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Streszczenie

Rozprawe doktorska stanowig spojne tematycznie, cztery artykuly naukowe, w
ktorych opisano wyniki badan sfunkcjonalizowanych nanoczgstek oraz mieszanin
hybrydowych typu sfunkcjonalizowane nanoczastki/barwniki. Przeprowadzone badania
miaty na celu zsyntezowanie i sfunkcjonalizowanie polimerem lub ditlenkiem krzemu
nanoczastek ztota o réznym ksztalcie, a nastepnic wytworzenie ich mieszanin z
barwnikami  laserowymi lub  fotouczulaczem Il  generacji. Ww. uklady
scharakteryzowano okre$lajac wielko$¢ nanostruktur, grubos¢ ich otoczki i wlasciwosci
spektroskopowe oraz wyznaczajac istotne dla zastosowan biomedycznych parametry
fotofizyczne (m.in. wydajnosci emisji fluorescencji, wydajnosci generowania tlenu
singletowego oraz konwersji energii wzbudzenia na ciepto). Ponadto, dla wybranych
nanoczastek umieszczonych w modelowej btonie biologicznej zbadano jak obecnos¢
nanoczastek i lokalny wzrost temperatury, indukowany $wiatlem, wplywaja na
oddziatywania pomig¢dzy sktadnikami btony i jej organizacje.

Badania przeprowadzono wykorzystujac techniki spektroskopowe i mikroskopowe,
technik¢ Langmuira oraz metody obliczeniowe do weryfikacji wynikow
eksperymentalnych lub modeli teoretycznych.

Wyniki badan uktadéw ztozonych z sfunkcjonalizowanych polimerem, kulistych
nanoczastek 1 barwnikow laserowych pokazaly, ze zmodyfikowany model
nanoczastkowego powierzchniowego przekazywania energii, uwzglgdniajacy zmiang
zdolnosci absorpcyjnej zalezng od wielkos$ci nanoczastek, jest podejsciem najlepiej
opisujacym proces przekazywania energii w badanych uktadach, a warto$¢ catki
przekrywania determinuje wydajnos¢ tego procesu. Ponadto, powierzchnia otoczki
polimerowej nanoczastek nie oddzialuje z barwnikami, jej grubo$¢ wpltywa na
efektywnos¢ dynamicznego superwygaszania emisji fluorescencji, a obserwowane
zmiany wydajnosci fluorescencji barwnikéw sugeruja, ze badane uktady mozna
wykorzysta¢ do obrazowania kumulacji nanoczastek w uktadach biologicznych.

Dla uktadéow typu sfunkcjonalizowane nicorganiczng krzemionka, pretopodobne
nanoczastki z fotouczulaczem 11 generacji przeanalizowano proces przekazywania
energii i jego wplyw na konkurencyjne procesy emisji fluorescencji oraz generowania
tlenu singletowego. W badanych uktadach obserwowano dynamiczny mechanizm
wygaszania fluorescencji oraz zalezng od grubosci otoczki efektywnos¢ wydzielania

tlenu singletowego. Podjeto probe skorelowania wzrostu wydajnosci generowania tlenu
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singletowego z obliczong wydajnosciag rozpraszania nanoczastek i zasugerowano, ze W
mieszaninach hybrydowych mozliwe jest ,,putapkowanie” przez barwniki dodatkowego
Swiatla rozproszonego przez nanoczgstki, co powoduje zwickszenie ich skutecznosci
terapeutycznej.

Ze wzgledu na terapeutyczny potencjal nanoczastek pretopodobnych z otoczka
krzemionkowg, 0szacowano ich wydajnos¢ konwersji energii wzbudzenia na cieplo.
Badania pokazaty, ze nanoczgstki zamieniajg, W czasie krotszym niz 200 ns, ok. 87-95%
energii na ciepto (w zaleznosci od grubo$ci otoczki). Wyniki eksperymentalne
porownano z obliczeniami teoretycznymi odpowiednich wiasciwosci optycznych
nanoczastek. Po raz pierwszy pokazano, ze metode optoakustyczng mozna wykorzystac
do precyzyjnego oszacowania ilo$ci energii zamienianej na ciepto przez nanoczastki,
ktory to parametr ma istotne znaczenie dla ich potencjalnych zastosowan w
fototermicznej terapii. Dodatkowo, metoda ta charakteryzuje si¢ wysoka czutoscig i
uniwersalno$cig, umozliwiajac dopasowanie dtugosci fali do zakresu spektralnego pasma
zlokalizowanego powierzchniowego rezonansu plazmonowego.

Zbadano réwniez nanoczastki pretopodobne, otoczone nietoksycznym polimerem, w
modelowych blonach biologicznych utworzonych z fosfolipidow. Okreslono wplyw
obecnosci 1 fotoaktywacji nanoczastek na stabilnos¢ 1 elastyczno$¢ monowarstwy
lipidowej oraz zmiany jej morfologii i organizacji. Zdolnos$¢ nanoczastek do generowania
ciepta powoduje lokalny wzrost temperatury w ich otoczeniu, w wyniku indukowanego
$wiatlem efektu fototemicznego, zmieniajac oddziatywania pomigdzy sktadnikami btony,
co moze wptywac na jej przepuszczalnos¢ i/lub integralnos¢ oraz wymaga dalszych
badan w celu ustalenia mechanizméw transportu substancji leczniczych w btonach
komorkowych oraz optymalnych warunkow do stosowania nanoczastek w terapii
fototermicznej.

Podczas prowadzonych badan opracowano i zoptymalizowano metody syntezy oraz
funkcjonalizacji nanoczastek zlota o roznych ksztattach i rodzajach otoczek,
wykorzystujac materiaty charakteryzujace si¢ niska cytotoksycznoscig. W wyniku
odpowiedniej funkcjonalizacji otrzymano nanoczastki stabilne w czasie. Natomiast,
dobor warunkow syntezy pozwolil na uzyskanie prgtopodobnych nanoczastek
wykazujagcych maksimum pasma ekstynkcji w obszarze 660 nm, tj. w zakresie tzw. okna
terapeutycznego 1 pasma absorpcji wyselekcjonowanego fotouczulacza. Dla

wytworzonych, sfunkcjonalizowanych nanoczastek i ich ukladéw hybrydowych z
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barwnikami okreslono parametry fotofizyczne istotne dla potencjalnych zastosowan w

fotodynamicznej terapii, diagnostyce lub terapii fototermicznej.
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Abstract

The dissertation consists of four thematically coherent scientific articles that describe
the results of research on functionalized nanoparticles and hybrid mixtures of
functionalized nanoparticles/dyes. The research carried out aimed at synthesizing and
functionalizing gold nanoparticles of various shapes with a polymer or silicon dioxide,
and then producing their mixtures with laser dyes or a second-generation photosensitizer.
The aforementioned systems were characterized by determining the size of the
nanostructures, the thickness of their coating, and spectroscopic properties, as well as the
photophysical parameters relevant for biomedical applications (including efficiencies of
fluorescence emission, singlet oxygen generation, and excitation energy to heat
conversion). In addition, for selected nanoparticles introduced into a model biological
membrane, we investigated how the presence of nanoparticles and a local increase in
temperature, induced by light, affect the interactions between membrane components and
their organization.

The study was carried out using spectroscopic and microscopic techniques, the
Langmuir technique, and computational methods to verify experimental results or
theoretical models.

The results of the study of systems composed of polymer-functionalized, spherical
nanoparticles and laser dyes showed that the modified model of nanoparticle surface
energy transfer, which takes into account the change in absorptivity depending on the size
of the nanoparticles, is the approach that best describes the process of energy transfer in
the studied systems, and the value of the spectral donor-acceptor overlap integral
determines the efficiency of the process. In addition, the surface of the polymer coating
of the nanoparticles does not interact with the dyes, its thickness affects the efficiency of
dynamic super-quenching of fluorescence emission, and the observed changes in the
fluorescence efficiency of the dyes suggest that the studied systems can be used for
imaging the accumulation of nanoparticles in biological systems.

For systems of the type of inorganic silica-functionalized nanorods with a second-
generation photosensitizer, the energy transfer process and its effect on the competing
processes of fluorescence emission and singlet oxygen generation were analyzed. The
dynamic mechanism of fluorescence quenching and the thickness-dependent efficiency
of singlet oxygen release were observed in the studied systems. An attempt was made to

correlate the increase in singlet oxygen generation efficiency with the calculated
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scattering yields of the nanoparticles, and it was suggested that in hybrid mixtures it is
possible for dyes to "trap™ additional light scattered by nanoparticles, resulting in an
increase in their therapeutic efficacy.

On the basis of the therapeutic potential of silica-coated nanorods, their efficiency in
converting excitation energy into heat was estimated. The study showed that
nanoparticles convert, in less than 200 ns, about 87-95% of the energy into heat
(depending on the thickness of the coating). The experimental results were compared with
theoretical calculations of the relevant optical properties of the nanoparticles. It was
shown for the first time that the optoacoustic method can be used to accurately estimate
the amount of energy converted to heat by nanoparticles, a parameter that is important for
their potential applications in photothermal therapy. In addition, the method has high
sensitivity and versatility, allowing the wavelength to match the spectral bandwidth of
the localized surface plasmon resonance.

Nanorods coated with a nontoxic polymer were also investigated in biological model
membranes formed from phospholipids. The effects of the presence and photoactivation
of nanoparticles on the stability and flexibility of the lipid monolayer, as well as changes
in its morphology and organization, were determined. The ability of nanoparticles to
generate heat causes a local increase in temperature in their surroundings as a result of
the light-induced photothermal effect altering the interactions between membrane
components, which may affect membrane permeability and/or integrity, and requires
further research to determine the mechanisms of transport of therapeutic substances in
cell membranes and the optimal conditions for using nanoparticles in photothermal
therapy.

During the conducted research, methods for the synthesis and functionalization of gold
nanoparticles with different shapes and types of coatings, using materials characterized
by low cytotoxicity, were developed and optimized. As a result of appropriate
functionalization, stable nanoparticles over time were obtained. However, the selection
of synthesis conditions made it possible to obtain nanorods that exhibit an extinction band
maximum located in the 660 nm region, i.e., in the range of the so-called therapeutic
window and the absorption band of the selected photosensitizer. Photophysical
parameters relevant to potential applications in photodynamic therapy, diagnostics, or
photothermal therapy were determined for synthesized functionalized nanoparticles and

their hybrid systems with dyes.
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1. Wstep

Rozwdj metod i mozliwosci wytwarzania nanomateriatow implikuja postep w
zakresie udoskonalania i stosowania nowych procedur medycznych. Na wielu
plaszczyznach prowadzone sg badania interdyscyplinarne majace na celu znalezienie
skutecznych metod diagnostycznych i/lub terapeutycznych wykorzystujacych m.in.
nanoczastki metaliczne [1,2] (np. ztota [3], srebra [4]) lub magnetyczne [5]. Okre$lenie
wlasciwosci fotofizycznych nanoczgstek oraz zbadanie ich oddzialywan z materiatlem
biologicznym dostarcza istotnych informacji, pozwalajacych stworzy¢ coraz lepsze
systemy dostarczania lekow lub szczepionek oraz zidentyfikowaé wystapienie
potencjalnych skutkow ubocznych. W pracy Blaszkiewicz i Kotkowiak [6], dokonano
przegladu literatury zwigzanej z wykorzystaniem nanoczastek w roznych formach terapii
z jednoczesng oceng skutecznosci tych metod. Z przeprowadzonej analizy wynika, ze
nanoczastki sa zdolne do poprawy indeksu terapeutycznego, m.in. w przypadku
wykorzystania taczonych metod (np. terapii fotodynamicznej i fototermicznej), podczas
ablacji falami radiowymi lub zastosowania hipertermii magnetycznej, hipertermii
ultradzwickowej czy chemioterapii [3,6,7].

Szczegblnie interesujacym obiektem badan sa nanoczastki metali szlachetnych,
ktorych  wlasciwosci optyczne w zakresie widzialnym zdeterminowane sa
wystepowaniem zlokalizowanego plazmonowego rezonansu powierzchniowego (LSPR)
[8]. W przypadku metalicznych nanoczastek, rezonansowe wzbudzenie wolnych
elektronow przez promieniowanie elektromagnetyczne o okreslonej dlugosci fali
powoduje pojawienie si¢ silnych pasm, charakterystycznych dla plazmonéw
powierzchniowych, obserwowanych w widmie ekstynkcji [9-11]. W zaleznosci od
warunkow syntezy mozna uzyskac nanoczastki o réznym ksztatcie, wykazujace rezonans
plazmonowy w okre§lonych obszarach spektralnych [12-15]. Umozliwia to, stworzenie
uktadu z odpowiednio dobranym barwnikiem i uzyskanie wzmocnienia emisji lub wzrost
wydajnosci generowania tlenu singletowego, w wyniku oddzialywania pomiedzy
barwnikiem a nanoczastka.

Struktura nanoczastki i jej funkcjonalizacja, zapewnia ochrong przed przedwczesng
degradacja leku oraz determinuje jej powierzchni¢ wlasciwa, CO stwarza mozliwosc¢
transportowania wysokich stezen lekow do komorek docelowych. Natomiast, ksztatt
nanostruktury wplywa na zdolno$¢ do uwalniania substancji aktywnej w odpowiednim

miejscu [16-20]. W celu zwigkszenia stopnia powinowactwa do okreslonych struktur
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komorki, nanoczastki sg funkcjonalizowane np. polimerami o réznej dlugosci tancucha
weglowodorowego z aminowa, karboksylowa czy tiolowa grupa funkcyjng lub tlenkami
nieorganicznymi (np. SiOz, TiOy), a takze kwasami np. foliowym, oleinowym lub
peptydami czy tez DNA [6]. Poprawia to biokompatybilno$¢ nanoczastek i/lub stabilnosé
komplekséw  (koniugatow) bedacych nosnikami lekow oraz zmniejsza ich
cytotoksycznos¢ [21]. Odpowiednia funkcjonalizacja nanoczastek, przeznaczonych do
biomedycznych zastosowan, pozwala rowniez na wyeliminowanie niektorych
problemoéw, takich jak: agregacja nanoczgstek, zwigkszona kumulacja w waznych
organach (np. w watrobie, nerkach i $ledzionie), zbyt szybkie wydalanie z organizmu,
brak selektywnosci wnikania do komoérek zmienionych chorobowo, stabilno$¢ w
temperaturze wyzszej niz fizjologiczna (np. zastosowanie laseréw i/lub hipertermia
powoduja lokalne podwyzszenie temperatury, co moze modyfikowaé ich whasciwosci)
[10,22].

