biological
window of seed-mediated multi-shell nanoferrites.

Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Andrzej Dziedzic, Robert Pazik
Czasopismo: Dalton Transactions, 2023, DOI: 10.1039/D2DT04178B

Mo6j wktad w powstanie pracy polegat na:

- wykonaniu obrazowania TEM i mapowania SEM-EDX,

- redakcji manuskryptu i odniesieniu si¢ do uwag recenzentéw oraz zredagowaniu koncowej formy
publikacji.

Moj wkiad procentowy: 10%
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Rzeszow, 08.02.2023
mgr inZ. Piotr Krzeminski
Centrum Dydaktyczno-Naukowe
Mikroelektroniki i Nanotechnologii
Kolegium Nauk Przyrodniczych
Uniwersytet Rzeszowski
ul. Pigonia 1, 35-310 Rzeszéw

e-mail: pkrzeminski@ur.edu.pl

OSWIADCZENIE O WSPOLAUTORSTWIE

Potwierdzam mdj udzial w nastepujacej publikacji:

Tytul: Contactless and synergic heat generation using AMF and laser radiation within Ist and 2nd
optical biological window on PMMA covered cobalt-manganese ferrite hybrid particles.

Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Emilia Zachanowicz, Piotr Krzeminski,
Robert Pazik

Czasopismo: Journal of Alloys and Compounds, 2022, 898, 162840

Moj wktad w powstanie pracy polegat na:

- obrazowaniu SEM

- dyskusji wynikow, edycji manuskryptu, jego redakcji i odniesieniu si¢ do uwag recenzentéw oraz
zredagowaniu koncowej formy publikacji.

Mo¢j wkilad procentowy: 10%
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Rzesz6w, 08.02.2023
mgr inz. Magdalena Kulpa-Greszta
Wydziat Chemiczny
Politechnika Rzeszowska
al. Powstancow Warszawy 6, 35-959 Rzeszow
e-mail: d436@stud.prz.edu.pl

OSWIADCZENIE O WSPOLAUTORSTWIE

Potwierdzam méj udziat w nastgpujacych publikacjach:

Tytuk: Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Andrzej Dziedzic, Robert Pazik
Czasopismo: RSC Advances, 2021, 11,20708-20719, DOI: 10.1039/D1RA02977K

Moj wklad w powstanie pracy polegat na:

- wspéitworzeniu koncepcji publikacji,

- opracowaniu i wyborze metodologii badan,

- syntezie nanoczastek,

- analizie i wizualnym opracowaniu wynikow,

- pisaniu manuskryptu

- zredagowaniu i edycji tre$ci manuskryptu,

- odniesieniu si¢ do uwag recenzentéw i zredagowaniu koncowej formy publikacji,

- pemieniu funkcji autora korespondencyjnego.

MJdj wkiad procentowy: 50%

Tytuk: Synergic Temperature Effect of Star-like Monodisperse Iron Oxide Nanoparticles and Their
Related Responses in Normal and Cancer Cells.

Autorzy: Magdalena Kulpa-Greszta, Maciej Wnuk, Anna Tomaszewska, Jagoda Adamczyk-Grochala,
Andrzej Dziedzic, Iwona Rzeszutek, Bartosz Zarychta, Dominika Bloniarz, Anna Lewinska, Robert
Pazik

Czasopismo: The Journal of Physical Chemistry B, 2022, 126, 42, 8515-8531,

DOI: 10.1021/acs.jpcb.2c06061

Modj wkiad w powstanie pracy polegat na:

- syntezie nanomateriatléw, modyfikacji powierzchni nanoczastek ligandem ETI,

al. Powstafncow Warszawy 6, 35-959 Rzeszéw
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- zaplanowaniu oraz wykonaniu wszystkich pomiaréw konwersji zmiennego pola magnetycznego i
promieniowania elektromagnetycznego na energi¢ cieplna, analizie oraz przygotowaniu graficznego
przedstawienia wynikow,

- redagowaniu oraz wprowadzaniu poprawek do manuskryptu w zakresie syntez oraz charakterystyki
nanomateriatéw

- przygotowaniu przedstawienia wynikéw z obrazowania TEM i STEM-EDX.

Moj wkiad procentowy: 20%

Tytuk: Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe;O(@APTES—
Ag  heterostructures  with  SERS  detection  capability —and  antimicrobial  activity.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Anna Michalicha, Daniel Sikora, Andrzej
Dziedzic, Renata Wojnarowska-Nowak, Anna Belcarz, Robert Pazik
Czasopismo: RSC Advances, 2022,12, 27396-27410, DOI: 10.1039/D2RA05207E

Moj wkiad w powstanie pracy polegat na:

- wspoltworzeniu koncepcji publikacji,

- opracowaniu pomystu i metodologii badan,

- pisaniu manuskryptu, jego redakcji i odniesieniu si¢ do uwag recenzentéw oraz zredagowaniu
koncowej formy publikacji,

- syntezie nanoczastek, heterostruktur i ich charakterystyce

- wykonaniu pomiaréw konwersji zmiennego pola magnetycznego i promieniowania
elektromagnetycznego na energig¢ cieplna,

- analizie danych i przygotowaniu graficznego przedstawienia wynikow,

- petieniu funkcji autora korespondencyjnego.

Moj wkiad procentowy: 30%

Tytuk: Heat generation on Fe;O@SiO>@Au core-shell structures using the synergy of an alternating
magnetic  field and NIR laser light within Ist  biological optical — window.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Andrzej Dziedzic, Iwona Rzeszutek,
Robert Pazik

Czasopismo: Materials Today Communications, 2023, June 105513,

DOI: 10.1016/j.mtcomm.2023.105513

Moj wkiad w powstanie pracy polegat na:

- wspéttworzeniu koncepcji publikacji,

- opracowaniu pomystu i metodologii badan,

- redakcji manuskryptu i odniesieniu si¢ do uwag recenzentéw oraz zredagowaniu koficowej formy

V= - al. Powstaficow Warszawy 6, 35-959 Rzeszéw
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publikacji,

- syntezie nanoczgstek, heterostruktur i ich charakterystyce

- wykonaniu pomiaréw konwersji zmiennego pola magnetycznego i promieniowania
elektromagnetycznego na energie cieplna,

- wykonaniu pomiaréw absorpcji,

- analizie danych i przygotowaniu graficznego przedstawienia wynikéw Rys. 2, 4 i 5,

- petnieniu funkcji autora korespondencyjnego.

M¢j wkiad procentowy: 40%

Tytuk: Temperature effects induced by NIR photo-stimulation within Ist and IInd optical biological
window of seed-mediated multi-shell nanoferrites.

Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Andrzej Dziedzic, Robert Pazik
Czasopismo: Dalton Transactions, 2023, DOI: 10.1039/D2DT04178B

M¢j wktad w powstanie pracy polegal na:

- pisaniu manuskryptu, jego redakcji i odniesieniu si¢ do uwag recenzentéw oraz zredagowaniu
koncowej formy publikacji,

- syntezie nanoczastek

- wykonaniu pomiar6w konwersji zmiennego pola magnetycznego i promieniowania
elektromagnetycznego na energie cieplna,

- analizie danych i przygotowaniu graficznego przedstawienia wynikéw Rys. 2, 4, 51 7-11.

Moj wklad procentowy: 50%

Tytul: Contactless and synergic heat generation using AMF and laser radiation within Ist and 2nd
optical biological window on PMMA covered cobalt-manganese ferrite hybrid particles.

Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Emilia Zachanowicz, Piotr Krzeminski,
Robert Pazik

Czasopismo: Journal of Alloys and Compounds, 2022, 898, 162840

Moj wkiad w powstanie pracy polegat na

- wspéttworzeniu koncepcji publikacji,

- opracowaniu pomystu i metodologii badan,

- pisaniu manuskryptu, jego redakcji i odniesieniu si¢ do uwag recenzentéw oraz zredagowaniu
koncowej formy publikacji,

- syntezie nanoczastek magnetycznych

- obrazowaniu TEM i mapowaniu STEM-EDS

- wykonaniu pomiar6w konwersji zmiennego pola magnetycznego i promieniowania
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elektromagnetycznego na energi¢ cieplna.

Mo6j wktad procentowy: 40%
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Rzeszow, 08.02.2023
dr hab. Anna Lewinska, prof. UR
Instytut Biologii i Biotechnologii
Kolegium Nauk Przyrodniczych
Uniwersytet Rzeszowski
ul. Pigonia 1, 35-310 Rzeszéw

e-mail: alewinska@ur.edu.pl

OSWIADCZENIE O WSPOLAUTORSTWIE

Potwierdzam mdj udzial w nastgpujacej publikacji:

Tytuk: Synergic Temperature Effect of Star-like Monodisperse Iron Oxide Nanoparticles and Their
Related Responses in Normal and Cancer Cells.

Autorzy: Magdalena Kulpa-Greszta, Maciej Wnuk, Anna Tomaszewska, Jagoda Adamczyk-Grochala,
Andrzej Dziedzic, Iwona Rzeszutek, Bartosz Zarychta, Dominika Btoniarz, Anna Lewinska, Robert
Pazik

Czasopismo: The Journal of Physical Chemistry B, 2022, 126, 42, 8515-8531, DOI:
10.1021/acs.jpcb.2c06061

Moj wktad w powstanie publikacji polegat na:

- pisaniu, redagowaniu i korekcie manuskryptu (sekcja: wptyw nanomateriatéw na uktady biologiczne)
- wykonaniu pomiaréw i analizie wynikéw przedstawionych na Fig. 6B, 6E, 8A, 8B, S2A, S2C.