Do tej pory pojawito si¢ wiele doniesien naukowych zwigzanych z wykorzystaniem
nanoczastek metalicznych w  zastosowaniach biomedycznych. Pierwsza, ktora
przeprowadzita systematyczne badania zdolno$ci generowania tlenu singletowego przez
kompleksy hybrydowe, w sktad ktorych wchodzity nanoczastki srebra (Ag-NPs), byta
grupa Planasa i wsp. [23,24]. Przygotowano kompleksy nanoczastek (0 tych samych
$rednicach i réznej grubosci powtoki SiO2) z barwnikiem, ktory zostal chemicznie
dotaczony do ich powierzchni. Dla okreslonej grubosci powtoki, zaobserwowano wzrost
wydajnosci generowania tlenu singletowego oraz intensywnosci fosforescencji barwnika
w wyniku oddziatywania z Ag-NPs@SiO. [19,25]. Chociaz wykazano, ze dzigki
funkcjonalizacji powierzchni NPs mozna uzyska¢ korzystniejsze parametry fotofizyczne
kompleksu, istotne dla zastosowan diagnostycznych lub terapeutycznych, wiele
fundamentalnych pytan dotyczacych mechanizmu zwigkszenia wydajnosci kwantowe;j
wytwarzania tlenu singletowego pozostato bez odpowiedzi. Abadeer i in. [26] opisali
metode wytwarzania powloki SiO2, o kontrolowanej grubo$ci, na prgtopodobnych
nanoczastkach zlota (Au-NRs). Dla barwnika kowalencyjnie przylaczonego do
sfunkcjonalizowanych Au-NRs (Ag-NRs@SiOz), zbadano wptyw odleglosci migdzy
donorem a akceptorem energii na intensywnos¢ emisji fluorescencji barwnika. W pracy
Fanga i in. [27] wykorzystano zielen indocyjaninowa, ktora absorbuje Swiatto w zakresie
bliskiej podczerwieni i jest doskonatym $rodkiem kontrastowym do obrazowania oraz
barwnikiem do potencjalnego stosowania w terapii fototermicznej lub fotodynamicznej.

Zaobserwowano wzmocnienie emisji luminescencji dla kompleksu barwnika z Au-
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NRs@SiO., ktory mozna potencjalnie wykorzysta¢ jako nowej generacji sondg
fluorescencyjng do poprawy obrazowania tkanek. Natomiast, Xu 1 in. [22]
sfunkcjonalizowali Au-NRs polimerem (PEG-SH — poli(tlenek etylenu) z grupg tiolowg)
i utworzyli kompleksy z chlorynami. Pokazali, ze po wzbudzeniu $wiattem laserowym
(kontrolujac czas ekspozycji) z kompleksu barwnik/Au-NRS@PEG-SH uwalniane sa
chloryn, ktoére nastgpnie w komorkach patologicznych moga zapoczatkowac reakcje
fotodynamiczna.

Do badania oddziatywan w blonach biologicznych wykorzystuje si¢ membrany
biomimetyczne jako uktady modelowe. Jednym z najprostszych modeli membrany jest
monowarstwa lipidowa wytworzona technikg Langmuira. Technika ta jest czesto
stosowana do badaniach i oceny oddzialywania lekéw z modelowa blong biologiczng
oraz do okreSlania sposobu transportu i penetracji blony przez substancje
farmakologicznie aktywne. Wprowadzenie do monowarstwy nanoczastek pozwala na
okreslenie ich wptywu na organizacje¢ i zmiany wlasciwosci btony, a ich funkcjonalizacja
moze dostarczy¢ informacji o oddziatywaniach ze srodowiskiem lipidowym. Lin i in. [28]
wykorzystali technike Langmuira do badania oddzialywan nanoczastek o réznym
ksztatlcie w monowarstwie lipidowej, utworzonej z 1,2-dipalmitoilo-sn-glicero-3-
fosfocholiny (DPPC). Zauwazyli, ze podczas spr¢zania warstwy, nanoczastki wykazujg
ro6zng zdolnoscig penetracji i w réznym stopniu zaburzaja warstwy DPPC. W pracy
Torrano i in. [29] opisano oddzialywanie natadowanych nanoczastek ztota (Au-NPs) z
monowarstwami DPPC lub utworzonymi z ujemnie natadowanego fosfolipidu (DPPG —
1,2-dipalmitoilo-sn-glicero-3-fosfo-rac-(1-glicerolu). W przypadku monowarstwy
DPPG—AuU-NPs dominowaty oddziatywania elektrostatyczne, a jej sprezystos¢, w
zakresie cisnien powierzchniowych odpowiadajacych rzeczywistym blonom
komoérkowym, zalezata od tadunku NPs. Podczas gdy, w monowarstwie DPPC istotne
zmiany w organizacji blony obserwowano tylko dla ujemnie natadowanych Au-NPs, w
tym spadek elastyczno$ci warstwy. Matshaya i in. [30] zbadali oddziatywania
hydrofobowych, pokrytych kwasem oleinowym magnetycznych nanoczastek z
nasyconymi lub nienasyconymi fosfolipidami. Obserwowano wyrazne zmniejszenie
sredniej powierzchni przypadajacej na molekute w przypadku warstw z nasyconych
lipidow, a jej zwickszenie — podczas oddziatywania z nienasyconymi lipidami. Badania
te potwierdzaja, ze istotne znaczenie dla oddzialywan ze sktadnikami bton biologicznych

ma zaréwno ksztalt jak i sposob funkcjonalizacji nanoczastek.
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W badaniach opisanych w rozprawie doktorskiej, do funkcjonalizacji nanoczastek
ztota o kulistym ksztalcie (Au-NPs) oraz nanopre¢tow zlota (Au-NRs) zastosowano
hydrofilowy polimer z grupa tiolowg (PEG-SH). Polimer ten wybrano ze wzgledu na jego
brak zdolnosci do adsorpcji biatek na powierzchni oraz mozliwos¢ tworzenia wigzania
kowalencyjnego ze ztotem (Au-S), jak rowniez W celu uzyskania wysokiej stabilnosci w
roztworach [31] oraz biokomatybilnosci [32] sfunkcjonalizowanych nanoczastek. Au-
NRs byly takze funkcjonalizowane nietoksyczng otoczkg krzemionkowg (SiO2), ktora
wplywa rowniez na ich stabilnos¢ w roztworach alkoholowych oraz indeks terapeutyczny
(wzgledne bezpieczenstwo leku), definiowany jako stosunek ilosci leku wywotujacego
efekt terapeutyczny do iloSci wywotujacej toksycznosé. Istotne jest rowniez, ze SiO2 w
organizmach zywych degraduje si¢ do kwasu krzemowego | moze by¢ z nich tatwo
usuwany [26,33,34].

Do badan wykorzystano takze barwniki stosowane w laserach jako osrodek czynny.
Najpopularniejszymi barwnikami laserowymi sa kumaryny, fluoresceiny i rodaminy
charakteryzujace si¢ wysoka wydajnoscia emisji fluorescencji, co pozwala rozpatrywaé
je jako potencjalne znaczniki fluorescencyjne. Szeroka dostepnos¢ i wybor barwnikoéw
laserowych, stwarza mozliwos¢ dopasowania obszaru emisji barwnika do pasma LSPR
nanoczastek ztota i wytworzenia modelowych uktadéw mieszanych (hybrydowych), w
ktorych mozna przesledzi¢ proces przekazywania energii pomiedzy barwnikiem
pelnigcym role donora, a nanoczastka — akceptorem energii. Badania na prostych
modelach i mozliwo$¢ wyznaczenia istotnych parametrow fotofizycznych dla uktadow
typu barwnik laserowy — nanoczastka, stanowity inspiracj¢ i wstgp do rozwijania badan
nad uktadami hybrydowymi dla potencjalnych zastosowan biomedycznych, w tym dla
terapii fotodynamicznej (PDT) lub fototermicznej (PTT). Interesujacym obiektem
dalszych badan byty uktady ztozone z barwnika-fotouczulacza i nanoczastek ztota jako
potencjalne, organiczno-nieorganiczne fotouczulacze Il generacji. Metaliczne
nanostruktury zdolne sg do wzmacniania lub wygaszania emisji fluorescencji barwnikow
znajdujacych si¢ w ich otoczeniu, modyfikujac wydajnos¢ innych procesow dezaktywacji
energii zachodzacych z udzialem stanow singletowych i trypletowych barwnika.
Najwazniejszym wyznacznikiem przydatnosci uktadu w PDT jest zdolnos¢ do wydajnego
obsadzenia stanu trypletowego barwnika, za posrednictwem ktorego mozliwa jest
interakcja z materiatem biologicznym i/lub tlenem molekularnym oraz wytworzenie
rodnikéw organicznych i/lub reaktywnych form tlenu. Kluczowym zatem bylo

poszukanie zwigzkoéw organicznych (barwnikow) spelniajagcych wymagania doskonatych
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fotouczulaczy i wykazujacych pasma absorpcji/fluorescencji w obszarze pasma LSPR
nanoczastek. Z tego punktu widzenia dobrymi kandydatami mogg by¢ pochodne
chlorofili [35]. Jednakze ich hydrofobowe wiasciwosci powodujg stabg rozpuszczalno$é
W wodzie, a zatem ograniczajg ich mozliwos$¢ zastosowania w uktadach biologicznych.
W takim przypadku, jednym z najbardziej obiecujacych rozwigzan dostarczania lekow
[23,24] jest wytworzenie kompleksow (koniugatow) ztozonych z hydrofobowych
barwnikow potaczonych kowalencyjnie z nanoczastkami, peligcymi role no$nikoéw
fotouczulaczy, w celu stworzenia rozpuszczalnego w wodzie uktadu zdolnego do
indukowania reakcji fotodynamicznej.

PTT wykorzystuje zwiazki lub materiaty charakteryzujace si¢ Wysoka wydajnoscia
konwersji energii promieniowania elektromagnetycznego na cieplo. Podstawa jej
efektywnego dziatania jest zniszczenie komorek nieprawidtowych (chorobowo
zmienionych) poprzez znaczacy lokalny wzrost temperatury, nastgpujacy po naswietleniu
swiattem. Nanoczagstki metaliczne ze wzgledu na ich wiasciwosci optyczne oraz
zdolnosci do lokalnego generowania ciepta moga by¢ potencjalnie wykorzystywane w
PTT. Ich oddzialywanie z promieniowaniem z zakresu widzialnego (do bliskiej
podczerwieni) prowadzi do wzbudzenia plazmondéw powierzchniowych (pasmo LSPR),
co powoduje lokalny wzrost natezenia pola elektromagnetycznego, ktory generuje wzrost
temperatury [6,36]. Lokalny wzrost temperatury stwarza warunki do selektywnego
oddziatywania z komorkami (materiatem biologicznym), do ktorych uprzednio
wprowadzono nanoczastki metaliczne lub z komoérkami znajdujacymi si¢ w ich bliskim
otoczeniu. Z tego wzgledu, istotny wydaje si¢ opis na poziomie molekularnym
oddziatywania nanoczastek z modelowymi btonami komoérkowymi. Roézne techniki
wytwarzania modelowych bton oraz metody charakteryzowania umozliwiaja okreslenie
parametrow termodynamicznych i zmian organizacji ich sktadnikow np. pod wptywem
oswietlenia nanoczastek wbudowanych w blony.

Badania, opisane w rozprawie doktorskiej, miaty na celu optymalizacje procesu
syntezy i dwoch réznych sposobow funkcjonalizacji nanoczastek ztota o roznym ksztalcie
oraz okreslenie wlasciwosci 1 parametrow fotofizycznych sfunkcjonalizowanych
nanoczastek i ich uktadow hybrydowych z wybranymi barwnikami, ktore sa istotne dla
ich potencjalnych zastosowan biomedycznych. Wyniki badan umozliwity wyjasnienie i
zrozumienie procesow indukowanych $wiattem zachodzacych na poziomie
molekularnym oraz ich wplyw na zdolnosci fotouczulajace i/lub fototermiczne badanych

uktadow. Przeprowadzone badania dla organiczno-nieorganicznych uktadow
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hybrydowych typu barwnik/sfunkcjonalizowana nanoczastka ztota jako potencjalnych
fotouczulaczy 11l generacji, zweryfikowaly 1 dostarczyly waznych informacji
(dotyczacych m.in. wydajnosci generowania tlenu singletowego i wygaszania
fluorescencji oraz przekazywania energii pomi¢dzy nanoczastka a barwnikiem) istotnych
z punktu widzenia mozliwos$¢ ich zastosowaniaw PDT (lub diagnostyce fotodynamicznej
(PDD)). Dla funkcjonalizowanych nanoczastek ztota okreslono ich stabilno$¢ w czasie,
oszacowano wydajno$¢ konwersji energii wzbudzenia na cieplo oraz oceniono ich
przydatnos¢ w PTT. Przeanalizowano takze, w jaki sposob lokalny wzrost temperatury
spowodowany fotoaktywacja nanoczastek wpltywa na wlasciwoséci 1 organizacje
modelowej blony biologicznej, co moze mie¢ kluczowe znaczenie dla efektywnosci PTT
oraz zrozumienia mechanizmu fotoindukowanego niszczenia komoérek i/lub transportu
substancji leczniczych przez btony.

Do badan wykorzystane zostaly nastepujace techniki pomiarowe: stacjonarna
spektroskopia absorpcyjna i emisyjna w obszarze UV-vis oraz czasowo-rozdzielna
laserowo-indukowana  spektroskopia  optoakustyczna  (LIOAS), transmisyjna
mikroskopia elektronowa (TEM) i dynamiczne rozpraszanie s$wiatta (DLS).
Wykorzystujagc technike Langmuira, wyznaczono parametry termodynamiczne
modelowych bton biologicznych, ktore zobrazowano za pomocg mikroskopii kata
Brewstera (BAM) i kamery termowizyjnej. Przeprowadzono réwniez obliczenia w celu
przeanalizowania mechanizm6éw procesu przekazywania energii stosujac modele
forsterowskiego rezonansowego przekazywania energii (FRET), nanoczastkowego
powierzchniowego przekazywania energii (NSET) i zmodyfikowany model NSET.
Eksperymenty wspomagane byly takze symulacjami komputerowymi wiasciwosci
optycznych nanoczastek z wykorzystaniem techniki catkowania skonczonego (FIT).

Wyniki badan przedstawiono w czterech oryginalnych artykutach opublikowanych w
czasopismach naukowych znajdujacych si¢ na liscie Journal Citation Reports (JCR).
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2. Forma rozprawy doktorskiej oraz wklad doktoranta

Rozprawe doktorskg pt. Optymalizacja procesu syntezy i funkcjonalizacji
nanoczgstek ztota oraz okreslenie istotnych do zastosowan biomedycznych parametrow
fotofizycznych nanoczgstek i ich uktadow hybrydowych z wybranymi barwnikami
stanowig cztery oryginalne artykuty opublikowane w recenzowanych czasopismach
naukowych indeksowanych na liscie JCR*:

1. [Blaszkiewicz, JL 2017] P. Blaszkiewicz, M. Kotkowiak, A. Dudkowiak,
Fluorescence quenching and energy transfer in a system of hybrid laser dye and
functionalized gold nanoparticles,

Journal of Luminescence 183 (2017), 303-310. (MNiSW 35, IF 2,732)

2. [Blaszkiewicz, JPCC 2020] P. Blaszkiewicz, M. Kotkowiak, E. Coy, A.
Dudkowiak,

Tailoring fluorescence and singlet oxygen generation of a chlorophyll derivative
and gold nanorods via a silica shell,

Journal of Physical Chemistry C 124(3) (2020), 2088-2095. (MEIN 140, IF
4,126)

3. [Blaszkiewicz, JPCC 2019] P. Blaszkiewicz, M. Kotkowiak, E. Coy, A.
Dudkowiak,

Laser-induced optoacoustic spectroscopy studies of inorganic functionalized
metallic nanorods,

Journal of Physical Chemistry C 123(44) (2019), 27181-27186. (MEIN 140, IF
4,189)

4. [Tim, JML 2022] B. Tim, P. Blaszkiewicz, M. Kotkowiak,

Altering model cell membranes by means of photoactivated organic
functionalized gold nanorods,

Journal of Molecular Liquids 349 (2022), 118179-1-118179-7. (MEIN 100, IF
6,165)

*Liczba punktéw przyznanych dla danego czasopisma przez Ministerstwo Nauki i
Szkolnictwa Wyzszego (MNISW) lub Ministerstwo Edukacji i Nauki (MEIN) oraz
wspotczynnik wptywu Impact Factor (IF) sa zgodne z Systemem Informacji Naukowe;j
Politechniki Poznanskiej (SIN PP).
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Zgodnie z zalgczonymi o$wiadczeniami wspotautorow, wktad doktorantki w powstanie
publikacji byl nastepujacy:

1. [Blaszkiewicz, JL 2017] — doktorantka wykonata przeglad aktualnej literatury
dotyczacej syntezy i funkcjonalizacji Au-NPs oraz brata udzial w planowaniu
badan. Przeprowadzita i zoptymalizowala synteze oraz funkcjonalizacje Au-NPs,
przygotowala mieszaniny hybrydowe, a takze scharakteryzowata badane uktady
wykorzystujac  metody  spektroskopii  absorpcyjnej i fluorescencyjnej.
Uczestniczyla w analizie 1 dyskusji  wynikdow pomiarowych oraz
wspotredagowala tekst manuskryptu.

2. [Blaszkiewicz, JPCC 2020] — doktorantka brata udzial w planowaniu badan,
przeprowadzila syntez¢ oraz funkcjonalizacj¢ Au-NRs i przygotowata mieszaniny
hybrydowe z fotouczulaczem II generacji. Okre$lita parametry spektralne oraz
wlasciwosci fotofizyczne Au-NRs i mieszanin hybrydowych. Przeprowadzita
badania spektroskopowe, m.in. wykorzystujac rozdzielng w czasie spektroskopie
optoakustyczng. Brala udzial w analizie 1 dyskusji wynikow pomiarowych oraz
wspotredagowata tekst manuskryptu.

3. [Blaszkiewicz, JPCC 2019] - doktorantka wykonata przeglad aktualnej
literatury dotyczacej syntezy i funkcjonalizacji Au-NRs. Zaplanowata,
zmodyfikowata oraz zoptymalizowata metode syntezy i funkcjonalizacji Au-NRs.
Przeprowadzita  badania z  wykorzystaniem  stacjonarnych  metod
spektroskopowych. Doktorantka odpowiadata takze za analize i interpretacje
wynikow oraz wspotredagowata tekst manuskryptu.

4. [Tim, JIML 2022] — doktorantka zaplanowata, zmodyfikowata i przeprowadzita
synteze¢ oraz funkcjonalizacj¢ Au-NRs, przygotowala roztwory wykorzystywane
do wytworzenia warstw Langmuira. Uczestniczyta w analizie i dyskusji

uzyskanych wynikow oraz wspotredagowata tekst manuskryptu.
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3. Badane materialy oraz zastosowane techniki pomiarowe

Przedmiotem opisanych badan w niniejszej rozprawie doktorskiej byly
sfunkcjonalizowane  nanoczastki  ztota  oraz  uklady  hybrydowe  typu
barwnik/sfunkcjonalizowana nanoczgstka. Do badan wybrano komercyjnie dostepne
barwniki laserowe (C-481 — 7-N,N-dimetyloamino-4-trifluorometylo-1,2-benzopiran, C-
510 - 2,3,5,6-1H,4H-tetrahydro-9-(3-pirydylo)chinolizino [9,9a,1-gh]kumaryna, DCM —
4-(dicyjanometyleno)-2-metylo-6-(4-dimetyloaminostyryl)-4H-piran) (Sigma Aldrich,
Polska) oraz pochodng chlorofilu a — feoforbid a (Pheide) (Frontier Scientific, USA).
Wygaszacz, 1,3-difenyloizobenozofuran (DPBF) (Sigma Aldrich, Polska) wykorzystano
do wyznaczenia wydajnosci generowania tlenu singletowego, ktora okreslono na
podstawie kinetyk reakcji fotooksydacji. Fosfolipid — DPPC (Avanti Polar Lipids,
Alabama) wybrano do wytworzenia modelowej btony biologicznej technika Langmuira.

Au-NPs zostaly otrzymane metoda bottom-up (rys. 1) w wyniku redukcji kwasu
chloroztotowego (IlI) (HAuCls) w obecnosci cytrynianu sodu (NazCeHsO7) w
rozpuszczalniku wodnym. Nastepnie zostat przeprowadzony proces ich funkcjonalizacji

polimerem PEG-SH, o r6znej masie czasteczkowej (Mw~5000 i Mw~10000).

0,01 M
HAuC[4 T= 150 C-180°C I_‘
flltraqa

Cytryniansodu Nanosfery

Rys. 1. Schemat syntezy kulistych nanoczgstek ztota.

Synteza Au-NRs byta procesem dwuetapowym (rys. 2) z wykorzystaniem metody
seed-mediated growth, podczas ktérej ziarna zlota koloidalnego sa przytaczane do
wczesniej otrzymanych kulistych rdzeni ztota, wokot ktorych tworzy si¢ ztota powloka
powodujaca wzrost NRs. Au-NRs uzyskano wykorzystujac, podobnie jak w przypadku
Au-NPs, metode in situ bottom-up oraz reakcje chemiczng polegajaca na redukcji
prekursora. Jako prekursor zostat uzyty HAUCls, a reduktorami byty borowodorek sodu
(NaBH.) i kwas askorbinowy (CsHgOs). W procesie syntezy wykorzystano sole srebra
(AgNOg), ktore pozwalajg na uzyskanie odpowiedniego (pozadanego) stosunku dtugosci

do szerokosci NRs.
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Przygotowanie zarodkow ztota seed solution

NaBH,0,01M
HuCI 0,1M T= 28 C |:|

A
CTABO,1 M 1,5 nm zarodki Au seed
Przygotowanie roztworuwz rostowego growth solution

AgNO;0,004 M 0 C4Hz0,0,0788 M /
HuCl 0,001 M seed solution

CTABO,2 M

Wirowanie + woda T=30°C
I:] 6000 rpm 20— 30 min

Nanoprety

Rys. 2. Schemat syntezy pretopodobnych nanoczgstek ztota [Blaszkiewicz, JPCC
2019].

Funkcjonalizacja zmienia wlasciwosci powierzchni nanoczastek w wyniku trwatego
przylaczenia si¢ molekul okreslonych zwigzkéw chemicznych. Na proces
funkcjonalizacji nanoczastek ma wplyw rodzaj surfaktantu, natomiast ksztatt nanoczastek
nie jest parametrem zmieniajagcym warunki reakcji. Organiczne otoczki polimerowe NPs
i NRs otrzymano wykorzystujac poli(tlenek etylenu) z grupg tiolowa (PEG-SH) (rys. 3),
w przypadku NRs o masie czasteczkowej (Mw=2000). Nieorganiczne powtoki
krzemionkowe (SiO2) o kontrolowanej grubosci na powierzchni Au-NRs wytworzono,
stosujgc ortokrzemian tetraetylu (TEOS) i wodorotlenek sodu (NaOH), przy wartosci pH
roztworu rownej 10 (rys. 4).

~a Wirowanie «
— 6000 rpm —
T=36"C 30 min + etanol
+ S— e
Mieszanie
24h
Au-NRs zawieszone  PEG-SH Au-NRs z otoczkg Au-NRs z otoczkg
w wodzie wodny PEG-SH zawieszone PEG-SH zawieszone
roztwor w wodzie w etanolu

Rys. 3. Schemat funkcjonalizacji nanopretow ztota z wytworzeniem otoczki PEG-SH.

0.1 M NaOH
0.2 M CTAB 20% TEOS
w etanolu wirowanie
6000 rpm +
pH =10 etanol
— =
t=30 min

Au-NRs

Rys. 4. Schemat funkcjonalizacji nanopretow ztota z wytworzeniem otoczki S102

[Blaszkiewicz, JPCC 2019].
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Proces syntezy i funkcjonalizacji oraz badania spektroskopowe zostaly
przeprowadzone w laboratoriach Zaktadu Fizyki Molekularnej na Wydziale Inzynierii
Materiatowej i Fizyki Technicznej Politechniki Poznanskiej. Do badan wykorzystano: (i)
spektroskopie absorpcyjng W obszarze UV-vis (scharakteryzowano wlasciwosSci
spektralne sfunkcjonalizowanych nanoczgstek i uktadow hybrydowych typu
barwnik/sfunkcjonalizowana nanoczastka, w tym wyznaczono potozenie pasm rezonansu
plazmonowego nanoczgstek i pasm absorpcji barwnikow, okreslono foto- i stabilnosci
badanych uktadéw oraz Kinetyki fotooksydacji DPBF), (ii) spektroskopi¢ emisyjng
(okreslono wydajnosci wzmocnienia lub wygaszania emisji fluorescencji, wyznaczono
czasy zycia fluorescencji), (iii) rozdzielng w czasie spektroskopi¢ optoakustyczng
(LIOAS) (wyznaczono wydajnos$ci procesOw niepromienistych, w tym generowania tlenu
singletowego oraz oszacowano wydajnosci konwersji energii wzbudzenia na ciepto), (iv)
technik¢ Langmuira (Wyznaczono parametry termodynamiczne monowarstw jedno- i
dwusktadnikowych oraz ich potencjat powierzchniowy), (v) mikroskopie kata Brewstera
(BAM) oraz kamer¢ termowizyjng (zobrazowano teksture badanych monowarstw,
rejestrowano rozktady temperatury podczas naswietlania nanoczastek w warstwie).
Wykonano roéwniez obliczenia wykorzystujac modele FRET, NSET i zmodyfikowany
NSET oraz symulacje komputerowe z wykorzystaniem techniki FIT.

Obrazy uzyskane za pomoca transmisyjnej mikroskopii elektronowej (TEM)
pozwolity na okreslenie wymiarow NPs oraz grubosci powtok SiO2 i zostalty wykonane
w Centrum NanoBiomedycznym Uniwersytetu im. Adama Mickiewicza w Poznaniu.
Wielkos¢ AuU-NPs oraz grubos¢ powtok PEG-SH zostaly potwierdzone metoda
dynamicznego rozpraszania $wiatla (DLS), dostepng w Wielkopolskim Centrum

Zaawansowanych Technologii w Poznaniu.
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4. Krotki opis badan

Celem badan byla optymalizacja procesu syntezy nanoczastek zlota o réznym
ksztatcie oraz ich funkcjonalizacji organiczng (PEG-SH) i nieorganiczng (SiOz) otoczka,
a takze okreslenie parametrow spektralnych i fotofizycznych sfunkcjonalizowanych
nanoczastek oraz uktadéw hybrydowych utworzonych ze sfunkcjonalizowanych
nanoczastek ztota i wybranych barwnikoéw organicznych, istotnych dla potencjalnych
zastosowan biomedycznych.

W pracy [Blaszkiewicz, JL 2017] przedstawiono procedure¢ syntezy kulistych
nanoczastek ztota (Au-NPS) 0 érednicy 15 nm, ktore sfunkcjonalizowano PEG-SH o
réznych masach czasteczkowych (Mw=5000 i Mw~10000). Zmodyfikowanie procesu
funkcjonalizacji nanoczastek polimerem PEG-SH (rys. 3) polegato na wprowadzeniu
zmiany w stosunkach molowych reagentow i wkraplaniu PEG-SH do roztworu
nanoczgstek, poddawanego dziataniu ultradzwigkow. Metoda dynamicznego
rozpraszania $wiatla potwierdzono grubos$¢ uzyskanej powtoki polimerowej (7 nm i 10
nm, odpowiednio, dla Mw~=5000 i Mw~10000) na powierzchni Au-NPs. Wytworzona
powloka PEG-SH pozwolita na kontrolowanie/oszacowanie odlegtosci pomigdzy Au-
NPs i barwnikami laserowymi, wybranymi do badan. Widmo ekstynkcji wykazato, ze w
etanolu Au-NP@PEG-SH byty stabilne w czasie i nie agregowaty (3 m-ce), a maksimum
ich pasma ekstynkcji byto zlokalizowane w obszarze 524 nm.

Nastepnie wytworzono mieszaniny hybrydowe zlozone z Au-NP@PEG-SH i
barwnikow organicznych, odpowiednio, kumaryny C-510, kumaryny C-481 lub pyranu
(DCM). Mieszaniny hybrydowe wytwarzano utrzymujac state stezenie barwnika (3x107
M) dla roznych stezen Au-NPS@PEG-SH ((0; 0,8; 1,6; 2,4; 3,2; 4,0; 4,8; 5,6; 6,4; 7,2; 8)
x1071% M). Barwniki dobrano w ten sposéb, zeby absorbowaty w obszarze pasma LSPR
nanoczastek. Roznity si¢ one wydajnoscig emisji fluorescencji oraz charakteryzowaty si¢
r6zng wartoscig calki przekrywania obliczong na podstawie widm absorpcji akceptora i
emisji donora.