Moj wktlad procentowy: 20%
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Rzeszow, 05.12.2022
mgr Anna Michalicha
Katedra i Zaktad Biochemii i Biotechnologii
Uniwersytet Medyczny w Lublinie
ul. Chodzki 1, 20-093 Lublin

e-mail: anna.michalicha@gmail.com

OSWIADCZENIE O WSPOLAUTORSTWIE

Potwierdzam méj udziat w nastgpujacej publikacji:

Tytul: Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe;O4@QAPTES—
Ag  heterostructures  with  SERS  detection  capability —and  antimicrobial  activity.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Anna Michalicha, Daniel Sikora, Andrzej
Dziedzic, Renata Wojnarowska-Nowak, Anna Belcarz, Robert Pazik
Czasopismo: RSC  Advances, 2022,12, 27396-27410, DOI: 10.1039/D2RA05207E
Mo6j wktad w powstanie pracy polegat na:

- pisaniu manuskryptu, jego redakcji i nanoszeniu poprawek,

- wykonaniu testow aktywno$ci antybakteryjnej oraz analizie i oméwieniu otrzymanych wynikow.

Moj wktad procentowy: 10%
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Rzeszow, 08.02.2023
dr hab. Robert Pazik, prof. UR
Instytut Biologii i Biotechnologii
Kolegium Nauk Przyrodniczych
Uniwersytet Rzeszowski
ul. Pigonia 1, 35-310 Rzeszéw
e-mail: rpazik@ur.edu.pl

OSWIADCZENIE O WSPOLAUTORSTWIE

Potwierdzam m6j udziat w nastepujacych publikacjach:

Tytuk: Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Andrzej Dziedzic, Robert Pazik
Czasopismo: RSC Advances, 2021, 11, 20708-20719, DOI: 10.1039/D1RA02977K

Méj wktad w powstanie pracy polegat na:

- wspéttworzeniu koncepcji publikacii,

- opracowaniu i wyborze metodologii badan,

- syntezie nanoczastek,

- analizie i wizualnym opracowaniu wynikéw,

- pisaniu manuskryptu

- zredagowaniu i edycji tresci manuskryptu,

- odniesieniu si¢ do uwag recenzent6w i zredagowaniu koncowej formy publikacii.

Moj wktad procentowy: 30%

Tytuk: Synergic Temperature Effect of Star-like Monodisperse Iron Oxide Nanoparticles and Their
Related Responses in Normal and Cancer Cells.

Autorzy: Magdalena Kulpa-Greszta, Maciej Wnuk, Anna Tomaszewska, Jagoda Adamczyk-Grochala,
Andrzej Dziedzic, Iwona Rzeszutek, Bartosz Zarychta, Dominika Bloniarz, Anna Lewinska, Robert
Pazik

Czasopismo: The Journal of Physical Chemistry B, 2022, 126, 42, 8515-8531, DOI:
10.1021/acs.jpcb.2c06061

Moj wkiad w powstanie pracy polegat na:

- konceptualizacji pracy z naciskiem na materiatoznawstwo i ogélng idee
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- pisaniu, redagowaniu i korekcie manuskryptu (synteza oraz charakterystyka nanomaterialow).

Moj wktad procentowy: 10%

Tytuk: Alternating magnetic field and NIR energy conversion on magneto-plasmonic FesO@APTES—
Ag  heterostructures  with  SERS  detection  capability —and  antimicrobial  activity.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Anna Michalicha, Daniel Sikora, Andrzej
Dziedzic, Renata Wojnarowska-Nowak, Anna Belcarz, Robert Pazik
Czasopismo: RSC  Advances, 2022,12, 27396-27410, DOI: 10.1039/D2RA05207E
Mo¢j wktad w powstanie pracy polegat na:

- wspéttworzeniu koncepcji publikacii,

- opracowaniu pomystu i metodologii badan,

- pisaniu manuskryptu, jego redakcji i odniesieniu si¢ do uwag recenzentéw oraz zredagowaniu
koncowej formy publikacji,

- analizie danych i przygotowaniu graficznego przedstawienia wynikéw,

- pemieniu funkcji autora korespondencyjnego.

Mdj wkiad procentowy: 20%

Tytuk: Heat generation on Fe;O4@SiOx@Au core-shell structures using the synergy of an alternating
magnetic  field and NIR laser light within Ist  biological — optical — window.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Andrzej Dziedzic, Iwona Rzeszutek,
Robert Pazik

Czasopismo: Materials Today Communications, 2023, June 105513,

DOI: 10.1016/j.mtcomm.2023.105513

Mo6j wkiad w powstanie pracy polegat na:

- wspottworzeniu koncepcji publikacji,

- opracowaniu pomystu i metodologii badan,

- pisaniu oraz redakcji manuskryptu i odniesieniu si¢ do uwag recenzentéw oraz zredagowaniu
koncowej formy publikacji,

- analizie danych i przygotowaniu graficznego przedstawienia wynikéw Rys. 6,

- pelnieniu funkcji autora korespondencyjnego.

MJdj wkiad procentowy: 30%

Tytul: Temperature effects induced by NIR photo-stimulation within Ist and IInd optical biological
window of seed-mediated multi-shell nanoferrites.

Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Andrzej Dziedzic, Robert Pazik

Yoz al. Powstaficow Warszawy 6, 35-959 Rzeszéw

[ ‘ ig n £ tel.: +48 17 865 1652, e-mail: chemia@prz.edu.pl
NS/ SHECENT www.wch.prz.edu.pl



al. Powstaficéw Warszawy 12, 35-959 Rzeszéw
RZ E S ZOWS KA tel.: +48 17 865 1100, e-mail: kancelaria@prz.edu.pl
im. IGNACEGO tUKASIEWICZA www.prz.edu.pl

zz; POLITECHNIKA

Czasopismo: Dalton Transactions, 2023, DOI: 10.1039/D2DT04178B

Moj wktad w powstanie pracy polegat na:

- wspoltworzeniu koncepcji publikacji,

- opracowaniu pomystu i metodologii badan,

- pisaniu manuskryptu, jego redakcji i odniesieniu si¢ do uwag recenzentéw oraz zredagowaniu
koncowej formy publikacji, 5

- analizie danych i przygotowaniu graficznego przedstawienia wynikéw Rys. 3,6, 101 11.

Moj wktad procentowy: 30%

Tytuk: Contactless and synergic heat generation using AMF and laser radiation within 1st and 2nd
optical biological window on PMMA covered cobalt-manganese ferrite hybrid particles.

Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Emilia Zachanowicz, Piotr Krzeminski,
Robert Pazik

Czasopismo: Journal of Alloys and Compounds, 2022, 898, 162840

M¢j wktad w powstanie pracy polegat na

- wspéttworzeniu koncepcji publikacji,

- opracowaniu pomystu i metodologii badan,

- pisaniu manuskryptu, jego redakcji i odniesieniu si¢ do uwag recenzentéw oraz zredagowaniu
koncowej formy publikacji.

Moj wktad procentowy: 30%

7N\ al. Powstancéw Warszawy 6, 35-959 Rzeszéw
( /' ) WYDZIAt tel.: +48 17 865 1652, e-mail: chemia@prz.edu.pl
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tel.: +48 17 865 1100, e-mail: kancelaria@prz.edu.pl
im. IGNACEGO tUKASIEWICZA www.prz.edu.pl

Rzeszéw, 08.02.2023
dr Iwona Rzeszutek

Instytut Biologii i Biotechnologii
Kolegium Nauk Przyrodniczych
Uniwersytet Rzeszowski

ul. Pigonia 1, 35-310 Rzeszéw

e-mail: irzeszutek@ur.edu.pl

OSWIADCZENIE O WSPOLAUTORSTWIE
Potwierdzam moéj udziat w nastepujacych publikacjach:

Tytul: Synergic Temperature Effect of Star-like Monodisperse Iron Oxide Nanoparticles and Their
Related Responses in Normal and Cancer Cells.

Autorzy: Magdalena Kulpa-Greszta, Maciej Wnuk, Anna Tomaszewska, Jagoda Adamczyk-Grochala,
Andrzej Dziedzic, Iwona Rzeszutek, Bartosz Zarychta, Dominika Btoniarz, Anna Lewinska, Robert
Pazik

Czasopismo: The Journal of Physical Chemistry B, 2022, 126, 42, 8515-8531, DOI:
10.1021/acs.jpcb.2c06061

Méj wkiad w powstanie pracy polegat na wykonaniu pomiaréw i analizie wynikéw przedstawionych
na Fig. 7B, S2D.

M6j wkiad procentowy: 5%

Tytul: Heat generation on Fe;O04@SiO>@Au core-shell structures using the synergy of an alternating
magnetic  field and NIR laser light within Ist  biological optical window.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Andrzej Dziedzic, Iwona Rzeszutek,
Robert Pazik

Czasopismo: Materials Today Communications, 2023, June 105513,

DOI: 10.1016/j.mtcomm.2023.105513

Modj wktad w powstanie pracy polegal na:

- pisaniu czgsci biologicznej manuskryptu i odniesieniu si¢ do uwag recenzentéw,

- wykonaniu testu MTT, analizie wynikéw i opracowaniu graficznym Rys. 7.

Modj wkiad procentowy: 10%

77T\ ) al. Powstaficéw Warszawy 6, 35-959 Rzeszéw
( i 9 ) WYDZIAL ‘ tel.: +48 17 865 1652, e-mail: chemia@prz.edu.pl
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Rzeszow, 08.02.2023

mgr inZz. Daniel Sikora

Instytut Biologii i Biotechnologii
Kolegium Nauk Przyrodniczych
Uniwersytet Rzeszowski

ul. Pigonia 1, 35-310 Rzeszéw
e-mail: sikoradaniel98@gmail.com

OSWIADCZENIE O WSPOLAUTORSTWIE

Potwierdzam mdj udzial w nastepujacej publikacji:

Tytuk:  Alternating magnetic field and NIR energy conversion on magneto-plasmonic
Fe;0,@APTES-Ag heterostructures with SERS detection capability and antimicrobial activity.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Anna Michalicha, Daniel Sikora, Andrzej
Dziedzic, Renata Wojnarowska-Nowak, Anna Belcarz, Robert Pazik
Czasopismo: RSC  Advances, 2022,12, 27396-27410, DOI: 10.1039/D2RA05207E
Méj wklad w powstanie pracy polegat na:

- pisaniu manuskryptu, jego redakcji i nanoszeniu poprawek,

- syntezie nanoczastek, heterostruktur i ich charakterystyce

- wykonaniu pomiaréw konwersji zmiennego pola magnetycznego i promieniowania
elektromagnetycznego na energie cieplng

Méj wklad procentowy: 5%

//y?\ ’ al. Powstancow Warszawy 6, 35-959 Rzeszow
(S RSN tel.: +48 17 865 1652, e-mail: chemia@prz.edu.pl
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Rzeszéw, 08.02.2023
mgr Anna Tomaszewska
Instytut Biologii i Biotechnologii
Kolegium Nauk Przyrodniczych
Uniwersytet Rzeszowski
ul. Pigonia 1, 35-310 Rzeszéw

e-mail: atomaszewska@ur.edu.pl

OSWIADCZENIE O WSPOLAUTORSTWIE

Potwierdzam m¢j udzial w nastepujacych publikacjach:

Tytuk: Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Andrzej Dziedzic, Robert Pazik
Czasopismo: RSC Advances, 2021, 11, 20708-20719, DOI: 10.1039/D1RA02977K

M¢j wktad w powstanie pracy polegat na:

- wspoltworzeniu koncepcji publikacji,

- opracowaniu i wyborze metodologii badan,

- syntezie nanoczastek,

- analizie i wizualnym opracowaniu wynikow,

- zredagowaniu i edycji tresci manuskryptu,

- odniesieniu si¢ do uwag recenzentéw i zredagowaniu koficowej formy publikacji.

Moj wktad procentowy: 10%

Tytul: Synergic Temperature Effect of Star-like Monodisperse Iron Oxide Nanoparticles and Their
Related Responses in Normal and Cancer Cells.

Autorzy: Magdalena Kulpa-Greszta, Maciej Wnuk, Anna Tomaszewska, Jagoda Adamczyk-Grochala,
Andrzej Dziedzic, Iwona Rzeszutek, Bartosz Zarychta, Dominika Btoniarz, Anna Lewinska, Robert
Pazik

Czasopismo: The Journal of Physical Chemistry B, 2022, 126, 42, 8515-8531, DOI:
10.1021/acs.jpcb.2c06061

Modj wkiad w powstanie pracy polegat na:

- syntezie nanomateriatow, modyfikacji powierzchni nanoczastek ligandem ETI,

- wykonaniu pomiaréw proszkowej dyfrakcji rentgenowskiej oraz spektroskopii w podczerwienie z

)

al. Powstancéw Warszawy 6, 35-959 Rzeszéw
tel.: +48 17 865 1652, e-mail: chemia@prz.edu.pl
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transformatg Fouriera niezbednych do charakterystyki nanomateriatow, analizie oraz przygotowaniu
graficznego przedstawienia wynikow,

- redagowaniu oraz wprowadzaniu poprawek manuskryptu w zakresie syntez oraz charakterystyki
nanomateriatow.

Moj wktad procentowy: 5%

Tytuk: Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe;O4@APTES—
Ag  heterostructures  with  SERS  detection  capability —and  antimicrobial  activity.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Anna Michalicha, Daniel Sikora, Andrzej
Dziedzic, Renata Wojnarowska-Nowak, Anna Belcarz, Robert Pazik
Czasopismo: RSC  Advances, 2022,12, 27396-27410, DOI: 10.1039/D2RA05207E
Moj wkiad w powstanie pracy polegat na:

- pisaniu manuskryptu, jego redakcji i nanoszeniu poprawek,

- syntezie nanoczastek, heterostruktur i ich charakterystyce.

Moj wkiad procentowy: 5%

Tytul: Heat generation on Fe;04@SiO>@Au core-shell structures using the synergy of an alternating
magnetic  field and NIR laser light within Ist  biological  optical — window.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Andrzej Dziedzic, Iwona Rzeszutek,
Robert Pazik

Czasopismo: Materials Today Communications, 2023, June 105513,

DOI: 10.1016/j.mtcomm.2023.105513

Moj wkiad w powstanie pracy polegat na:

- redakcji manuskryptu i odniesieniu si¢ do uwag recenzentéw oraz zredagowaniu konicowej formy
publikacji,

- syntezie nanoczastek, heterostruktur i ich charakterystyce

- wykonaniu pomiaréw XRD i FTIR-ATR,

- analizie danych i przygotowaniu graficznego przedstawienia wynikéw Rys 1 i 3.

Moj wkiad procentowy: 10%

Tytul: Temperature effects induced by NIR photo-stimulation within Ist and lInd optical biological
window of seed-mediated multi-shell nanoferrites.

Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Andrzej Dziedzic, Robert Pazik
Czasopismo: Dalton Transactions, 2023, DOI: 10.1039/D2DT04178B

Moj wkiad w powstanie pracy polegat na:

al. Powstaincow Warszawy 6, 35-959 Rzeszéw
tel.: +48 17 865 1652, e-mail: chemia@prz.edu.pl
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- syntezie nanoczastek,

- wykonaniu pomiaréw dyfrakcji proszkowej XRD,

- pisaniu manuskryptu, jego redakcji i odniesieniu si¢ do uwag recenzentéw oraz zredagowaniu
koncowej formy publikacji,

- analizie danych i przygotowaniu graficznego przedstawienia wynikéw Rys. 1,.

Moj wktad procentowy: 10%

Tytul: Contactless and synergic heat generation using AMF and laser radiation within 1st and 2nd
optical biological window on PMMA covered cobalt-manganese ferrite hybrid particles.

Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Emilia Zachanowicz, Piotr Krzeminski,
Robert Pazik

Czasopismo: Journal of Alloys and Compounds, 2022, 898, 162840

Moj wktad w powstanie pracy polegat na

- wykonaniu pomiaréw do charakterystyki nanomaterialu za pomocag technik FTIR i XRD
- dyskusji wynikéw, edycji manuskryptu, jego redakcji i odniesieniu si¢ do uwag recenzentéw oraz
zredagowaniu konicowej formy publikacji.

Moj wkiad procentowy: 10%
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Rzeszow, 08.02.2023
dr hab. Maciej Wnuk, prof. UR
Instytut Biologii i Biotechnologii
Kolegium Nauk Przyrodniczych
Uniwersytet Rzeszowski
ul. Pigonia 1, 35-310 Rzeszéw

e-mail: mwnuk@ur.edu.pl

OSWIADCZENIE O WSPOLAUTORSTWIE

Potwierdzam moj udzial w nastepujacej publikacji:

Tytul: Synergic Temperature Effect of Star-like Monodisperse Iron Oxide Nanoparticles and Their
Related Responses in Normal and Cancer Cells.

Autorzy: Magdalena Kulpa-Greszta, Maciej Wnuk, Anna Tomaszewska, Jagoda Adamczyk-Grochala,
Andrzej Dziedzic, Iwona Rzeszutek, Bartosz Zarychta, Dominika Btoniarz, Anna Lewinska, Robert
Pazik

Czasopismo: The Journal of Physical Chemistry B, 2022, 126, 42, 8515-8531, DOL
10.1021/acs.jpcb.2c06061

Moj wktad w powstanie pracy polegat na:

- pisaniu, redagowaniu i korekcie manuskryptu (sekcja: wplyw nanomaterialow na uktady
biologiczne).

- wykonaniu pomiaréw i analizie wynikéw przedstawionych na Fig. 6C, 7A i S2B.
Mo¢j wktad procentowy: 15%
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Rzeszéw, 08.02.2023

dr Renata Wojnarowska-Nowak
Centrum Dydaktyczno-Naukowe
Mikroelektroniki i Nanotechnologii
Kolegium Nauk Przyrodniczych
Uniwersytet Rzeszowski

ul. Pigonia 1, 35-310 Rzeszéw

e-mail: rwojnar@ur.edu.pl

OSWIADCZENIE O WSPOLAUTORSTWIE

Potwierdzam mdj udziat w nastegpujacych publikacjach:

Tytul: Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe;O@APTES—
Ag  heterostructures  with  SERS  detection  capability —and  antimicrobial  activity.
Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Anna Michalicha, Daniel Sikora, Andrzej
Dziedzic, Renata Wojnarowska-Nowak, Anna Belcarz, Robert Pazik
Czasopismo: RSC  Advances, 2022,12, 27396-27410, DOI: 10.1039/D2RA05207E
Mo6j wktad w powstanie pracy polegat na:

- pisaniu manuskryptu, jego redakcji i nanoszeniu poprawek,

- wykonaniu pomiaréw powierzchniowo wzmocnionej spektroskopii Ramana (SERS) oraz analizie
wynikow.

MJdj wkiad procentowy: 10%
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Rzeszow, 08.02.2023
dr inz. Emilia Zachanowicz
Katedra Inzynierii i Technologii Polimerow
Wydziat Chemiczny
Politechnika Wroctawska
Ul. Wybrzeze Wyspianskiego 27, 50-370 Wroctaw

e-mail: emilia.zachanowicz@pwr.edu.pl

OSWIADCZENIE O WSPOLAUTORSTWIE

Potwierdzam mdj udziat w nastepujacej publikacji:

Tytul: Contactless and synergic heat generation using AMF and laser radiation within 1st and 2nd
optical biological window on PMMA covered cobalt-manganese ferrite hybrid particles.