Pokazano, ze dla mieszaniny hybrydowej wraz ze wzrostem stezenia Au-NPS
(wzrastata wartos$¢ ekstynkcji) malato nat¢zenie fluorescencji barwnikéw. Obserwowane
zjawisko wygaszania fluorescencji badanych barwnikoéw przebiegato z r6zng kinetyka, 0
czym $wiadcza wartoéci statej Sterna-Volmera (2,08-5,25 Ksy x108 M™). Optymalna
odleglos¢, istotna dla procesu przekazywania energii, miedzy donorem a akceptorem

zostala wyznaczona wykorzystujgc rozne teoretyczne modele matematyczne. Uzyskane
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wyniki pokazaty, ze zarowno modele FRET i NSET (zaproponowany przez Perssona-
Langa [37]) nie opisuja poprawnie mechanizmu przekazywania energii dla uktadu
barwnik/Au-NPS@PEG-SH. Okazato si¢, ze zmodyfikowany model NSET
przedstawiony przez Breshike-Riskowski-Strouse [38], uwzgledniajgcy zmiang
zdolnosci absorpcyjnej zalezng od wielkosci nanoczastek, jest podejsciem najlepiej
opisujacym proces przekazywania energii w badanych uktadach typu barwnik/Au-
NPs@PEG-SH. Wyznaczone wartosci wydajno$ci wygaszania fluorescencji barwnikow
byty poréwnywalne do wydajnosci przekazywania energii, co oznacza, ze powierzchnia
powtoki polimerowej nanoczastek nie oddziatywatla z barwnikami. Zwigkszenie grubosci
otoczki z polimeru wptywato na efektywnos¢ dynamicznego superwygaszania emisji
fluorescencji spowodowanej przenoszeniem energii pomiedzy barwnikami i
nanoczgstkami, niezaleznie od rodzaju barwnika. Najwydajniejsze przekazywanie energii
zaobserwowano dla uktadu hybrydowego charakteryzujacego si¢ najwyzsza wartoscia
calki przekrywania, niezaleznie od wydajnosci fluorescencji barwnika, oznacza to, ze
obszar przekrywania si¢ donora 1 akceptora jest najwazniejszag zmienng do
przewidywania przebiegu i wydajnosci tego procesu w uktadzie typu barwnik/Au-
NPsS@PEG-SH.

Wyniki badan pokazaty, ze catka przekrywania jest parametrem determinujgcym
proces przeniesienia energii w badanych uktadach, a zastosowanie PEG-SH, ktory jest
polimerem nietoksycznym i jednoczes$nie nieoddziatujacy z barwnikami sprawia, ze
wydajnosci fluorescencji barwnikow laserowych zmieniajg si¢ proporcjonalnie do
stezenia NPs, dlatego hybrydowy uktad typu barwnik/Au-NPS@PEG-SH wydaje si¢
obiecujacym dla obrazowania i detekcji uktadow biologicznych.

Wyniki opisane w pracy [Blaszkiewicz, JPCC 2020] pokazuja sposob otrzymywania
Au-NRs podczas dwuetapowej reakcji syntezy. W procesie tym mozna uzyska¢ Au-NRS
wykazujgce batochromowe przesuniecia maksimum pasma LSPR, skorelowane ze
wzbudzeniem drgan plazmonowych wzdtuz dhuzszej osi nanopretow, w zaleznosci od ich
wielkosci (wspotczynnika ksztattu). Podczas syntezy Au-NRs, dwuwarstwa CTAB
zapobiega tworzeniu aglomeratow nanoczastek, a stezenie AgNO3 wplywa na proces ich
anizotropowego wzrostu oraz kontrole stosunku dtugosci do szerokosci. Do dalszych
badan wybrano Au-NRs, ktore wykazywaty maksimum pasma ekstynkcji zlokalizowane
w obszarze 660 nm, tj. w zakresie tzw. okna terapeutycznego i absorpcji pasma Q

wyselekcjonowanego fotouczulacza.
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Proces funkcjonalizacji Au-NRs i wytworzenie otoczki SiO> zostaty przeprowadzone
zgodnie z procedurg opisang w pracy [Blaszkiewicz, JPCC 2019]. Na podstawie widm
ekstynkcji stwierdzono, ze w etanolu otrzymane Au-NRs@SiO: sg stabilne w czasie i nie
agreguja (po 60 dniach). Kontrolowana grubos¢ wytworzonej na powierzchni Au-NRs
otoczki krzemionkowej (w zakresie od 6 do 14 nm) determinowata odleglos¢ miedzy
barwnikiem (donorem) a nanoczastka (akceptorem). Barwnikiem wybranym do
utworzenia mieszaniny hybrydowej z Au-NRs@SiO> zostat fotouczulacz Il generacji —
pochodna chlorofilu a (Pheide), ze wzgledu na znaczne przekrywanie si¢ widma emisji
fluorescencji Pheide z pasmem ekstynkcji Au-NRs, co stwarza warunki do efektywnego
przenoszenia energii w badanym uktadzie.

Mieszaniny hybrydowe Pheide/Au-NRs@SiO2 wytworzono zachowujgc ustalone
stezenie barwnika (1,65%10° M) i zmieniajac stezenie nanoczastek ((0; 1,33; 2,66; 4,00;
5,33; 6,66)x10711 M). Na podstawie przeprowadzonych badan, wyznaczono wiasciwosci
spektralne mieszanin hybrydowych i przeanalizowano proces przekazywania energii oraz
jego wpltyw na konkurencyjne procesy zachodzace z udzialem stanéw singletowych i
trypletowych (emisj¢ fluorescencji i generowanie tlenu singletowego). Analiza procesu
wygaszania fluorescencji wykazata liniowg zalezno$¢ Sterna-Volmera dla mieszanin
hybrydowych Pheide/Au-NRs@SiO: o r6znych grubosciach otoczki krzemionkowej (6-
14 nm), co sugeruje dynamiczny mechanizm wygaszania. Warto$¢ statej Sterna-Volmera
malata wraz ze wzrostem grubosci powtoki SiO2 i osiggn¢ta najnizszg wartos¢ dla
najgrubszej otoczki, niezaleznie od zastosowanej dtugosci fali wzbudzenia. W badanych
uktadach hybrydowych zaobserwowano wygaszanie emisji fluorescencji Pheide wraz ze
wzrostem stezenia Au-NRS, 0znacza to, ze efektywnos$¢ procesow dezaktywacji w Pheide
jest modyfikowana obecnoscia AU-NRs@SiO2 i ich wzajemng odlegtoscia.
Najwazniejszym parametrem fotofizycznym, okres$lajacym wtasciwosci fotouczulajace i
zdolnos¢ toksycznego dziatania Pheide/Au-NRs@SiOa, jest wydajno$¢ generowania
tlenu singletowego. Stosujac dwie niezalezne metody (LIOAS oraz spektrometryczna
pozwalajaca wyznaczy¢ Kinetyki fotodegradacji DPBF), pokazano, ze mieszaniny
hybrydowe typu barwnik/Au-NRs@SiO> moga efektywniej generowac tlen singletowy
niz same barwniki. Wydajno$¢ generowania tlenu singletowego mieszanin hybrydowych
zalezala od grubosci powtoki SiO2 1 stezenia Au-NRs. Okazalo si¢, ze najwyzsza wartos¢
generowania tlenu singletowego zaobserwowano dla stezenia 1,33x10* M Au-NRs i
powtoki krzemionkowej o grubosci 14 nm. Uzyskany wspolczynnik wzmocnienia

wyniést okoto 8-11%. Eksperymentalne wyniki zostaly uzupelnione symulacjami
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komputerowymi (FIT) wykorzystanymi do obliczenia wydajno$ci rozpraszania Au-NRs
(tj. frakcji swiatta rozproszonego na strukturach Au-NRS). Z przeprowadzonych obliczen
teoretycznych daleko zasiggowych wiasciwosci Au-NRs wynika, ze w mieszaninach
hybrydowych prawdopodobne jest ,,putapkowanie” przez barwniki dodatkowego $wiatta
rozproszonego przez NRs. Zasugerowano zatem, ze daleko zasiggowe wilasciwosci
optyczne Au-NRs moga wyjasniaé obserwowany efekt wzmocnienia wydajnosci
generowania tlenu singletowego.

W pracy [Blaszkiewicz, JPCC 2019] opisano modyfikacje i optymalizacje
dwuetapowe]j reakcji syntezy oraz procesu funkcjonalizacji Au-NRs. Podczas procesu
syntezy, wprowadzono modyfikacje zaproponowane przez Nikoobakth’a i in. [39], m.in.
chlodzono wode w celu przygotowania NaBHas, przechowywano zarodki zlota w
temperaturze 28°C oraz okreslono odpowiednie stezenie AgNOz pozwalajace na
precyzyjne kontrolowanie rozmiaru NRs. Po procesie syntezy, produkt reakcji zostat
odpowiednio sfrakcjonowany i 0czyszczony poprzez wirowanie 0raz usunigcie
supernatantu. Badania mikroskopowe pozwolity oszacowaé rozmiar NRS (dtugos¢
(53,2£1,8) nm, szeroko$¢ (23,6+1,3) nm). Otrzymane Au-NRs charakteryzowatly si¢
maksimum pasma ekstynkcji przy 660 nm, tj. w zakresie tzw. okna terapeutycznego.

Wytworzenie powloki krzemionkowej (SiOz) na powierzchni  Au-NRs
przeprowadzono modyfikujac i optymalizujac metod¢ zaproponowang przez grupe Liz-
Marzan [40-42]. Podczas funkcjonalizacji wprowadzono pewne modyfikacje procesu, tj.
po odwirowaniu i oczyszczeniu NRs, dodano ponownie surfaktant w odpowiednich
stezeniach w celu kontrolowania procesu wzrostu krzemionki, monitorowano warto$¢ pH
w trakcie trwania calego procesu, zmieniono takze rozpuszczalnik dla silanu, natomiast
transfer Au-NRs do etanolu przeprowadzono po weczesniejszym frakcjonowaniu i
0CzyszcCzeniu poprzez wirowanie oraz usunigcie supernatantu. W efekcie zastosowanych
modyfikacji, otrzymano otoczki o zdefiniowanych, kontrolowanych grubosciach (6, 8,
12, 14 nm).

Nanoczgstki metaliczne sg zdolne do absorbowania energii i zamiany jej na ciepto, co
ma ogromne znaczenie dla potencjalnego ich zastosowania w PTT. Badania
przeprowadzone metoda LIOAS umozliwity oszacowanie wydajnosci konwersji energii
wzbudzenia na cieplo. Nie zarejestrowano istotnych réznic w widmach ekstynkcji Au-
NRs@SiO., przed i po pomiarach LIOAS, co oznacza, ze energia impulsu laserowego
(rzedu pd) przy dlugosci fali 668 nm nie powodowata degradacji (zmiany ksztattu)

nanoczastek. Jako odnosnik kalorymetryczny zastosowano Ni-pochodng chlorofilu
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absorbujacg w zakresie pasma LSPR. Metode LIOAS wykorzystano do okreslenia jaka
cze$¢ energii wzbudzenia zostata zamieniona na ciepto przez Au-NRs@SiO, w czasach
krotszych niz czasowa zdolnosé rozdzielcza aparatury (tj. ponizej 200 ns). Sygnaty
LIOAS wykazywaty liniowa zalezno$¢ od energii lasera i na ich podstawie oszacowano,
ze AU-NRs@SiO> zamieniaja ok. 87-95% energii wzbudzenia na ciepto (dla grubosci
otoczki SiO2 wynoszacej odpowiednio 6-14 nm). Wyniki eksperymentalne skorelowano
z obliczeniami teoretycznymi odpowiednich wlasciwos$ci optycznych Au-NRs@SiO: i
uzyskano poréwnywalne wartosci. W pracy, po raz pierwszy wykazano, ze metode
LIOAS mozna wykorzysta¢ do precyzyjnego oszacowania ilosci energii zamienianej na
ciepto przez nanoczastki sfunkcjonalizowane otoczka nieorganiczng o rdznej grubosci,
zawieszone W rozpuszczalnikach organicznych. Pokazano, ze metoda LIOAS oferuje
mozliwo$¢ wyznaczenia istotnego parametru dla potencjalnych zastosowan nanoczastek
w PTT, ponadto, charakteryzuje si¢ wysoka czutoscig i mozliwoscig wybrania dtugosci
fali, co mozna wykorzysta¢ przy wzbudzaniu dowolnego pasma LSPR.

Obiektem badan w pracy [Tim, JML 2022] byty Au-NRs, wykazujace maksimum
ekstynkcji zlokalizowane w obszarze 660 nm. Funkcjonalizacj¢ Au-NRs polimerem
PEG-SH (Mw~2000) przeprowadzono wykorzystujac zmodyfikowana metode¢ opisang w
[Blaszkiewicz, JL 2017]. PEG-SH tworzy organiczng otoczkeg, jest nietoksyczny,
bezpieczny dla organizméw zywych i czesto stosowany jako nosnik lekow, w
kosmetykach oraz jako sktadnik szczepionek. Do wytworzenia blony biologiczne;j
wybrano fosfolipid DPPC, ktory zwykle uzywany jest do badan modelowych, tworzenia
lipidow lub dwuwarstw. DPPC jest takze wrazliwy na zmiany temperatury, dlatego
istotne bylo sprawdzenie jak lokalne wzbudzenie $wiattem NRs, powodujace wzrost
temperatury, wptynie na formowanie warstwy, jej stabilno$¢ i organizacjg.

Na wannie Langmuira wytworzono monowarstwy jedno- (DPPC) lub
dwusktadnikowe (DPPC z Au-NRs@PEG-SH), poréwnywano ich parametry
termodynamiczne oraz okreslono oddziatywania lipidow z NRs, bez i podczas ich
o$wietlania. Po wzbudzeniu §wiatlem, ze wzgledu na zachodzacy w Au-NRs efektywny
proces konwersji energii na ciepto, obserwowano na obrazach termowizyjnych stopniowy
wzrost temperatury monowarstwy, powodowany przez lokalny wzrost temperatury w
otoczeniu Au-NRs. Monowarstwy o$wietlano swiattem o dtugosci fali charakterystycznej
dla pasma LSPR Au-NPs. Dla ci$nien powierzchniowych powyzej 8 mN/m, izoterma
oraz potencjal powierzchniowy pokazaty, ze wzrost powierzchni zajmowanej przez

molekuty DPPC nie byl zwigzany ze zmiang ulozenia fosfolipidow, lecz raczej
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spowodowany zmiana wzajemnych odlegtosci migdzy nimi w wyniku o$wietlenia btony.
Po  oswietleniu  monowarstwa DPPC-AuU-NRS@PEG-SH, przy ci$nieniu
powierzchniowym porownywalnym z panujgcym w natywnej btonie komorkowej (30
mN-m™Y), byla stabilniejsza i bardziej elastyczna, w poréwnaniu z nieo$wietlona.
Ponadto, modelowa blona usztywniata si¢ po 40 min od osiagnigcia cisnienia

powierzchniowego 30 mN-m*!

, co $swiadczy o stabilizacji W czasie oddzialywan
pomiedzy molekutami DPPC. Obrazy BAM potwierdzilty roéznice w morfologii
powierzchni dla warstwy Langmuira bez i po o$wictleniu. Zaobserwowano, ze Au-
NRs@PEG-SH nie stabilizujg monowarstwy w czasie, natomiast wydaje si¢, ze wzrost
temperatury warstwy po oswietleniu, ze wzgledu na oddziatywania odpychajace migdzy
molekutami DPPC, powoduje jej stabilizacj¢. Przeprowadzone badania pokazaty, ze
niewielka ilos¢ Au-NRS@PEG-SH w warstwie oraz oswietlenie ich $wiatlem o
odpowiedniej dlugosci fali, zmienia stabilnos¢ i wywotuje zmiany w upakowaniu oraz
organizacji lipidow w modelowych btonach komoérkowych. Wydaje si¢, ze wywotane
efektem fototermicznym zmiany organizacji lipidow moga wplywac na przepuszczalno$¢

i/lub integralno$¢ btony, co wymaga dalszych badan w celu ustalenia warunkow

optymalnych do stosowania NRs w PTT.
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5. Podsumowanie

Przeprowadzone badania, opisane w niniejszej rozprawie doktorskiej, miaty na celu

wytworzenie, sfunkcjonalizowanie i scharakteryzowanie nanoczastek ztota o réznych

ksztattach oraz ich uktadow hybrydowych wytworzonych z nanoczastek i wybranych

barwnikow, w tym wyznaczenie jakosciowych i ilo§ciowych parametréw fotofizycznych

(m.in. stabilnosci w czasie, okre$lenia ilosci energii zamienianej na ciepto, wydajnosci

fluorescencji, wydajnosci generowania tlenu singletowego). Pozwolito to oOceni¢

mozliwosci projektowania i1 wykorzystania badanych uktadéw do selektywnego

obrazowania lub uczulania struktur biologicznych, wykorzystujac materiaty o niskiej

cytotoksycznosci. Przeanalizowano rowniez wplyw fotoaktywacji nanoczastek ztota na

modelowe btony biologiczne, bioragc pod uwage ich potencjat aplikacyjny w

fototermicznej terapii.

Najwazniejsze uzyskane osiaggnigcia to:

opracowanie i zoptymalizowanie warunkow syntezy nanoczastek zlota o réznych
geometriach,

modyfikacja procesu funkcjonalizacji nanoczastek ztota z wykorzystaniem PEG-
SH oraz SiO,

wykazanie, ze powierzchnia warstwy polimerowej nanoczastek sferycznych nie
oddziatuje z barwnikami, a zwigkszenie grubo$ci warstwy polimeru wptywa na
efektywnos$¢ dynamicznego superwygaszania fluorescencji,

dopasowanie wtasciwego modelu teoretycznego do opisu procesu przekazywania
energii pomiedzy nanoczastka sferyczng (akceptorem) a barwnikiem (donorem),
pokazanie, ze powloka krzemionkowa wytworzona na powierzchni nanoczgstek
pretopodobnych wplywa zaré6wno na proces przekazywania energii miedzy
barwnikiem a nanoczastkg oraz wydajno$¢ generowania tlenu singletowego,
wskazanie, ze w mieszaninach hybrydowych prawdopodobne  jest
»putapkowania” przez barwniki dodatkowego s$wiatta rozproszonego przez
nanoczastki,

wykorzystanie metody optoakustycznej do oszacowania wydajnosci konwersji
energii wzbudzenia na cieplo przez nanoczastki oraz poroéwnanie wynikow

eksperymentalnych z obliczonymi,
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e wykazanie, ze lokalny wzrost temperatury indukowany w wyniku oswietlenia
nanoczastek wptywa na elastyczno$¢, stabilnos¢ 1 organizacj¢ modelowej btony

biologiczne;j.

Podsumowujac (i) wytworzono uktady charakteryzujace si¢ wydajniejszym
generowaniem tlenu singletowego oraz efektywng konwersja energii na ciepto, (ii)
podjeto probe wyjasnienia mechanizméw promienistych 1 bezpromienistych
procesow dezaktywacji energii oraz dopasowano teoretyczny model, pozwalajacy na
opisanie procesOw przekazywania energii w ukladach hybrydowych typu
barwnik/nanoczastka ztota, a takze (iii) pokazano zmiany witasciwosci modelowej
btony biologicznej pod wptywem lokalnie generowanego ciepta w wyniku
fotoaktywowania nanoczastek.

Wyniki badan dostarczylty istotnych informacji o whasciwosciach fotofizycznych
badanych, funkcjonalizowanych nanoczastek i ich uktadow hybrydowych oraz
wskazaty na potencjalng mozliwos¢ ich wykorzystania w biomedycznych

zastosowaniach.
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Dorobek naukowy doktorantki

Publikacje naukowe (IF — Impact Factor, pkt. MNiSW/MEIN — punkty na podstawie
wykazu czasopism i wydawnictw zgodnie z bazg SIN PP):

1. P. Blaszkiewicz, M. Kotkowiak, A. Dudkowiak, Fluorescence quenching and
energy transfer in a system of hybrid laser dye and functionalized gold
nanoparticles, Journal of Luminescence 183 (2017), 303-310. (IF=2,732; pkt.
MNiSW=35)

2. P. Blaszkiewicz, M. Kotkowiak, Gold-based nanoparticles systems in
phototherapy - current strategies, Current Medicinal Chemistry 25(42)
(2018) 5914-5929. (1IF=3,894; pkt. MNiSW=40)

3. P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, Laser-induced
optoacoustic spectroscopy studies of inorganic functionalized metallic nanorods,
Journal of Physical Chemistry C 123(44) (2019), 27181-27186. (IF=4,189; pkt.
MEiN=140)

4. P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, Tailoring fluorescence
and singlet oxygen generation of a chlorophyll derivative and gold nanorods via
a silica shell, Journal of Physical Chemistry C 124(3) (2020), 2088-2095.
(IF=4,126; pkt. MEiIN=140)

5. B. Tim, P. Blaszkiewicz, M. Kotkowiak, Recent advances in metallic
nanoparticle assemblies for surface-enhanced spectroscopy, International Journal
of Molecular Sciences, 2022, 23(1), 291-1-291-24. (IF=5,924; pkt. MEIN=140)

6. B. Tim, P. Blaszkiewicz, A.B. Nowicka, M. Kotkowiak, Optimizing SERS
performance through aggregation of gold nanorods in Langmuir-Blodgett films,
Applied Surface Science, 2022, 573, 151518-1-121218-22. (IF=6,707; pkt.
MEiN=140)

7. B. Tim, P. Blaszkiewicz, M. Kotkowiak, Altering model cell membranes by
means of photoactivated organic functionalized gold nanorods, Journal of
Molecular Liquids, 2022, 349, 118179-1-118179-7. (IF=6,165; pkt. MEIN=100)

8. J. Kaluzny, A. Swietlicka, L. Wojciechowski, S. Boncel, G. Kinal, T. Runka, M.
Nowicki, O. Stepanenko, B. Gapinski, J. Le$niewicz, P. Blaszkiewicz, K. Kempa,
Machine Learning Approach for Application-Tailored Nanolubricants’ Design,
Nanomaterials, 2022, 12(10), 1765-1-1765-17. (IF=5,076; pkt. MEiN=100)


https://www.scopus.com/authid/detail.uri?authorId=57192193017#disabled
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Rozdzialy w wydawnictwach pokonferencyjnych:

1. A. Wiciak, E. Nowak, P. Blaszkiewicz, M. Kotkowiak, Bogactwo zaklete w
srebrze — przeglgd po wiasciwosciach, metodach syntezy i zastosowaniu
nanoczgstek srebra, Badania i Rozwdj Mtodych Naukowcoéw w Polsce, ISBN
(978-83-65362-48-3) (2017), 144-150.

2. A. Wiciak, P. Blaszkiewicz, E. Nowak, M. Kotkowiak, Ziote nanoczgstki
metaliczne — otrzymywanie oraz zastosowanie, ISBN (978-83-65362-48-3)
(2017), 151-157.

3. A. Batura, P. Blaszkiewicz, M. Kotkowiak, Bezpieczenstwo i zagrozenia dla
organizmow zZywych wynikajgce z zastosowania nanomateriatow, Badania i
Rozwo6j Mtodych Naukowcow w Polsce, ISBN (978-83-66139-18-3) (2019), 7-
13.

4. A. Batura, P. Blaszkiewicz, M. Kotkowiak, Synteza i funkcjonalizacja
nanoczgstek zlota i srebra, Badania i Rozw6j Mlodych Naukowcow w Polsce,
ISBN (978-83-66139-18-3) (2019), 14-20.

5. A. Batura, P. Blaszkiewicz, Dobrodziejstwa nanobiotechnologii w swiecie jutra,
Dokonania naukowe doktorantow VII edycja, ISBN (978-83-63058-89-0) (2019),
78-84.

6. P. Blaszkiewicz, M. Kotkowiak, Diagnostyka i terapia fotodynamiczna "wczoraj
i dzis", Dokonania naukowe doktorantow VII edycja, ISBN (978-83-63058-89-0)
(2019), 141-147.

7. P. Blaszkiewicz, Tlenek tytanu (IV) w akcji — przeglgd wiasciwosci, metod
otrzymywania i zastosowan, Badania 1 Rozwo6j Mtodych Naukowcow w Polsce,
ISBN (978-83-66392-90-8) (2020), 15-20.

8. P. Blaszkiewicz, Procesy samoorganizacji nanomateriatow, Badania i Rozwdj

Mtodych Naukowcoéw w Polsce, ISBN (978-83-66392-90-8) (2020), 7-13.

Udzial w projektach badawczych (tytul i numer projektu, zrodlo finansowania, lata
I miejsce realizacji):
Kierownik:

1. Oddziabywanie chemoterapeutyka z mezoporowatymi nanoczgstkami zlota,
06/62/DSMK/6203, Ministerstwo Nauki i1 Szkolnictwa Wyzszego, Wydzial
Fizyki Technicznej, Politechnika Poznanska, 18.04-30.11.2017, wysoko$¢
finansowania: 9.397 PLN.
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2. Wphw sfunkcjonalizowanych nanoczgstek metalicznych na wlasciwosci
fotofizyczne barwnikow chlorofilowych, 06/62/DSMK/6206, Ministerstwo Nauki
1 Szkolnictwa Wyzszego, Wydziat Fizyki Technicznej, Politechnika Poznanska,
10.07-18.12.2018, wysokos$¢ finansowania: 11.115 PLN.

3. Wphyw poiprzewodnikowej powloki z ditlenku tytanu (IV) wytworzonej na
powierzchni  nanoczgstek zlota na wilasciwosci fotofizyczne mieszanin
hybrydowych, 06/62/SBAD/6207, Ministerstwo Nauki i Szkolnictwa Wyzszego,
Wydziat Fizyki Technicznej, Politechnika Poznanska, 12.04-02.12.2019,
wysokos¢ finansowania: 4.945 PLN.

4. Wydajnos¢ procesow dezaktywacji energii wzbudzenia w uktadzie barwnika
kowalencyjnie  przylqgczonego do powierzchni nanoczgstki  metalicznej,
0512/SBAD/6210, Ministerstwo Nauki 1 Szkolnictwa Wyzszego, Wydziat
Inzynierii Materiatowej i Fizyki Technicznej, Politechnika Poznanska, 17.01-
31.12.2020, wysokos$¢ finansowania: 10.925 PLN.

5. W jaki sposob wiasciwosci blisko i dalekozasiegowe nanoczgstek ziota
przyczyniajq si¢ do zwigkszenia wydajnosci generowania tlenu singletowego w
systemach hybrydowych? 2021/41/N/ST4/03017, PRELUDIUM, Narodowe
Centrum Nauki, Wydzial Inzynierii Materiatlowej 1 Fizyki Technicznej,
Politechnika Poznanska, 25.01.2022-24.01.2024, wysoko$¢ finansowania:
139.080 PLN.

Wykonawca:
1. Warstwy Langmuira na granicy gal-powietrze, 06/62/DSMK/0199, Ministerstwo

Nauki 1 Szkolnictwa Wyzszego, Wydzial Fizyki Technicznej, Politechnika
Poznanska, 18.03-30.11.2016, wysoko$¢ finansowania: 10.807 PLN, kierujacy
pracg — dr inz. Kamil Kedzierski.

2. Synteza, wlasciwosci optyczne i strukturalne nanoczgstek metalicznych i ich
oddziatywanie z barwnikiem organicznym, 06/62/DSMK/0198, Ministerstwo
Nauki 1 Szkolnictwa Wyzszego, Wydzial Fizyki Technicznej, Politechnika
Poznanska, 18.03-30.11.2016, wysokos¢ finansowania: 10.661 PLN, kierujacy
pracg — dr inz. Michat Kotkowiak.

3. Warstwy Langmuira-Schaefera  nanorurek  weglowych — wzbogaconych
sferycznymi nanoczgstkami srebra, 06/62/DSMK/6204, Ministerstwo Nauki i
Szkolnictwa Wyzszego, Wydziat Fizyki Technicznej, Politechnika Poznanska,
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18.04-30.11.2017, wysokos$¢ finansowania: 5.562 PLN, kierujacy pracg — mgr
inz. Karol Rytel.

4. Hybrydowe nanostruktury tlenek/nanoczgstka metaliczna jako podtoza do
powierzchniowo wzmocnionych spektroskopii, 06/62/DSMK/6205, Ministerstwo
Nauki i Szkolnictwa Wyzszego, Wydzial Fizyki Technicznej, Politechnika
Poznanska, 10.07-18.12.2018, wysoko$¢ finansowania: 11.874 PLN, kierujacy
pracg — dr inz. Michat Kotkowiak.

5. Analiza zjawisk fizycznych warunkujgcych zapton paliw wzbogaconych w
nanorurki weglowe, 2017/27/B/ST8/01838, OPUS, Narodowe Centrum Nauki,
Wydziat Inzynierii Ladowej i Transportu, Politechnika Poznanska, 10.09.2018-
10.09.2021, wysoko$¢ finansowania: 895.805 PLN, kierujacy pracg — prof. dr
Krzysztof Kempa.

6. Optymalizacja struktury nanoplatformy do powierzchniowo wzmocnionej detekcji
pochodnych  chlorofilu ~ z  wykorzystaniem  techniki Langmuira,
2019/35/D/ST4/02037, SONATA, Narodowe Centrum Nauki, Wydziat Inzynierii
Materialowej 1 Fizyki Technicznej, Politechnika Poznanska, 10.10.2020-
10.10.2023, wysoko$¢ finansowania: 965.760 PLN, kierujacy pracg — dr inz.
Michat Kotkowiak.