Autorzy: Magdalena Kulpa-Greszta, Anna Tomaszewska, Emilia Zachanowicz, Piotr Krzeminski,
Robert Pazik

Czasopismo: Journal of Alloys and Compounds, 2022, 898, 162840

Mo6j wkiad w powstanie pracy polegal na:

- Syntezie hybryd Co, sMny sFe,O4@PMMA

- wykonaniu pomiaréw TGA i DSC

- dyskusji wynikow, edycji manuskryptu, jego redakcji i odniesieniu sie do uwag recenzentéw oraz
zredagowaniu koncowej formy publikacji.

Moj wktad procentowy: 10%

al. Powstancow Warszawy 6, 35-959 Rzeszow
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im. IGNACEGO EUKASIEWICZA www.prz.edu.pl

Rzeszow, 08.02.2023
dr hab. Bartosz Zarychta, prof. UO

Katedra Chemii Nieorganicznej i Strukturalnej
Wydziat Chemii

Uniwersytet Opolski

ul. Oleska 48, 45-052 Opole

e-mail: bartosz.zarychta@uni.opole.pl

OSWIADCZENIE O WSPOLAUTORSTWIE

Potwierdzam m¢j udzial w nastepujacej publikacji:

Tytuk: Synergic Temperature Effect of Star-like Monodisperse Iron Oxide Nanoparticles and Their
Related Responses in Normal and Cancer Cells.

Autorzy: Magdalena Kulpa-Greszta, Maciej Wnuk, Anna Tomaszewska, Jagoda Adamczyk-Grochala,
Andrzej Dziedzic, Iwona Rzeszutek, Bartosz Zarychta, Dominika Bloniarz, Anna Lewiniska, Robert
Pazik

Czasopismo: The Journal of Physical Chemistry B, 2022, 126, 42, 8515-8531, DOI:
10.1021/acs.jpcb.2c06061

Moj wkiad w powstanie pracy polegat na wykonaniu obliczen metoda Rietvelda.

Moj wklad procentowy: 5%

/ al. Powstaficow Warszawy 6, 35-959 Rzeszow
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1.
2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Skutki oddziatywania wysokiej temperatury na materiat biologiczny. Licencja CC BY 4.0.

Zmiana stosunku powierzchni do objetosci towarzyszaca rozdrobnieniu materialu obrazujaca
drastyczny wzrost powierzchni wiasciwej jako potencjalne zrodto odpowiedzialne za unikatowe
wiasciwosci nanoobiektéw. Przygotowano w BioRender.

Koncepcja zastosowania nanomaterialtdw w nowoczesnych terapiach zwalczania choréb
neoplastycznych w oparciu o zjawisko hipertermii lokalizowanej. Przygotowano w BioRender.
Schematyczne przedstawienie petli  histerezy wraz z  podstawowymi  wielkosciami
charakteryzujacymi materiat magnetyczny. Licencja CC BY 4.0.

Schemat przedstawiajacy powstawanie pradéw wirowych. Licencja CC BY 3.0.

Typowy przebieg zaleznosci indukcji magnetycznej od natgzenia pola magnetycznego
dla materiatéw superparamagnetycznych (a). Mechanizmy relaksacji Néela i Browna (b). Licencja
CC BY 4.0.

Zaleznos¢ pola koercji od rozmiaru nanoczastek i ich struktury magnetycznej. Licencja CC BY 4.0.
Schemat oddziatywania promieniowania elektromagnetycznego na materie (a); zmiany
wspotczynnika ekstynkcji dla uktadow biologicznego ze wskazaniem | i Il biologicznej bramki
optycznej (b). Przedruk za zgods.

Komodrka elementarna struktury krystalicznej spinelu odwréconego (struktura magnetytu (FesOa)).
Licencja CC BY 3.0.

Uproszczony schemat syntezy metoda dekompozycji termicznej w oparciu o ciagly wzrost
temperatury. Przygotowano w BioRender.com.

Schemat syntezy metoda goracego nastrzyku. Przygotowano w BioRender.com.

Schemat syntezy metoda wzrostu na rdzeniach. Przygotowano w BioRender.com.

Schemat syntezy z wykorzystaniem pobudzenia mikrofalowego. Przygotowano w BioRender.com.
Schemat syntezy heterostruktur magnetyczno-plazmonowych. Przygotowano w BioRender.com.
Wytwarzanie hybryd nieorganiczno-organicznych o strukturze rdzen-otoczka. Przygotowano
w BioRender.com.

Funkcjonalizacja  powierzchni  nanoczastek magnetycznych pochodnymi  fosfonowymi.
Przygotowano w BioRender.com.

Ideowy schemat zasady dziatania rentgenowskiego dyfraktometru proszkowego. Przygotowano
w BioRender.com.

Uproszczony schemat budowy transmisyjnego mikroskopu elektronowego. Przygotowano
w BioRender.com.

Uproszczony schemat ukladu pomiarowego w technice FTIR-ATR. Przygotowano
w BioRender.com.

Stanowisko pomiarowe do badania konwersji zmiennego pola magnetycznego, swiatta z zakresu
NIR oraz trybu synergii obu czynnikéw zewngtrznych (a) oraz schemat celki pomiarowej uktadu

(b). Przygotowano w BioRender.com.

177

23

24

27

28

29

30

31

37

39

45

46

47

48

49

50

51

51

53

54

56



14. Literatura

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.
28.

Jaque D, Maestro LM, Rosal B del, et al. Nanoparticles for photothermal therapies. Nanoscale.
2014;6:9494-9530.

Sharma SK, Shrivastava N, Rossi F, Duc L, Thi N, Thanh K. Nano Today Nanoparticles-based magnetic
and photo induced hyperthermia for cancer treatment. Nano Today. 2019;29:100795.

Kok HP, Cressman ENK, Ceelen W, et al. Heating technology for malignant tumors: a review. Int J
Hyperth. 2020;37:711-741.

Gao S, Zheng M, Ren X, Tang Y, Liang X. Local hyperthermia in head and neck cancer: mechanism,
application and advance. Oncotarget. 2016;7:57367-57378.

Gavila H, Avugadda SK, Fernandez-Cabada T, et al. Magnetic nanoparticles and clusters for magnetic
hyperthermia: optimizing their heat performance and developing combinatorial therapies to tackle cancer.
Chem Soc Rev. 2021;50:11614-11667.

Chang D, Lim M, Goos JACM, Qiao R, Ng YY. Biologically Targeted Magnetic Hyperthermia: Potential
and Limitations. Front Pharmacol. 2018;9.

Hervault A, Thanh NTK. for thermo-chemotherapy treatment of cancer. Nanoscale. 2015;6:11553-11573.
Heuer-Jungemann A, Feliu N, Bakaimi I, et al. The Role of Ligands in the Chemical Synthesis and
Applications of Inorganic Nanoparticles. Chem Rev. 2019;119:4819—-4880.

Ribeiro TP, Moreira JA, Monteiro FJ, Laranjeira MS. Nanomaterials in cancer: Reviewing the
combination of hyperthermia and triggered chemotherapy. J Control Release. 2022;347:89-103.

Liebl CM, Kutschan S, Dérfler J, Kdsmann L, Hiibner J. Systematic review about complementary medical
hyperthermia in oncology. Clin Exp Med. 2022;22:519-565.

Longo UG, Ronga M, Maffulli N, Orth F. Achilles Tendinopathy. Sports Med Arthrosc. 2009;17:112-126.
Suriyanto, Ng EYK, Kumar SD. Physical mechanism and modeling of heat generation and transfer in
magnetic fluid hyperthermia through Néelian and Brownian relaxation : a review. Biomed Eng Online.
2017:1-22.

Song CW, Park HJ, Lee CK et al. Implications of increased tumor blood flow and oxygenation caused by
mild temperature hyperthermia in tumor treatment. Int J Hyperth. 2009;6736:761-767.

Flores-Rojas GG, Lopez-Saucedo F, Vera-Graziano R, Mendizabal E, Bucio E. Magnetic Nanoparticles
for Medical Applications : Updated Review. Macromol. 2022;2:374-390.

Payne M, Bossmann SH, Basel MT. Direct treatment versus indirect: Thermo-ablative and mild
hyperthermia effects. WIREs Nanomedicine Nanotechnol. 2020;12:1-20.

Hergt R, Andra W. Magnetic Hyperthermia and Thermoablation. In: Magnetism in Medicine: A Handbook,
Second Edition.; 2007:550-570.

Li J, Wang S, Fontana F, Tapeinos C, Shahbazi M, Han H. Bioactive Materials Nanoparticles-based
phototherapy systems for cancer treatment: Current status and clinical potential. Bioact Mater.
2023;23:471-507.

Lim E, Kim T, Paik S, Haam S, Huh Y, Lee K. Nanomaterials for Theranostics: Recent Advances and
Future Challenges. Chem Rev. 2015;115:327-394.

Farzin L, Saber R, Sadjadi S, Mohagheghpour E. Nanomaterials-based hyperthermia: A literature review
from concept to applications in chemistry and biomedicine. J Therm Biol. 2022;104:103201.

Varanda LC, Souza CGS, Moraes DA, Neves HR. Size and shape-controlled nanomaterials based on
modified polyol and thermal decomposition approaches. A brief review. An Acad Bras Cienc. 2019;91:1-
32.