Staze naukowe:

1. POLLENA, Ostrzeszow 08.2013-09.2013 (2 m-ce)
Kluczowe zagadnienia: produkcja kremu do twarzy z nanoczastkami srebra, testy
kosmetyczne, chemia organiczna, kontrola jakos$ci, testy biologiczne, posiewy
bakteryjne, pomiary spektroskopowe i mikroskopowe, itp.

2. Laboratorium Testow Radiacyjnych, Wojewodzka Stacja  Sanitarno-
Epidemiologiczna, Poznan, 07.2014-08.2014 (2 m-ce)
Kluczowe zagadnienia: pomiary radioaktywnosci, obliczanie dawek, testy
radiacyjne zywnosci, techniczne wizyty w szpitalach, itp.

3. Instytut Fizyki Molekularnej, Polska Akademia Nauk, Poznan, 07.2015-08.2015
(2 m-ce)
Kluczowe zagadnienia: nanotechnologia, nanomaterialty, synteza, uklady
hybrydowe, barwniki organiczne, pomiary spektroskopowe, itp.

4. French National Institute for Nuclear Science and Technology, Saclay, Francja,
10.2015-11.2015 (2 m-ce).
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Kluczowe zagadnienia: zastosowanie nanotechnologii w elektrowni jadrowej,
nanoceramika, nanomateriaty, radioaktywno$¢, pomiary radiacyjne, przeliczanie
dawek promieniowania, testy i symulacje w reaktorze badawczym, odpady
reaktywne, energia jadrowa, techniczne wizyty w elektrowniach jadrowych i1
zwigzanymi z nimi obiektami, staz sfinansowany przez Ministerstwo Nauki i
Szkolnictwa Wyzszego.

5. Komenda Wojewodzka Policji w Poznaniu, 10.2017-12.2017 (3 m-ce)
Kluczowe zagadnienia: zwigzki organiczne pochodzenia naturalnego, pomiary
spektroskopowe, przeliczanie stezen, identyfikacja zwigzkdéw organicznych, itp.

6. Centrum Nauk Biologiczno-Chemicznych Uniwersytetu Warszawskiego,
Warszawa, 10.2019-11.2019 (2 m-ce)

Kluczowe zagadnienia: synteza, funkcjonalizacja nanoczastek metalicznych,
charakteryzacja nanoczastek, wytwarzanie uktadow hybrydowych, syntezy

organiczne, wymiany ligandéw, pomiary spektroskopowe i mikroskopowe, itp.

Nagrody i wyréznienia:

Stypendia:

2015-2016 - Stypendium z dotacji projakosciowe;j,

2017-2018 - Stypendium Rektora dla 30% najlepszych doktorantow,
2017-2018 - Stypendium z dotacji projakosciowej,

2018-2019 - Stypendium Rektora dla 30% najlepszych doktorantow,
2019-2020 - Stypendium Rektora dla 30% najlepszych doktorantow,
2019-2020 - Stypendium z dotacji projakosciowe;j,

2020-2021 - Stypendium Rektora dla 30% najlepszych doktorantow,
2020-2021 - Stypendium z dotacji projakosciowe;j.

Nagrody:
I11 Nagroda Polskiego Towarzystwa Nukleonicznego w konkursie na najlepsze prace

doktorskie, magisterskie, inzynierskie i licencjackie zwigzane tematycznie z atomistyka
(wykorzystaniem zjawisk, proceséw 1 technik jadrowych, ekonomika 1 odbiorem
spotecznym zastosowan energetyki jadrowej itp.). Temat pracy magisterskiej. Materialy
na pojemniki i ostony przed promieniowaniem jonizujgcym. — promotor: dr inz. Wiestaw

Goraczko.
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Szkolenia:

02.2012 - Skuteczne zarzadzanie czasem, Organizator: Era Inzyniera.

11.2015 - Certificate of the Training and Internship on Nuclear Energy, organizator:

French National Institute for Nuclear Science and Technology, Francja.

Udzial w konferencjach naukowych:

- wystgpienia prezentowane osobiscie:

wyklady

12.06.2017 — na zaproszenie prof. Jacka Waluka, Seminar of Photochemistry and
Spectroscopy, Fabrication and characterization of new hybrid systems based on
gold nanoparticles for diagnostic and therapeutic applications, Instytut Chemi
Fizycznej, Polska Akademia Nauk, Warszawa.

komunikaty ustne

12.2015 - P. Blaszkiewicz, First International Nuclear Conference, Poznan,
Building of high-level, long-life radioactive waste repository in France.

09.2016 - P. Blaszkiewicz, M. Kotkowiak, XX Ogolnopolska Konferencja
Krysztaly Molekularne 2016, Kazimierz Dolny, Oddzialywanie nanoczgstek
metalicznych o réznym ksztalcie z barwnikami organicznymi.

02.2017 - P. Blaszkiewicz, M. Kotkowiak, V Ogolnokrajowa Konferencja,
Mtodzi Naukowcy w Polsce — Badania i Rozwdj, Bedlewo, Nanoczgstki
metaliczne - otrzymywanie, funkcjonalizacja i zastosowanie.

09.2017 - P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, Krysztatki
molekularne 2017, Warszawa, Wplyw nanoczgstek metalicznych na wtasciwosci
fotofizyczne barwnikow chlorofilowych.

04.2018 - P. Blaszkiewicz, M. Kotkowiak, A. Dudkowiak, Dokonania naukowe
doktorantow 2018, Poznan, Wphw rodzaju powltoki na parametry fotofizyczne
uktadow hybrydowych na bazie nanoczgstek ztota.

12.2018 - P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, Il
Ogolnopolska  Studencka  Fizyczno-Optyczna  Konferencja, = Wroctaw,
Wytworzenie i charakteryzacja nowych uktadow hybrydowych na bazie
nanoczgstek ztota do celow diagnostycznych i terapeutycznych.

03.2019 - P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, Dokonania

naukowe doktorantow VII edycja, Poznan, Ocena fotosensybilizujgcej
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efektywnosci pochodnych chlorofilu a w ukladach hybrydowych na bazie
nanoczgstek ztota.

11.2019 - P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, X
Ogolnokrajowa konferencja naukowa, Mtodzi naukowcy w Polsce - Badania i
rozw6j, Poznan, Proces generowania tlenu singletowego i1 wygaszania

fluorescencji w uktadach hybrydowych typu core-shell.

plakaty

06.2016 - P. Blaszkiewicz, M. Kotkowiak, A. Dudkowiak, NanoTech Poland
International Conference & Exhibition, Poznan, Fluorescence quenching and
energy transfer in hybrid laser dye and gold nanoparticles system.

06.2017 - P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, InterNano
Poland, Katowice, Modulated sensitizing properties in photosensitizer containing
gold nanorods.

06.2017 - P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, NanoTech
Poland International Conference & Exhibition, Poznan, Gold nanorods modulated
fluorescence and singlet oxygen generation of chlorophyll derivatives.

11.2017 - P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, IWAN'13,
Poznan, Influence of metallic nanoparticles on photophysical properties of
chlorophyll dyes.

06.2018 - P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, NanoTech
Poland International Conference & Exhibition, Poznan, Effect of the gold
nanorods with different type of coating on photophysical properties of chlorophyll
dyes.

12.2018 - P. Blaszkiewicz, M. Kotkowiak, A. Dudkowiak, III Ogolnopolska
Studencka Fizyczno-Optyczna Konferencja, Wroctaw, Proces wygaszania
fluorescencji i przekazywania energii w ukladzie hybrydowym na bazie
nanoczgstek.

03.2020 - P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak,
Microsymposium on Soft and Plasmonic Nanomaterials, Warsaw, Photophysical

processes in core-shell hybrid systems.

- wystgpienia prezentowane przez wspoltautorow:

komunikaty ustne
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03.2019 - A. Batura, P. Blaszkiewicz, Dokonania naukowe doktorantow VII
edycja, Poznan, Synteza i fizyko-chemiczna charakteryzacja nanoczgstek srebra.
plakaty

08.2017 - A. Wiciak, P. Blaszkiewicz, M. Kotkowiak, ICPS 2017, Turyn, Italy,
Functionalized gold nanorods at air-water interface.

09.2017 - K. Rytel, M. Widelicka, P. Btaszkiewicz, B. Barszcz, Krysztatki
molekularne 2017, Warszawa, Warstwy Langmuira-Schaefera nanorurek
weglowych wzbogacone sferycznymi nanoczgstkami srebra.

11.2018 - A. Batura, P. Blaszkiewicz, M. Kotkowiak, VIII Ogolnokrajowa
konferencja naukowa, Mtodzi naukowcy w Polsce - Badania i rozwo6j, Poznan,

Podejscie bottom-up jako chemiczne metoda syntezy nanoczgstek metalicznych.
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Zalaczniki

Oswiadczenia wspolautoréw o wkladzie w publikacje naukowe doktorantki



Poznan, dnia 27.07.2022

prof. dr hab. Alina Dudkowiak
Wydziat Inzynierii Materiatowe;
i Fizyki Technicznej
Politechnika Poznanska

Oswiadczenie
Oswiadczam, ze w niniejszych publikacjach:

P. Btaszkiewicz, M. Kotkowiak, A. Dudkowiak,
Fluorescence quenching and energy transfer in a system of hybrid laser dye and functionalized

gold nanoparticles,
Journal of Luminescence 183 (2017), 303-310

P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak,
Laser-induced optoacoustic spectroscopy studies of inorganic functionalized metallic nanorods,
Journal of Physical Chemistry C 123(44) (2019), 27181-27186

P. Btaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak,
Tailoring fluorescence and singlet oxygen generation of a chlorophyll derivative and gold
nanorods via a silica shell,

Journal of Physical Chemistry C 124(3) (2020), 2088-2095
moj udziat polegal na analizie i interpretacji wynikéw oraz ostatecznej redakcji artykutu.
Wyrazam zgodg na przedtozenie ww. prac przez mgr inz. Pauline Blaszkiewicz jako czesé

rozprawy doktorskiej w formie zbioru opublikowanych i powiazanych tematycznie artykutdw
naukowych.

(podpis wspotautora)




Poznan, dnia 27.07.2022
dr inz. Michat Kotkowiak
Wydziat Inzynierii Materiatowej i Fizyki Technicznej
Politechnika Poznanska

Oswiadczenie
Oswiadczam, ze w niniejszych publikacjach:

1. P. Btaszkiewicz, M. Kotkowiak, A. Dudkowiak,

Fluorescence quenching and energy transfer in a system of hybrid laser dye and functionalized
gold nanoparticles,

Journal of Luminescence 183 (2017), 303-310

2. B. Tim, P. Blaszkiewicz, M. Kotkowiak,
Altering model cell membranes by means of photoactivated organic Junctionalized gold

nanorods,
Journal of Molecular Liquids 349 (2022), 118179-1-118179-7

3. P. Bfaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak,
Laser-induced optoacoustic spectroscopy studies of inorganic functionalized metallic

nanorods,
Journal of Physical Chemistry C 123 (44) (2019), 27181-27186

4. P. Btaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak,
Tailoring fluorescence and singlet oxygen generation of a chlorophyll derivative and gold

nanorods via a silica shell,
Journal of Physical Chemistry C 124 (3) (2020), 2088-2095

Moj udziat w publikacji (1-2) polegat na zaplanowaniu badan, analizie i interpretacji wynikow oraz
wspotredagowaniu artykutu, a w publikacji (3-4) polegat na wykonaniu pomiardw z zakresu
czasowo-rozdzielczej laserowo indukowanej spektroskopii optoakustycznej (LIOAS) oraz
symulacji komputerowych analizie i interpretacji wynikéw oraz wspdtredagowaniu artykutu.

Wyrazam zgode na przedlozenie ww. prac przez mgr inz. Pauling Btaszkiewicz jako cze$é
rozprawy doktorskiej w formie zbioru opublikowanych i powiazanych tematycznie artykutow

naukowych. / / 74/ ‘ j(j 1
X LOZUQB Uc J/

(podpis wspotautora)




Poznan, dnia 27.07.2022

drhab. inz. Emerson Coy, prof. UAM
Uniwersytet im. Adama Mickiewicza
Centrum NanoBioMedyczne

Adam Mickiewicz University
NanoBioMedical Centre

Oswiadczenie
Oswiadczam, ze w niniejszej publikacji:

P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak,

Tailoring fluorescence and singlet oxygen generation of a chlorophyll derivative and gold
nanorods via a silica shell,

Journal of Physical Chemistry C 124(3) (2020), 2088-2095

modj udziat polegat na wykonaniu pomiar6w TEM oraz ich analizie.

Wyrazam zgode na przedioZzenie ww. pracy przez mgr inz Pauling Blaszkiewicz jako czgs¢
rozprawy doktorskiej w formie zbioru opublikowanych i powiazanych tematycznie artykulow
naukowych.

Declaration

I declare that in this publication:

P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak,
Tailoring fluorescence and singlet oxygen generation of a chlorophyll derivative and gold

nanorods via a silica shell,
Journal of Physical Chemistry C 124(3) (2020), 2088-2095

my contribution consisted in making TEM measurements and their analysis.

I agree to submit the above work by Paulina Blaszkiewicz, as a part of the Ph.D. dissertation in the
form of a collection of published and thematically related scientific articles.

(podpis wspolautora)
(co-author's signature)



Poznan, dnia 27.07.2022

dr hab. inz. Emerson Coy, prof. UAM
Uniwersytet im. Adama Mickiewicza
Centrum NanoBioMedyczne

Adam Mickiewicz University
NanoBioMedical Centre

Oswiadczenie
Oswiadczam, ze w niniejszej publikacji:

P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak,
Laser-induced optoacoustic spectroscopy studies of inorganic functionalized metallic nanorods,
Journal of Physical Chemistry C 123(44) (2019), 27181-27186

moj udzial polegal na wykonaniu pomiarow TEM oraz ich analizie.

Wyrazam zgode na przedbozenie ww. pracy przez mgr inz. Pauling Blaszkiewicz jako czgs¢
rozprawy doktorskiej w formie zbioru opublikowanych i powigzanych tematycznie artykulow
naukowych.

Declaration
I declare that in this publication:

P. Blaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak,
Laser-induced optoacoustic spectroscopy studies of inorganic functionalized metallic nanorods,
Journal of Physical Chemistry C 123(44) (2019), 2718127186

my contribution consisted in making TEM measurements and their analysis.

I agree to submit the above work by Paulina Blaszkiewicz, as a part of the Ph.D. dissertation in the
form of a collection of published and thematically related scientific articles.

(podpis wspolautora)
(co-author's signature)



Poznan, dnia 27.07.2022

mgr inz. Beata Tim

Wydziat Inzynierii Materialowej
i Fizyki Technicznej
Politechnika Poznanska

Oswiadczenie
Oswiadczam, ze w niniejszej publikacji:

B. Tim, P. Btaszkiewicz, M. Kotkowiak,
Altering model cell membranes by means of photoactivated organic functionalized gold nanorods,
Journal of Molecular Liquids 349 (2022), 118179-1-118179-7

mdj udziat polegat na wykonaniu pomiaréw z zakresu techniki Langmuira, mikroskopii kata
Brewstera (BAM), analizie i interpretacji wynikéw oraz wspétredagowaniu artykutu.

Wyrazam zgode na przedlozenie ww. pracy przez mgr inz. Pauling Btaszkiewicz jako czes¢
rozprawy doktorskiej w formie zbioru opublikowanych i powiazanych tematycznie artykutow

naukowych.
=) L /
ala

(podpis wspotautora)




Strona |47

Przedruk publikacji [Blaszkiewicz, JL 2017]

P. Blaszkiewicz, M. Kotkowiak, A. Dudkowiak,
Fluorescence quenching and energy transfer in a system of hybrid laser dye and

functionalized gold nanoparticles,
Journal of Luminescence 183 (2017), 303-310. (MNiSW 35, IF 2,732)



Journal of Luminescence 183 (2017) 303-310

Contents lists available at ScienceDirect i
=
Ll
2 o
Journal of Luminescence =t
i=
=
journal homepage: www.elsevier.com/locate/jlumin s —

Fluorescence quenching and energy transfer in a system of hybrid laser

CrossMark

@

dye and functionalized gold nanoparticles

Paulina Btaszkiewicz, Michat Kotkowiak, Alina Dudkowiak *

Faculty of Technical Physics, Poznan University of Technology, Piotrowo 3, 60-965 Poznan, Poland

ARTICLE INFO

ABSTRACT

Article history:

Received 19 July 2016

Received in revised form

21 September 2016

Accepted 10 November 2016
Available online 15 November 2016

Keywords:

Fluorescence quenching efficiency
Hybrid system

Nanoparticles surface energy transfer
Noble metal nanoparticles

Surface plasmon resonance

The photoinduced distance dependent molecular processes in a hybrid mixture of dyes and nanoparticles
(NPs) were studied. Gold-NPs were functionalized with polyethylene glycol of different chain lengths in
order to check their stability on storage in ethanol and to control the dye-NPs distance. The mixtures of
NPs at concentrations from the range 10°—-10"°M with three laser dyes (C-481, C-510 and DCM),
characterized by different yields of fluorescence and fluorescence emissions in different regions of the
surface plasmon resonance spectrum of gold-NPs, were studied. It is shown that the energy transfer
between the dyes and gold-NPs functionalized with polymer chains can be well described by the size-
dependent NSET model. The most effective energy transfer was observed for the dye with the highest
spectral donor-acceptor overlap integral despite the difference in donor fluorescence yield, it means that
the overlap integral is the most important variable to predict the course and efficiency of this process in
the hybrid dye-NP systems. The polymer layer was found not to interact with the dye but its thickness
influenced the effectiveness of super-quenching of dye fluorescence (the Stern-Volmer constant, Ksy,
108 M) caused by energy transfer. The hybrid mixture of laser dyes and pegylated gold-NPs seems to be
very attractive for imaging and detection of targets in biological systems.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The continuous and dynamic development of nanotechnology
allows the application of new, highly advanced materials in na-
nomedicine, nanobiology, bioimaging and optoelectronics [1].
Much interest has been focused on metal and semiconductor na-
noparticles (NPs), which can act as attractive components of op-
tical detection systems. Their tunable optoelectronic properties,
shapes and sizes make these materials perfect for detection in
nanoscale of analyte trace concentration [2-4]. Metal NPs have
additionally been used in surface enhanced Raman spectroscopy
[5] and surface enhanced fluorescence spectroscopy [6,7]. The
interest in the application of NPs has expanded as their functio-
nalization have turned out to be more productive [8].

The noble metals NPs (gold (Au) and silver (Ag)) have been
under particularly intensive study due to their optical properties.
They show a strong resonance in the visible range of the electro-
magnetic radiation, attributed to charge motions on the metal
surface [1,9]. Plasmon oscillations interact with the frequencies of
incident light (localized surface plasmon resonance — LSPR), which
appears as a strong band in the UV-vis range [4,10,11]. NPs are

* Corresponding author.
E-mail address: alina.dudkowiak@put.poznan.pl (A. Dudkowiak).

http://dx.doi.org/10.1016/j.jlumin.2016.11.023
0022-2313/© 2016 Elsevier B.V. All rights reserved.

good scatterers and good absorbers of light and their resonant
frequencies strongly depend on the composition, size, geometry,
dielectric environment and separation distance.

When the dyes or dye marked receptors are present in the
proximity of NPs or are conjugated with them, their fluorescence
can be extinguished through energy or electron transfer [12-15].
Usually, two mechanisms are taken into account to explain the
photoinduced energy transfer process: the Forster resonance en-
ergy transfer (FRET) and nanoparticle surface energy transfer
(NSET). FRET generally is a common nonradiative process, through
which an electronically excited donor forwards its excitation en-
ergy to an acceptor prompting a decrease in the fluorescence in-
tensity and also in the lifetime of the donor [12,16]. Efficiency of
this process requires that the energy gap between the ground state
and excited energy level of donor and acceptor are well matched.
This suggests that the fluorescence emission spectrum of donor
must overlap the absorption spectrum of acceptor [13,16,17] and
the optimal distance to transfer excitation energy of donor to ac-
ceptor should be preserved. In contrast, NSET does not require a
resonant electronic transitions and when the emission spectrum
of donor overlaps the plasmon band of NPs, the dipole vectors on
the surface of the metal NPs can harvest the energy from the
donor [18,19].

A few theoretical models have been developed to calculate the
distance at which the probabilities of spontaneous emission of the
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dye and energy transfer between donor and acceptor are the same.
The first model was introduced by Forster and explained the in-
teractions between two oscillating zero point dipoles [20]. Further
modifications include the Kuhn approach [21] in which energy is
transferred from a dipole to a thin metal film. Later Chance et al.
[22] have added a correction factor to the Kuhn's model (the so-
called CPS-Kuhn model) to incorporate the dielectric functions of
the metal. Gersten and Nitzan [23] have developed a model which
explains the interaction between an oscillating dipole and a metal
NPs in which the NPs is considered as a volume of dipoles each of
which can couple to the donor. Later on Persson and Lang [24]
have described the interaction between a dipole and an infinite
metal surface.

Recently, much attention has been paid to fluorescence quenching
in the hybrid systems composed of a dye and metal NPs in which the
distance between interacting objects is not strictly controlled
[7,9,16,25-28]. The system in which dye-NPs distance can be che-
mically controlled has been also analyzed both experimentally and
theoretically [8,29-32]. For example, by smart design and DNA self-
recognition, a set of core-shell Au-NPs and quantum dots have been
obtained and the photoluminescence quenching, controlled by the
DNA linker lengths, caused by nonradiative NSET has been observed
[8]. Breshike et al. [33,34] have developed the size-dependent NSET
model which accurately predicts experimental data for the systems
made of the dye and Au-NPs of different diameters with the duplex
DNA as a donor-acceptor spacer. The DNA origami structures were
also used as a breadboard, in which both the dye and the NPs were
positioned with nanometer precision [29]. They have been found to
show a significant quenching of the fluorescence intensity and a re-
duction of the fluorescence lifetime of a dye when its distance to NPs
was smaller than 15 nm, while for longer distances their interaction
tends to disappear. The quenching study of four different dyes, which
absorb light at different wavelengths, has been also performed using
a rigid silica shell on Au-NPs surface as a spacer [30]. By a systematic
variation of the silica shell thickness, a comprehensive experimental
determination of the distance dependence from complete quenching
to no coupling was carried out. Mandal et al. [31] have investigated
the NPs embedded in micelles for controlled NSET by tuning the
precise location of donor dyes. They have pointed out that neither
FRET nor NSET is good enough for describing fluorescence quenching
efficiency as a function of separation distance in their system. To
study the NSET or FRET in the nanoscale, fluorescence quenching
studies for hybrid mixtures composed of laser dyes and Au-NPs have
been also performed for fluorescein, coumarin-153, rhodamine 6 G
and N,N-bis(2,5-di-tert-butylphenyl)-3,4:9,10-perylenebis(dicarbox-
imide) (DBPI) [7,19,27,28].

In this work, capped Au-NPs citrate was functionalized using
polyethylene glycol (PEG) polymer with two different alkyl chain
lengths. PEG is very useful in biomedical applications because it
can reduce the non-specific binding of proteins as well as the
cytotoxicity of pharmaceuticals [35]. The coating of NPs with PEG
allows a control of their suspension and stability in organic solvent
(i.e. ethanol (EtOH)) as well as a distance between energy donors
(dye) and acceptors (NPs). Furthermore, Au-NPs were mixed se-
parately with three different laser dyes characterized by different
yields of fluorescence and localization of their fluorescence emis-
sion spectra in different spectral regions of the LSPR spectrum of
Au-NPs. The effect of the overlapping of the donor fluorescence
spectrum and the acceptor extinction spectrum was discussed in
terms of the ability to efficiently quench dye fluorescence using
both experimental and theoretical approaches. Interpretation of
the experimental results was supported by calculation of the FRET
or NSET model parameters for different donor-acceptor distances
proposed in literature [24,33,36]. The results of the presented
work demonstrate that the hybrid systems consisting of a laser dye
and pegylated Au-NPs with well-defined donor-acceptor distance

could be used as labels or optical sensors for bionanotechnology
applications.

2. Materials and methods
2.1. Chemicals

Tetrachloroauric  acid (HAuCls-H,0), sodium citrate
(HOC(COONa)(CH,COONa), - 2H,0), O-[2-(3-mercaptopropionyla-
mino)ethyl]-O’-methylpolyethylene glycol (PEG-SH M, ~ 5000,
(PI)) and O-(2-mercaptoethyl)-O’-methylpolyethylene glycol (PEG-
SH M,, ~ 10000, (PII)) were purchased from Sigma-Aldrich (USA).
Laser dyes, coumarins such as 7-N,N-diethylamino-4-tri-
fluoromethyl-1,2-benzopyrone (C-481) and 2,3,5,6-1 H,4H-Tetra-
hydro-9-(3-pyridyl)quinolizino[9,9a,1-ghJcoumarin (C-510) were
purchased from Exciton (USA), whereas the 4-(dicyanomethy-
lene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) was
from Sigma Aldrich (USA). EtOH 99.8% H,O free was purchased
from POCH S.A. (Poland).

2.2. Chemical synthesis of nanospheric Au particles, pegylation
protocol and their characterization

All chemicals were dissolved in Mili-Q ultra-pure water in glass
flasks treated with aqua regia prior to use. Citrate stabilized Au-
NPs (~15nm in diameter) were synthesized according to the
procedure described elsewhere [37]. Au-NPs capping by PEG-SH
was performed according to the procedure described earlier
[6,37,38]. Pegylation process ensures good suspension and ag-
gregation resistance of Au-NPs in organic solvents due to forma-
tion of ultrathin PEG-SH layer on the Au-NPs surface [6,38]. Par-
ticle size distributions were obtained by means of dynamic light
scattering measurements (DLS) using Mastersizer 3000 (Malvern
Instruments Ltd.) device.

2.3. Absorption and fluorescence studies

The hybrid dye-Au-NPs mixtures were prepared according to
the following procedure. The volume of all mixtures was kept
constant and equal to 1.5 mL. The concentrations of Au-NPs cap-
ped by PEG-SH were as follows (0, 0.8, 1.6, 2.4, 3.2, 4.0, 4.8, 5.6, 6.4,
7.2, 8.0)x10"1°M (extinction coefficient 2.33 x 108 M"'em™! at
524 nm). The dye concentration was set at 3 x 10> M. The con-
centration ratio of the dye and Au-NPs was kept constant for all
laser dyes to get comparable results. The absorption and fluores-
cence spectra were collected using a Varian Cary 4000 spectro-
meter and a Hitachi F4500 fluorometer, respectively. The quantum
yield of fluorescence ( ¢;) of laser dye-Au-NPs mixtures was cal-
culated by the relative method according to [39]:

F 1 — 104w

=(gef —— ——————-100%,
Pe=0res Fres 1 - 104 )

where F and Fgs are the areas under the fluorescence emission
spectra of the mixture and the reference, respectively; A and Ages
are the absorbance of the mixture and the references at the ex-
citation wavelength. All measurements were performed at room
temperature.

Fluorescence decay curves were obtained using EasyLife V™™
(OBB Corp.) lifetime fluorometer with a 1.5 ns pulse of LED (405 nm)
as an excitation source. Sample fluorescence responses were col-
lected in the range of 425-800 nm. The amplitude averaged fluor-
escence lifetimes (T) were estimated by fitting the decay curves
using a deconvolution procedure implemented into DecayFit
1.4 software using bi-exponential decay profile.
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Fig. 1. (a) Size distribution of Au-NPs functionalized with PI (grey) and PII (red). Full width at half maximum (ASize,;;) (14+ 1) nm and (7.8 + 0.5) nm for PI and PII,
respectively. Gaussian curves were used to fit DLS data with R? > 0.94; (b) the extinction spectra of Au-NPs coated with PI measured as a function of time stored (black, red,

blue lines, 1-3 months, respectively).
3. Results and discussion

The particle size distribution of prepared 15 nm Au-NPs func-
tionalized with PI and PII (Fig. 1a) was narrow and the polymer
layer formed on the Au-NPs surface was around 7 nm thick for PI
and around 10 nm thick for PII, as postulated earlier [38]. For both
PI and PII functionalized Au-NPs in EtOH, the maximum of Au-NPs
LSPR spectrum is observed at 520 nm and 524 nm (before and
after pegylation, respectively) which suggests that the 4 nm shift is
the effect of PEG attached to NPs through Au-SH chemical bond-
ing. According to the earlier published results for pegylated 15 nm
Au-NPs [6,9] the maximum appeared at 519 nm. Coating NPs with
PEG-SH has been reported to shift the maximum of plasmon ex-
tinction band by about 2 nm due to a change in the dielectric
constant at the NPs surface [6]. Additional red shift of the LSPR
band can arise from changes in the refractive index of the solvents
[37]. By measuring the extinction spectra for this sample it was
checked that the LSPR maximum does not decrease and does not
shift on storage in cool conditions (4 °C) (Fig. 1b). It means that in
suspension of Au-NPs functionalized by PEG-SH of different chain
lengths, the stability of these particles and their homogeneous
dispersion are preserved in EtOH up to 3 months.