Chandrakala V, Valmiki A, Angajala G. Review on metal nanoparticles as nanocarriers: current challenges
and perspectives in drug delivery systems. Emergent Mater. 2022;5:1593-1615.

Roca AG, Gutiérrez L, Gavilan H, et al. Design strategies for shape-controlled magnetic iron oxide
nanoparticles. Adv Drug Deliv Rev. 2019;138:68-104.

Sanita G, Carrese B, Lamberti A. Nanoparticle Surface Functionalization: How to Improve
Biocompatibility and Cellular Internalization. Front Mol Biosci. 2020;7.

Zhao L, Zhang X, Wang X, Guan X, Zhang W, Ma J. Recent advances in selective photothermal therapy
of tumor. J Nanobiotechnology. 2021;19:1-15.

Gao D, Guo X, Zhang X, et al. Multifunctional phototheranostic nanomedicine for cancer imaging and
treatment. Mater Today Bio. 2020;5:100035.

Vaishnav A, Kumar P, Dubey SK et al. Recent advances in nanoparticles mediated photothermal therapy
induced tumor regression. Int J Pharm. 2021;606:120848.

Singh R, Torti S V. Carbon nanotubes in hyperthermia therapy. Adv Drug Deliv Rev. 2013;65:2045-2060.
Liu J, Wang C, Wang X, Wang X, Cheng L, Li Y. Mesoporous Silica Coated Single-Walled Carbon
Nanotubes as a Multifunctional Light-Responsive Platform for Cancer Combination Therapy. Adv Funct
Mater. 2015;25:384-392.

178



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47,

48.

49,

50.

51.

52.

53.

54.

55.

Christine A, Silva A, Paula A, et al. Biological analysis and imaging applications of
CdSe/CdSxSel1—x/CdS core-shell magic-sized quantum dot. Nanomedicine Nanotechnology, Biol Med.
2016;12:1421-1430.

Chu VH, Ha T, Nghiem L, Le TH, Vu DL. Synthesis and optical properties of water soluble CdSe/CdS
quantum dots for biological applications. Adv Nat Sci Nanosci Nanotechnol. 2012;3:025017.

Filali S, Pirot F, Miossec P. Biological Applications and Toxicity Minimization of Semiconductor
Quantum Dots. Trends Biotechnol. 2020;38:163-177.

Tosat-bitrian C, Palomo V. CdSe quantum dots evaluation in primary cellular models or tissues derived
from patients ,. Nanomedicine Nanotechnology, Biol Med. 2020;30:102299.

Kumar DS, Kumar BJ, Mahesh HM. Quantum Nanostructures (QDs): An Overview. In: Synthesis of
Inorganic Nanomaterials. Elsevier Ltd.; 2018:59-88.

Takagahara T, Takeda K. Theory of the quantum confinement effect on excitons in quantum dots of
indirect-gap materials. Phys Rev B. 1992;46:578-581.

Gaponenko S V., Demir HV. Chapter 3 -Quantum confinement effects in semiconductors. In: Applied
Nanophotonics. Cambridge University Press; 2018:52-91.

Chu M, Pan X, Zhang D, Wu Q, Peng J, Hai W. The therapeutic efficacy of CdTe and CdSe quantum dots
for photothermal cancer therapy. Biomaterials. 2012;33:7071-7083.

Rosal B, Pérez-delgado A, Carrasco E, Jovanovic DJ, Sanz-rodriguez F, Jaque D. Neodymium-Based
Stoichiometric Ultrasmall Nanoparticles for Multifunctional Deep-Tissue Photothermal Therapy. Adv Opt
Mater. 2016;4:782-789.

Ximendes E, Marin R, Carlos LD, Jaque D. Less is more: dimensionality reduction as a general strategy
for more precise luminescence thermometry. Light Sci Appl. 2022;11:237.

Perisa J, Ristic Z, Piotrowski W, Antic Z, Marciniak L, Dramicanin MD. All near-infrared multiparametric
luminescence thermometry using Er3+,Yb3+-doped YAG nanoparticles. RSC Adv. 2021;11:15933-15942.
Barbusinski K. Fenton reaction - Controversy concerning the chemistry. Ecol Chem Eng S. 2009;16:347-
358.

Uhl L, Gerstel A, Chabalier M, Dukan S. Hydrogen peroxide induced cell death : One or two modes of
action? Heliyon. 2015;1:e00049.

Espinosa A, Corato R Di, Kolosnjaj-tabi J, Flaud P, Pellegrino T, Wilhelm C. Duality of Iron Oxide
Nanoparticles in Cancer Therapy : Amplification of Heating Efficiency by Magnetic Hyperthermia and
Photothermal Bimodal Treatment. ACS Nano. 2016;10:2436—2446.

Shaterabadi Z, Nabiyouni G, Soleymani M. Physics responsible for heating ef fi ciency and self-controlled
temperature rise of magnetic nanoparticles in magnetic hyperthermia therapy. Prog Biophys Mol Biol.
2018;133:9-19.

Wallyn J, Anton N, Vandamme TF. Synthesis, Principles, and Properties of Magnetite Nanoparticles for
In Vivo Imaging Applications - A Review. Pharmaceutics. 2019;11:601.

Rodriguez-Sotelo D, Rodriguez-Licea MA, Araujo-Vargas |, Prado-Olivarez J, Perez-Pinal FJ. Power
Losses Models for Magnetic Cores : A Review. Micromachines. 2022;13:1-27.

Khan U, Adeela N, Wan CH, et al. Response of iron oxide on hetero-nanostructures of soft and hard
ferrites. Superlattices Microstruct. 2016;92:374-379.

Lopez-Ortega A, Estrader M, Salazar-Alvarez G. Applications of exchange coupled bi-magnetic hard /
soft and soft / hard magnetic core / shell nanoparticles. Phys Rep. 2015;553:1-32.

Garcia-Martin J, Gomez-Gil J, Vazquez-Sanchez E. Non-Destructive Techniques Based on Eddy Current
Testing. Sensors. 2011;11:2525-2565.

Atkinson WJ, Brezovich 1A, Chakraborty DEVP. Usable Frequencies in Hyperthermia with Thermal
Seeds T1r-. IEEE Trans Biomed Eng. 1984;BME-31:70-75.

Hergt R, Dutz S. Magnetic particle hyperthermia - biophysical limitations of a visionary tumour therapy.
J Magn Magn Mater. 2007;311:187-192.

Dutz S, Hergt R. Magnetic nanoparticle heating and heat transfer on a microscale: Basic principles,
realities and physical limitations of hyperthermia for tumour therapy for tumour therapy. Int J Hyperth.
2013;6736:790-800.

Huang HS, Hainfeld JF. Intravenous magnetic nanoparticle cancer hyperthermia. Int J Nanomedicine.
2013;8:2521-2532.

Rosensweig RE. Heating magnetic fluid with alternating magnetic field. J Magn Magn Mater.
2002;252:370-374.

Zeinoun M, Serrano D, Medina PT, Gracia O, Vasic M, Serrano-Olmedo JJ. Configurable High-Frequency
Alternating Magnetic Field Generator for Nanomedical Magnetic Hyperthermia Applications. Digit
Object Identifier. 2021;9:105805-105816.

Lee JS, Cha JM, Yoon HY, Lee J, Kim YK. Magnetic multi-granule nanoclusters: A model system that
exhibits universal size effect of magnetic coercivity. Sci Rep. 2015;5:1-7.

179



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Wu L, Mendoza-Garcia A, Li Q, Sun S. Organic Phase Syntheses of Magnetic Nanoparticles and Their
Applications. Chem Rev. 2016;116:10473-10512.

Akbarzadeh A, Samiei M, Davaran S. Magnetic nanoparticles: preparation , physical properties, and
applications in biomedicine. Nanoscale Res Lett. 2012;7:1-13.

Cervadoro A, Giverso C, Pande R, et al. Design Maps for the Hyperthermic Treatment of Tumors with
Superparamagnetic Nanoparticles. PLoS One. 2013;8:1-14.

Nabavinia M, Beltran-Huarac J. Recent Progress in Iron Oxide Nanoparticles as Therapeutic Magnetic
Agents for Cancer Treatment and Tissue Engineering. Appl Bio Mater. 2020;3:8172-8187.

Sperling RA, Parak WJ. Surface modification , functionalization and bioconjugation of colloidal inorganic
nanoparticles. Phylosophical Trans R Soc A. 2010;368:1333-1383.

Bogdan N, Vetrone F, Capobianco JA. Synthesis of Ligand-Free Colloidally Stable Water Dispersible
Brightly Luminescent Lanthanide-Doped Upconverting Nanoparticles. Nano Lett. 2011;11:835-840.
Jurga N, Przybylska D, Kaminski P, Grzyb T. Improvement of ligand - free modification strategy to obtain
water-stable up-converting nanoparticles with bright emission and high reaction yield. Sci Rep. 2021;11:1-
10.

Kogkar H, Karaagac O, Ozel F. Effects of biocompatible surfactants on structural and corresponding
magnetic properties of iron oxide nanoparticles coated by hydrothermal process. J Magn Magn Mater.
2019;474:332-336.

Wu W, He Q, Jiang C. Magnetic Iron Oxide Nanoparticles: Synthesis and Surface Functionalization
Strategies. Nanoscale Res Lett. 2008;3:397-415.

Wu W, Wu Z, Yu T, et al. Recent progress on magnetic iron oxide nanoparticles : synthesis , surface
functional strategies and biomedical applications. Sci Technol Adv Mater. 2015;16:23501.

Zhu N, Ji H, Yu P, et al. Surface Modification of Magnetic Iron Oxide Nanoparticles. Nanomaterials.
2018;8:1-27.

Pazik R, Andersson R, Kepinski L, Nedelec J-M, Kessler VG, Seisenbaeva GA. Surface Functionalization
of the Metal Oxide Nanoparticles with Biologically Active Molecules Containing Phosphonate Moieties .
Case Study of BaTiO3 J Phys Chem C. 2011;115:9850-9860.

Laurent S, Forge D, Port M, et al. Magnetic Iron Oxide Nanoparticles: Synthesis, Stabilization,
Vectorization, Physicochemical Characterizations, and Biological Applications. Chem Rev.
2008;108:2064-2110.

Cattani-Scholz A. Functional Organophosphonate Interfaces for Nanotechnology: A Review. Appl Mater
interfaces. 2017;9:25643—25655.

Benbenishty-Shamir H, Gilert R, Gotman I, Gutmanas EY, Sukenik CN. Phosphonate-Anchored
Monolayers for Antibody Binding to Magnetic Nanoparticles. Langmuir. 2011;27:12082-12089.
Nowack B. Environmental chemistry of phosphonates. Water Res. 2003;37:2533-2546.

Walter A, Garofalo A, Parat A, Martinez H, Felder-Flesch D. Functionalization strategies and
dendronization of iron oxide nanoparticles. Nanotechnol Rev. 2015;4:581-593.

Muthiah M, Park I, Cho C. Surface modification of iron oxide nanoparticles by biocompatible polymers
for tissue imaging and targeting. Biotechnol Adv. 2013;31:1224-1236.

Ma'Y, Zhang X, Zeng T, et al. Polydopamine-Coated Magnetic Nanoparticles for Enrichment and Direct
Detection of Small Molecule Pollutants Coupled with MALDI- TOF-MS. Appl Mater Interfaces.
2013;5:1024-1030.

Anbarasu M, Anandan M, Chinnasamy E, Gopinath V, Balamurugan K. Synthesis and characterization of
polyethylene glycol (PEG) coated Fe304 nanoparticles by chemical co-precipitation method for
biomedical applications. Spectrochim Acta Part A Mol Biomol Spectrosc. 2015;135:536-539.

Shete PB, Patil RM, Thorat ND, et al. Magnetic chitosan nanocomposite for hyperthermia therapy
application : Preparation , characterization and in vitro experiments. Appl Surf Sci. 2014;288:149-157.
Dadfar SM, Roemhild K, Drude NI, et al. Iron oxide nanoparticles: Diagnostic, therapeutic and theranostic
applications. Adv Drug Deliv Rev. 2019;138:302-325.

Qiao L, Fu Z, LiJ, et al. Standardizing Size- and Shape-Controlled Synthesis of Monodisperse Magnetite
(Fe304) Nanocrystals by Identifying and Exploiting Effects of Organic Impurities. ACS Nano.
2017;11:6370-6381.

Muro-Cruces J, Roca AG, Lopez-Ortega A, et al. Precise Size Control of the Growth of Fe304 Nanocubes
over a Wide Size Range Using a Rationally Designed One-Pot Synthesis . ACS Nano. 2019;13:7716-7728.
Guardia P, Pérez-Juste J, Labarta A, Batlle X, Liz-Marzan LM. Heating Rate Influence on the Synthesis
of Iron Oxide Nanoparticles: The Case of Decanoic Acid. Chem Commun. 2010;46:6108-6110.
Wesemann C, Klimke S, Lu F, et al. Water Transfer of Magnetic Nanoparticles with Different
Morphologies by Means of a Ligand Exchange Reaction with a Short-Chained Catechol Derivate. J Phys
Chem C. 2022;126:21050—21060.

Yachi T, Matsubara M, Shen C, et al. Water-Dispersible Fe304 Nanoparticles Modified with Controlled

180



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

Numbers of Carboxyl Moieties for Magnetic Induction Heating. Appl Nano Mater. 2021;4:7395—-7403.
Wang M, Wang N, Tang H, Cao M, She Y, Zhu L. Surface modification of nano-Fe304 with EDTA and
its use in H202 activation for removing organic pollutants. Catal Sci Technol. 2012;2:187-194.
Magdalena AG, Silva IMB, Marques RFC, Pipi ARF, Lisboa-Filho PN, Jafelicci Jr M. EDTA-
functionalized Fe304 nanoparticles. J Phys Chem Solids. 2018;113:5-10.

Olariu Cl, Yiu HHP, Bouffier L, et al. Multifunctional Fe304 nanoparticles for targeted bi-modal imaging
of pancreatic cancer. J Mater Chem. 2011;21:12650-12659.

Gawali SL, Shelar SB, Gupta J, Barick KC, Hassan PA. Immaobilization of protein on Fe304 nanoparticles
for magnetic hyperthermia application. Int J Biol Macromol. 2021;166:851-860.

Tekade RK, Kumar PV, Jain NK. Dendrimers in Oncology: An Expanding Horizon. Chem Rev.
2009;109:49-87.

Strable E, Bulte JWM, Moskowitz B, Vivekanandan K, Allen M, Douglas T. Synthesis and
Characterization of Soluble Iron Oxide - Dendrimer Composites. Chem Mater. 2001; 13:2201-2209.
Tawfik M, Chen F, Goldberg JL, Sabel BA. Nanomedicine and drug delivery to the retina: current status
and implications for gene therapy. Naunyn Schmiedebergs Arch Pharmacol. 2022;395:1477-1507.

Saedi S, Rhim J. Synthesis of Fe304@SiO2@PAMAM dendrimer@AgNP hybrid nanoparticles for the
preparation of carrageenan-based functional nanocomposite film. Food Packag Shelf Life.
2020;24:100473.

Sun H, Zeng X, Liu M, et al. Synthesis of Size-Controlled Fe304@SiO2 Magnetic Nanoparticles for
Nucleic Acid Analysis to : J Nanosci Nanotechnol. 2012;12:267-273.

Li C, Ma C, Wang F, et al. Preparation and Biomedical Applications of Core-Shell Silica/Magnetic
Nanoparticle Composites. J Nanosci Nanotechnol. 2012;12:2964-2972.

Xin C, Jing Y, Yang-Long H. Surface modification of magnetic nanoparticles in biomedicine. Chinese
Phys B. 2015;24:014704.

Abbas M, Rao BP, Islam N, Naga SM. Highly stable- silica encapsulating magnetite nanoparticles
(Fe304/Si02) synthesized using single surfactantless- polyol process. Ceram Int. 2014;40:1379-1385.
Wang F, Pauletti GM, Wang J, et al. Dual Surface-Functionalized Janus Nanocomposites of
Polystyrene/Fe304@SiO2 for Simultaneous Tumor Cell Targeting and Stimulus-Induced Drug Release.
Adv Mater. 2013:3485-3489.

Wang J, Zheng S, Shao Y, LiuJ, Xu Z, Zhu D. Amino-functionalized Fe304@SiO2 core — shell magnetic
nanomaterial as a novel adsorbent for aqueous heavy metals removal. J Colloid Interface Sci.
2010;349:293-299.

Yang H, Zhuang Y, Sun Y, et al. Targeted dual-contrast T1 - and T2 -weighted magnetic resonance
imaging of tumors using multifunctional gadolinium-labeled superparamagnetic iron oxide nanoparticles.
Biomaterials. 2011;32:4584-4593.

Abenojara EC, Wickramasinghea S, Bas-Concepciona J, Samia ACS. Structural effects on the magnetic
hyperthermia properties of iron oxide nanoparticles. Prog Nat Sci Mater Int. 2016;26:440-448.

Nemati Z, Alonso J, Martinez LM, et al. Enhanced Magnetic Hyperthermia in Iron Oxide Nano-Octopods :
Size and Anisotropy E ff ects. J Phys Chem C. 2016;120:8370—8379.

Salazar-Alvarez G, Qin J, Sepelak V, et al. Cubic versus Spherical Magnetic Nanoparticles: The Role of
Surface Anisotropy. JACS. 2008;130:13234-13239.

Jaque D, Vetrone F. Luminescence nanothermometry. Nanoscale. 2012;4:4301-4326.

Quek C, Leong KW. Near-Infrared Fluorescent Nanoprobes for in Vivo Optical Imaging. Nanomaterials.
2012;2:92-112.

Chu M, Shao Y, Peng J, Dai X, Li H, Wu Q. Near-infrared laser light mediated cancer therapy by
photothermal effect of Fe304 magnetic nanoparticles. Biomaterials. 2013;34:4078-4088.

Cabana S, Curcio A, Michel A, Wilhelm C, Abou-Hassan A. Iron Oxide Mediated Photothermal Therapy
in the Second Biological Window : A Comparative Study between Magnetite / Maghemite Nanospheres
and Nanoflowers. Nanomaterials. 2020;10:1548.

Dai X, Li X, Liu Y, Yan F. Recent advances in nanoparticles-based photothermal therapy synergizing with
immune checkpoint blockade therapy. Mater Des. 2022;217:110656.

Salimi M, Mosca S, Gardner B, Palombo F, Matousek P, Stone N. Nanoparticle-Mediated Photothermal
Therapy Limitation in Clinical Applications Regarding Pain Management. Nanomaterials. 2022;12:1-29.
Yang Z, Sun Z, Ren YI, et al. Advances in nanomaterials for use in photothermal and photodynamic
therapeutics. Mol Med Rep. 2019;20:5-15.

Niu Q, Sun Q, Bai R, Zhang Y, Zhuang Z, Zhang X. Progress of Nanomaterials-Based Photothermal
Therapy for Oral Squamous Cell Carcinoma. Int J Mol Sci. 2022;23:10428.

Yong K, Roy I, Swihart T, Prasad PN. Multifunctional nanoparticles as biocompatible targeted probes for
human cancer diagnosis and therapy. J Mater Chem. 2009;19:4655-4672.

Maestro LM, Haro-Gonzalez P, Rosal B del, et al. Heating efficiency of multi-walled carbon nanotubes in

181



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.

126.
127.
128.
129.
130.
131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

the first and second biological windows. Nanoscale. 2013;5:7882-7889.

Link S, EI-Sayed MA. Shape and size dependence of radiative , non-radiative and photothermal properties
of gold nanocrystals. Int Rev Phys Chem. 2000;19:409-453.

Lambert TN, Andrews NL, Gerung H, et al. Water-Soluble Germanium (0) Nanocrystals: Cell
Recognition and Near-Infrared Photothermal Conversion Properties. Small. 2007;3:691-699.
Bednarkiewicz A, Wawrzynczyk D, Nyk M, Strek W. Optically stimulated heating using Nd3+ doped
NaYF4 colloidal near infrared nanophosphors. Appl Phys B. 2011;103:847-852.

Chen H, Burnett J, Zhang F, Zhang J, Paholak H, Sun D. Highly crystallized iron oxide nanoparticles as
effective and biodegradable mediators for photothermal cancer therapy. J Mater Chem B. 2014;2:757.
Shen S, Wang S, Zheng R, et al. Magnetic nanoparticle clusters for photothermal therapy with near-
infrared irradiation. Biomaterials. 2015;39:67-74.

Shen S, Kong F, Guo X, et al. CMCTS stabilized Fe304 particles with extremely low toxicity as highly
efficient near-infrared photothermal agents for in vivo tumor ablation. Nanoscale. 2013;5:8056-8066.
Zhou Z, Sun Y, Shen J, et al. Iron/iron oxide core/shell nanoparticles for magnetic targeting MRI and near-
infrared photothermal therapy. Biomaterials. 2014;35:7470-7478.

LiuZ, Cai W, He L, et al. In vivo biodistribution and highly efficient tumour targeting of carbon nanotubes
in mice. Nat Nanotechnol. 2007;2:47-52.

Yang K, Zhang S, Zhang G, Sun X, Lee S, Liu Z. Graphene in Mice : Ultrahigh In Vivo Tumor Uptake
and Efficient Photothermal Therapy. Nano Lett. 2010;10:3318-3323.

Huang X, El-sayed IH, Qian W, El-sayed MA. Cancer Cell Imaging and Photothermal Therapy in the
Near-Infrared Region by Using Gold Nanorods. JACS. 2006;128:2115-2120.

Frank KM, Dirk U. Efficacy and safety of intratumoral thermotherapy using magnetic iron-oxide
nanoparticles combined with external beam radiotherapy on patients with recurrent glioblastoma
multiforme. J Neurooncol. 2011;103:317-324.

Johannsen M, Thiesen B, Wust P, Jordan A. Magnetic nanoparticle hyperthermia for prostate cancer
Magnetic nanoparticle hyperthermia for prostate cancer. Int J Hyperth. 2010;26:790-795.

Ximendes EC, Rocha U, Kumar KU, Jacinto C, Jaque D. LaF3 core/shell nanoparticles for subcutaneous
heating and thermal sensing in the second biological-window. Appl Phys Lett. 2016;108:25103.
Helmchen F, Denk W. Deep tissue two-photon microscopy. Nat Methods. 2005;2:932-940.

Olivo M alini, Fu CY, Raghavan V, Lau WKO. New Frontier in Hypericin-Mediated Diagnosis of Cancer
with Current Optical Technologies. Ann Biomed Eng. 2012;40:460-473.

Tanabe Y, Sugano S. On the Absorption Spectra of Complex lons. 111 The Calculation of the Crystalline
Field Strength. J Phys Soc Japan. 1956;11:864-877.

Tanabe Y, Sugano S. On the Absorption Spectra of Complex lons. Il. J Phys Soc Japan. 1954;9:766-779.
Tanabe Y, Sugano S. On the Absorption Spectra of Complex lons. 1. J Phys Soc Japan. 1954;9:753-766.
Roper DK, Ahn W, Hoepfner M. Microscale Heat Transfer Transduced by Surface Plasmon Resonant
Gold Nanoparticles. J Phys Chem C. 2007;111:3636-3641.

Chen H, Shao L, Ming T, et al. Understanding the Photothermal Conversion Efficiency of Gold
Nanocrystals. Small. 2010;6:2272-2280.

Wang X, Li G, Sun S. Understanding the photothermal effect of gold nanostars and nanorods for
biomedical applications. RSC Adv. 2014;4:30375-30383.

Pasciak A, Pilch-Wrdbel A, Marciniak L, Schuck PJ, Bednarkiewicz A. Standardization of Methodology
of Light-to-Heat Conversion Efficiency Determination for Colloidal Nanoheaters. Appl Mater Interfaces.
2021;13:44556-44567.

Diodati S, Walton RI, Mascotto S, Gross S. Low-temperature wet chemistry synthetic approaches towards
ferrites Ferrites : a useful and multifaceted. Inorg Chem Front. 2020;7:3282-3314.

Xie X, Wang B, Wang Y, Ni C, Sun X, DuW. Spinel structured MFe204 (M = Fe, Co, Ni, Mn, Zn) and
their composites for microwave absorption : A review. Chem Eng J. 2022;428:131160.

Qin H, He Y, Xu P, Huang D, Wang Z, Wang H. Spinel ferrites (MFe204): Synthesis , improvement and
catalytic application in environment and energy field. Adv Colloid Interface Sci. 2021;294:102486.
Rivani DA, Retnosari I, Kusumandari, Saraswati TE. Influence of TiO2 addition on the magnetic
properties of carbon-based iron oxide nanocomposites synthesized using submerged In: IOP Conf. Series:
Materials Science and Engineering; 2019;509 :012034.

Lee N, Hyeon T. Designed synthesis of uniformly sized iron oxide nanoparticles for efficient magnetic
resonance imaging contrast agents. Chem Soc Rev. 2012;41:2575-2589.

Khandhar AP, Ferguson RM, Arami H, Krishnan KM. Monodisperse magnetite nanoparticle tracers for in
vivo magnetic particle imaging. Biomaterials. 2013;34:3837-3845.

Ferguson RM, Khandhar AP, Kemp SJ, et al. Magnetic Particle Imaging With Tailored Iron Oxide
Nanoparticle Tracers. IEEE Trans Med Imaging. 2015;34:1077-1084.

Siddigi KS, Rahman A, Tajuddin, Husen A. Biogenic Fabrication of Iron/lron Oxide Nanoparticles and

182



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.
155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Their Application. Nanoscale Res Lett. 2016;11:498.

Mai BT, Fernandes S, Balakrishnan PB, Pellegrino T. Nanosystems Based on Magnetic Nanoparticles and
Thermo- or pH- Responsive Polymers: An Update and Future Perspectives. Acc Chem Res. 2018;51:999-
1013.

Walle A Van de, Perez JE, Abou-Hassan A, M.Hemadi, Luciani N, Wilhelm C. Magnetic nanoparticles in
regenerative medicine : what of their fate and impact in stem cells? Mater Today Nano. 2020;11:100084.
Blanco-Andujar C, Walter A, Cotin G, et al. Design of iron oxide-based nanoparticles for MRI and
magnetic hyperthermia. Nanomedicine. 2016;11:5001.

Ulbrich K, Vladimir S, Bakandritsos A. Targeted Drug Delivery with Polymers and Magnetic
Nanoparticles : Covalent and Noncovalent Approaches , Release Control , and Clinical Studies. Chem Rev.
2016;116:5338-5431.

Vedrtnam A, Kalauni K, Dubey S, Kumar A. A comprehensive study on structure , properties , synthesis
and characterization of ferrites. AIMS Mater Sci. 2020;7:800-835.

Hu Y, Meng L, Niu L, Lu Q. Highly Cross-Linked and Biocompatible Polyphosphazene-Coated
Superparamagnetic  Fe304  Nanoparticles for Magnetic Resonance Imaging. Langmuir.
2013;29:9156-9163.

Kallumadil M, Tada M, Nakagawa T, Abe M, Southern P, Pankhurst QA. Suitability of commercial
colloids for magnetic hyperthermia. J Magn Magn Mater. 2009;321:1509-1513.

Banerjee SS, Chen D. Magnetic Nanoparticles Grafted with Cyclodextrin for Hydrophobic Drug Delivery.
Chem Mater. 2007;19:6345-6349.

Veiseh O, Gunn JW, Zhang M. Design and fabrication of magnetic nanoparticles for targeted drug delivery
and imaging. Adv Drug Deliv Rev. 2010;62:284-304.

JinR, Lin B, Li D, Ai H. Superparamagnetic iron oxide nanoparticles for MR imaging and therapy : design
considerations and clinical applications. Curr Opin Pharmacol. 2014;18:18-27.

XuH, Cheng L, Wang C, Ma X, Li Y, Liu Z. Polymer encapsulated upconversion nanoparticle / iron oxide
nanocomposites for multimodal imaging and magnetic targeted drug delivery. Biomaterials.
2011;32:9364-9373.

Mccarthy JR, Weissleder R. Multifunctional magnetic nanoparticles for targeted imaging and therapy. Adv
Drug Deliv Rev. 2008;60:1241-1251.

Sandler SE, Fellows B, Meffor OT. Best Practices for Characterization of Magnetic Nanoparticles for
Biomedical Applications. Anal Chem. 2019;91:14159-14169.

Sun S, Zeng H. Size-Controlled Synthesis of Magnetite Nanoparticles. JACS. 2002;124:8204-8205.
Guardia P, Corato R Di, Lartigue L, et al. Water-Soluble Iron Oxide Nanocubes with High Values of
Specific Absorption Rate for Cancer Cell Hyperthermia Treatment. ACS Nano. 2012;6:3080-3091.
Guardia P, Riedinger A, Nitti S, et al. One pot synthesis of monodisperse water soluble iron oxide
nanocrystals with high values of specific absorption rate. J Mater Chem B. 2014;2:4426-4434.
Mohammadali S, Roemhild K, Drude NI, et al. Iron oxide nanoparticles : Diagnostic , therapeutic and
theranostic applications. Advanced Drug Delivery Reviews . 2019;138:302-325.

Xie W, Guo Z, Gao F, et al. Shape- , size- and structure-controlled synthesis and biocompatibility of iron
oxide nanoparticles for magnetic theranostics. Theranostics. 2018;8:3284-3307.

Ali A, Shah T, Ullah R, Zhou P, Guo M. Review on Recent Progress in Magnetic Nanoparticles : Synthesis
, Characterization , and Diverse Applications. Front Chem. 2021;9:1-25.

Belaid S, Stanicki D, Elst L Vander, Muller RN. Influence of experimental parameters on iron oxide
nanoparticle properties synthesized by thermal decomposition: size and nuclear magnetic resonance
studies. Nanotechnology. 2018;29:165603.

Kwon SG, Hyeon T. Formation Mechanisms of Uniform Nanocrystals via Hot-Injection and Heat-Up
Methods. Small. 2011;7:2685-2702.

Guardia P, Labarta A, Batlle X. Tuning the Size, the Shape, and the Magnetic Properties of Iron Oxide
Nanoparticles. J Phys Chem C. 2011;115:390-396.

Chang H, Kim BH, Lim SG, Baek H, Park J, Hyeon T. Role of the Precursor Composition in the Synthesis
of Metal Ferrite Nanoparticles. Inorg Chem. 2021;60:4261-4268.

Guardia P, Riedinger A, Kakwere H, Gazeau F, Pellegrino T. Magnetic Nanoparticles for Magnetic
Hyperthermia and Controlled Drug Delivery. In: Bio- and Bioinspired Nanomaterials. ;2014.

Kim D, Shin K, Kwon SG, Hyeon T. Synthesis and Biomedical Applications of Multifunctional
Nanoparticles. Advanced Materials. 2018;1802309:1-26.

Shin K, Chae SI, Lee J, et al. Molecular-Level Understanding of Continuous Growth from Iron- Oxo
Clusters to Iron Oxide Nanoparticles. JACS. 2019;141:7037—-7045.

Kim D, Lee N, Park M, Kim BH, An K, Hyeon T. Synthesis of Uniform Ferrimagnetic Magnetite
Nanocubes. JACS. 2009;131:454-455.

Kwon SG, Hyeon T. Colloidal Chemical Synthesis and Formation Kinetics of Uniformly Sized

183



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.
184.
185.
186.
187.

188.

189.

Nanocrystals of Metals, Oxides, and Chalcogenides. Acc Chem Res. 2008;41:1696-1709.

Kwon SG, Piao Y, Park J, et al. Kinetics of Monodisperse Iron Oxide Nanocrystal Formation by “ Heating-
Up ” Process. JACS. 2007;129:12571-12584.

Cotin G, Perton F, Blanco-Andujar C, Pichon B, Mertz D, Bégin-Colin S. Design of Anisotropic Iron-
Oxide-Based Nanoparticles for Magnetic Hyperthermia. In: Micro and Nano Technologies. 2019:41-60.
Ling D, Lee N, Hyeon T. Chemical Synthesis and Assembly of Uniformly Sized Iron Oxide Nanoparticles
for Medical Applications. Acc Chem Res. 2015;48:1276—1285.

Sartori K, Gailly D, Bouillet C, et al. Increasing the size of FeO nanoparticles by performing a multistep
seed-mediated growth approach. Cryst Growth Des. 2020;20:1572-1582.

Lee K, Lee S, Ahn B. Understanding High Anisotropic Magnetism by Ultrathin Shell Layer Formation for
Magnetically Hard — Soft Core — Shell Nanostructures. Chem Mater. 2019;31:728-736.

Song Q, Zhang ZJ. Shape Control and Associated Magnetic Properties of Spinel Cobalt Ferrite
Nanocrystals. JACS. 2004;126:6164-6168.

Al-qubaisi MS, Rasedee A, Flaifel MH, et al. Cytotoxicity of nickel zinc ferrite nanoparticles on cancer
cells of epithelial origin. Int J Nanomedicine. 2013;8:2497-2508.

Riman RE, Suchanek WL, Lencka MM. Hydrothermal crystallization of ceramics. Ann Chim Sci des
Matériaux. 2002;27:15-36.

Pazik R, Piasecka E, Matecka M, et al. Facile non-hydrolytic synthesis of highly water dispersible,
surfactant free nanoparticles of synthetic MFe204 (M-Mn2+, Fe2+, Co2+, Ni2+) ferrite spinel by a
modified Bradley reaction. RSC Adv. 2013;3:12230-12243.

Pazik R, Zachanowicz E, Pozniak B, Matecka M, Ziecina A, Marciniak L.. Non-contact Mn1—-xNixFe204
ferrite nano-heaters for biological applications — heat energy generated by NIR irradiation. RSC Adv.
2017;7:18162-18171.

Pazik R, Zigcina A, Zachanowicz E, et al. Synthesis, Structural Features, Cytotoxicity, and Magnetic
Properties of Colloidal Ferrite Spinel Col-xNixFe204 (0.1 < x < 0.9) Nanoparticles. Eur J Inorg Chem.
2015:4750-4760.

Zachanowicz E, Ziecina A, Mikotajczyk PA, et al. Cytotoxic Effects of Col-xMnxFe204 Ferrite
Nanoparticles Synthesized under Non-Hydrolytic Conditions (Bradley’s Reaction) — In Vitro. Eur J Inorg
Chem. 2016:5315-5323.

Zachanowicz E, Pigtowski J, Zigcina A, et al. Polyrhodanine cobalt ferrite (PRHD@CoFe204) hybrid
nanomaterials - Synthesis, structural , magnetic , cytotoxic and antibacterial properties. Mater Chem Phys.
2018;217:553-561.

Zachanowicz E, Pigtowski J, Grzymajto M, et al. Efficient synthesis of PMMA@Co00.5Ni0.5Fe204
organic-inorganic hybrids containing hyamine 1622 — Physicochemical properties, cytotoxic assessment
and antimicrobial activity. Mater Sci Eng C. 2018;90:248-256.

Pazik R, Lewinska A, Adamczyk-Grochala J, et al. Energy Conversion and Biocompatibility of Surface
Functionalized Magnetite Nanoparticles with Phosphonic Moieties. J Phys Chem B. 2020;124:4931-4948.
Lagiewka E. Podstawy Dyfrakcji Rentgenowskich, Elektronéw i Neurondw. Wydawnictwo Uniwersytetu
Slasiego; 2015.

Barbacki A. Mikroskopia Elektronowa. Wydawnictwo Politechniki Poznanskiej; 2007.

Kecki Z. Podstawy Spektroskopii Molekularnej. Wydawnictwo Naukowe PWN; 2013.

Chou C. Use of heating rate and specific absorption rate in the hyperthermia clinic. Int J Hyperth.
2009;6:367-370.

Zachanowicz E, Kulpa-Greszta M, Tomaszewska A, et al. Multifunctional Properties of Binary
Polyrhodanine Manganese Ferrite Nanohybrids — From the Energy Converters to Biological Activity.
Polymers. 2020;12:2934.

Kulpa-Greszta M, Pazik R, Ktoda P, et al. Efficient non-contact heat generation on fl exible , ternary
hydroxyapatite/curdlan/nanomagnetite hybrids for temperature controlled processes. Mater Sci Eng C.
2021;118:111360.

184



	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology

	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology

	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology
	Rapid hot-injection as a tool for control of magnetic nanoparticle size and morphology

	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity

	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity

	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity
	Alternating magnetic field and NIR energy conversion on magneto-plasmonic Fe3O4@APTEStnqh_x2013Ag heterostructures with SERS detection capability and antimicrobial activity

	Heat generation on Fe3O4@SiO2@Au core-shell structures using the synergy of an alternating magnetic field and NIR laser lig ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of the Fe3O4@SiO2@Au core-shell structures
	2.3 The experimental characterizations of the samples
	2.4 Cell culture
	2.5 MTT assay
	2.6 Statistical analysis

	3 Results and discussion
	3.1 Physicochemical characterization of materials
	3.1.1 Structure and morphology of Fe3O4@SiO2@Au heterostructures
	3.1.2 Optical properties and surface properties
	3.1.3 Contactless energy conversion of the AMF and NIR laser radiation on Fe3O4@SiO2@Au heterostructures

	3.2 Effect of Fe3O4@SiO2@Au on breast cancer cells

	4 Conclusions
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	Author contribution statement
	References

	Contactless and synergic heat generation using AMF and laser radiation within 1st and 2nd optical biological window on PMMA ...
	1. Introduction
	2. Experimental section
	2.1. Synthesis of Co0.5Mn0.5Fe2O4 nanoparticles and Co0.5Mn0.5Fe2O4@PMMA hybrids
	2.2. Apparatus

	3. Results and discussion
	3.1. Characterization of basic physicochemical properties
	3.2. Contactless energy conversion
	3.2.1. Alternating magnetic field stimulation
	3.2.2. Laser photo-stimulation and dual-mode


	4. Conclusions
	Author statement
	Declaration of Competing Interest
	Acknowledgements
	References


	Button 1: 
	Click for updates and to verify authenticity: 