Fig. 2 presents the extinction spectrum of PI functionalized Au-
NPs and the fluorescence spectra of C-481, C-510, DCM (excited at
the maximum of the absorption spectrum of each dye (Table 1)).
The C-510 fluorescence maximum in EtOH is localized at 493 nm,
whereas the C-481 maximum is slightly bathochromically shifted
to 503 nm, but the half width (FWHM) of fluorescence band of the
latter is greater (Fig. 2). The maximum of the fluorescence spec-
trum of DCM observed at 611 nm is about 100 nm red shifted.

The absorption and fluorescence spectra of hybrid mixtures
composed of C-481, C-510 and DCM with different contents of Au-
NPs are presented in Fig. 3a-c. Increase in the fluorescence
quenching is observed for all dyes with increasing Au-NPs con-
centration in the mixture. For the investigated dye-Au-NPs hybrid
mixtures, it seems that even very low Au-NPs concentration is
sufficient to reduce the initial fluorescence intensity. The emission
quenching is probably due to non-radiative energy transfer be-
tween laser dyes and Au-NPs. To get the information about this
process, the overlap integral J(4) (Table 1) between donor (dye)
fluorescence spectrum and acceptor (NPs) LSPR spectrum was
calculated as follows:

Normalized extinction
Normalized fluorescence

400

500 600
Wavelength [nm]

Fig. 2. Normalized extinction spectrum of polymer functionalized Au-NPs (dashed,
black line) and fluorescence spectra of C-481 (red line), C-510 (blue line) and DCM
(grey line) in EtOH. Additionally overlaps between donor and acceptor spectra are
presented.

s= [ Fea| [ ) @

where F(4) is normalized to the unit fluorescence spectrum of donor
in the absence of acceptor and e(,l) is the molar extinction coefficient

(expressed in M~'cm~1) of acceptor. The highest J(1) value was ob-
served for C-481 and the lowest for DCM (Table 1). The order of
obtained J(4) values is comparable to that observed by others [36].

The fluorescence lifetimes (t) of investigated dyes were esti-
mated to be equal 0.71, 1.31 ns, respectively, for C-418 and DCM in
EtOH [40,41] whereas 7.6 ns for C-510 in polystyrene [42]. The
fluorescence decay studies as a function of NPs concentration were
performed for C-510 as a representative (Fig. 3d) because of its
long T and high ¢y as well because of the limitations of the in-
strument used. In EtOH, the estimated t-value was found to be
equal (4.89 + 0.06) ns for C-510 alone and decreased continuously
with increasing NPs concentration in the samples, up to
(3.67 £ 0.10) ns for the highest NPs concentration used.

It was shown that the fluorescence quenching takes a leading
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Table 1

Spectral parameters of laser dyes in EtOH (4gbs, Ay— maxima of absorption and fluorescence, respectively, ¢y — the quantum yields of fluorescence obtained using rhodamine
6 G as the reference sample ( ¢Ref:94%) [32]), spectral overlap integral( j(,l)) between the donor (dye) and acceptor (Au-NPs), Ksy — the Stern-Volmer constant for hybrid

mixture of dyes and Au-NPs functionalized with PI and PII, Ry and do,Dg - distance at which the probabilities of spontaneous emission and energy transfer are the same,
respectively, for FRET and NSET models, calculated from Egs. (4)-(6), respectively.

Sample Aaps (] A [nm] Pr 1%] J(A)x1015 (M1 cm~Tnm# Ksyx108 [M-T] PI/PII FRET NSET
Ro [A] do [A] Dy [A]
C-481 402 503 9 141 5.25/4.45 36 39 151
C-510 424 493 82 132 4.82/4.02 52 70 259
DCM 469 611 43 119 3.20/2.08 45 62 160
15 15
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Fig. 3. Absorption (dashed lines), fluorescence spectra (solid lines) and decays (d) of hybrid mixtures composed of C-481 (a), C-510 (b,d), DCM (c) with different contents of
Au-NPs functionalized with PI. Excitation wavelengths were located at dye absorption maximum (a-c) (Table 1) and at 405 nm (d). The concentrations of Au-NPs were varied
(0, 1.6, 3.2, 4.8, 6.4, 8.0) x 1071° M (from black to grey); the black line in (d) represents the instrument response function.

role, when NPs diameter is greater than 10 nm [27,43]. As a result
of static quenching, a non-fluorescent complex in the ground state
is formed as manifested by a new absorption band or changes in
the emission spectrum of the donor. Such changes were not ob-
served for the dyes-Au-NPs mixtures studied (Fig. 3a-c). It was
checked that the absorption spectra of hybrid mixture compo-
nents were additive. Because of possible diffusion interaction, the
dynamic quenching of the fluorescence could be considered. If in a
given system the process of dynamic quenching dominates, a

quantity that brings the information is the Stern-Volmer constant
(Ksy) defined by the expression [43]:
fo y_m_4_ Ksy [ NPs],

F T 3

where Fy, To and F, T are intensities at the maximum spectra or
lifetimes of dye fluorescence in the absence and presence of a
quencher (NPs), respectively, [NPs] is the concentration of Au-NPs.
Linear Stern-Volmer dependencies for all investigated dyes were
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obtained (not shown) suggesting a single quenching mechanism.
The Ksy values are gathered in Table 1 and they are lower for the
systems with Au-NPs coated with PII than by PI. Linear Stern-
Volmer dependencies for C-510 (not shown) were also obtained
from lifetime measurements. The Ksy values were equal to
(4.91 + 0.10)x108M-" and (4.12 + 0.10)x108M~1 in hybrid mixture
with NPs functionalized with PI or PII, respectively. These values
are similar (comparable) to that estimated from fluorescence
measurements (Table 1). It confirms that the dynamic quenching
in the investigated systems is actually observed. The obtained Ksy
values are of the order 10® and the quenching phenomenon is
described and called the super- or hyper-quenching, as reported
earlier for dye and plasmonic particles [1,27], in contrast to the
quenching process of a small dye molecule.

It has been shown that to describe the energy transfer between
the donors (dyes) and acceptors (NPs), the FRET or NSET model
provides satisfactory correlation between experimental results
and theory [14,26,27,33]. It is difficult to attribute the mechanism
of the energy transfer process to either of the two. As it is not
possible to measure directly the donor-acceptor distance, the en-
ergy transfer parameters were calculated using the experimental
data and different models proposed in literature [14,33,36].

In the energy transfer theory, the Forster distance (Rg) at which
the probabilities of spontaneous emission of the dye and energy
transfer between donor and acceptor are the same, is given by [36]:

Ro=0. 211(x2n~*gJ (2)) A, “)

where «? is a factor that describes the relative orientation of the
transition dipoles of the donor and acceptor (for randomized situa-
tion it is assumed to be 2/3) and n is the refractive index of solution.

The donor-acceptor distance (D, or dy) (equivalent to Ry) could
be also calculated as proposed by Persson and Lang [24] or by
Breshike et al. [33,34] for NSET. The distance d can be found from
the following equation:

C3¢ 1/4
do=| 0.225——F—| [A],
wdyewpKr

)

where c is the speed of light, ¢, wgy. are the fluorescence quantum
yield and the frequency of the electronic transition of the dye, wr
and kr are the Fermi frequency and Fermi wavevector of the metal,
respectively [14]. The alternative donor-acceptor distance (Dy) for
NPs larger than 2 nm could be calculated using the modified
model based on the CPS-Kuhn approach [22,33,34]. In this model
the electronic properties of NPs are dependent on their size and
the Dy values could be then calculated as follows:

Table 2

A 1/4] Ny
Dp=22(A |1+
0 nm( ¥r) [an(

2 \\1/4
i)] [nm,

le2f? (6)
where is the emission wavelength maximum for the donor, A is
the absorptivity of a thin film mirror, n, e and are the refractive
index and the dielectric function of the metal, respectively, n, and
g1 are the index of reflection and real dielectric constant of the
solvent (EtOH) and gold, respectively, « is the orientation of the
donor to the metal plasmon vector and is influenced only by the

averaged vector resulting ((9/2)]/4)/47:.

For small spherical Au-NP, the absorptivity (A) could be de-
scribed in a way similar to that of molecular absorption and cal-
culated from the equation [33]:

a(2r(:2)

NaV

A=103 In(10)

@)

where ¢; is the extinction coefficient of the Au-NPs at the max-
imum emission wavelength of the donor, r is Au-NPs radius (ex-
pressed in cm), g, is skin depth of Au, N4 is Avogadro's number,
and V is the volume of the particle (expressed in cm3). The size-
dependent A-term and dielectric constant were estimated on the
basis of literature [33,34,44].

The energy transfer efficiency (¢g;) is defined by [43]:

F T
fer=l - Fo_1 Y (€]
and the formula describing ¢ as a function of the distance be-
tween donor and acceptor (R) is given by [14]:

R\’

1+ (x,) )
where n = 6 for FRET or n = 4 for NSET. The donor-acceptor dis-
tances R,,D, or dg (Egs. 4-6) for all mixtures of laser dyes and Au-
NPs were used to calculate ¢ and R (the distance between the
dye and PI or PII functionalized Au-NPs) according to Egs. (8) and
(9), respectively (Table 2). For all pigments, the calculated R(Do)
are longer than R(Ro) or R(do). When the R, or dy distances for
FRET or NSET models, respectively, are taken into account, it is
clearly seen that the distance between the dye and the surface of
Au-NPs is shorter (especially for C-481) than the thickness of the
polymer layers separating both components. Due to the fact that
small Au-NPs display a higher density of thiol ligand attachment
which has been attributed to their high surface curvature, it seems
that the dye is not able to penetrate the PEG layer of Au-NPs. The
dependencies of ¢; on R evaluated for FRET and NSET models are

The donor-acceptor distances obtained using FRET ( R,, Eq. (4)) and NSET (do,Do, Egs. (4) and (5)) parameters for a hybrid mixture of a dye and Au-NPs in various

concentrations.

[NPS] x10-10 [M] Polymer C-481 C-510 DCM
¢pr £0.5 [%]  R[A] FRET (R,)/NSET (do/Dg) ¢gr +£0.5 [%] R[A] FRET (R,)/ NSET (do/Dg) ¢ +0.5 [%] R[A] FRET (R,)/NSET (do/Dy)
1.6 PI 5 59/84/324 8 79/130/481 5 73/127/327
PII 5 59/82/319 3 92/166/615 3 80/144/372
3.2 PI 13 49/62/241 13 72/114/421 8 69/116/299
PII 10 52/68/263 10 75/121/449 7 71/120/310
4.8 PI 21 45/55/211 19 66/101/372 13 62/99/257
Pl 18 46/57/220 14 70/110/406 8 68/113/293
6.4 PI 24 43/52/200 23 63/94/348 18 59/91/234
PII 21 45/55/211 21 65/97/361 12 63/101/261
8.0 PI 32 40/47/183 28 61/89/329 20 57/87/225
Pl 27 42/50/193 25 63/93/343 15 61/96/247
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Fig. 4. Energy transfer efficiency (¢gr) versus the distance (R) between the dye
C-481 (a), C-510 (b) and DCM (c) and Au-NPs simulated for FRET (using R,, black
line) or NSET (using D, or do, red or blue line, respectively).

shown in Fig. 4. As follows from Table 2 and the simulation (Fig. 4),
the energy transfer between the dye molecules and Au-NPs coated
with 7 and 10 nm polymer layer could be well described by NSET
mechanism using the Dy distance. It confirms that only the size-
dependent modification to the NSET theory predicts the interac-
tion between the dye and NPs for distances greater than the
thickness of the polymer coated NPs.

As follows from Table 2, the most effective energy transfer
occurs for C-481, which is related to the highest spectral overlap,
despite the lowest donor yield of fluorescence (Table 1). The dye
C-510 characterized by significant yield of fluorescence shows a
slightly lower efficiency of energy transfer than C-481, probably

due to a decrease (about 6%) in the spectral overlap. For the hybrid
system with DCM whose maximum of absorption was red shifted
with respect to LSPR maximum of Au-NPs and the spectral overlap
was about 16% smaller and the yield of fluorescence about 5 times
higher than those for C-481 (Table 1), the lowest quenching of
fluorescence due to energy transfer process was observed. It was
of about 36% and 44%, for Au-NPs coated with PI and PII, respec-
tively, less effective for DCM than for C-481 (Table 2). In general,
the spectral overlap integral (J (1)) between the emission spectrum
of the donor and the absorption spectrum of the acceptor, quan-
tum fluorescence yield of the donor, donor-acceptor distance and
relative orientation of the transition dipoles are mainly re-
sponsible for the FRET. In the hybrid systems when the acceptor
(NPs) particles have spherical shape, the orientation of transition
dipoles is irrelevant and the energy transfer occurs for any or-
ientation. In the NSET approach irrespective of metal properties,
the dy or Dy values (Egs. 5 and 6) depend on ¢, of the donor
(similarly as in the FRET model), but also on the absorption or
emission wavelength maxima of the donor (dye). In contrast to
FRET, these approaches do not take into account the donor-ac-
ceptor spectral overlap. However, analysis of the results suggests
that the spectral overlap integral is an important parameter in-
fluencing the effectiveness of the process, also for NSET because
neither ¢; nor localization of the dye electronic transitions permits
prediction of the course and efficiency of energy transfer in the
hybrid dye-NP systems (e.g. for C-481 and C-510). In our experi-
ment the concentrations of NPs were five orders of magnitude
lower than that of the dyes and the distance between donor and
acceptor did exceed 100 A suited for FRET (the average dye-NP
distance calculated independently from the maximum Au-NPs
concentrations used was about 23 nm). Additionally the calcula-
tion for NSET approximating the metal as a 2D surface also did not
give satisfying results (R in Table 2 is shorter than the thickness of
the polymer layer). Therefore it seems that the modified NSET
theory by Breshike et al. [33,34] is the best approach to describe
the long-range energy transfer process in the investigated dye-NP
systems.

The dependencies of ¢ and ¢ on concentration of Au-NPs for
C-481, C-510 and DCM are shown in Fig. 5. The yields were cal-
culated according to Egs. (3), (8) and (1), respectively, on the basis
of the steady state fluorescence studies and lifetime analysis. For
all dyes and both polymers attached to Au-NPs, the linear de-
pendencies on the fluorescence quenching on NPs concentration
were observed, therefore it was possible to calculate the NPs
concentration at which the probabilities of both deactivation
processes will be the same. In the investigated hybrid systems the
concentration of Au-NPs should be (12.8, 14.2 and 18.8) x 107" M
for PI and (14.4, 16.7 and 27.1) x 1071° M for PII, respectively, for
C-481, C-510 and DCM.

For both PEG-SH layers and the highest concentration of Au-
NPs used (Table 2 and Fig. 5), the yield of fluorescence quenching
was comparable to the yield of energy transfer (and it was equal
27-32% for C-481, 25-28% for C-510 and 15-20% for DCM). It
suggests that the dyes do not interact with the polymer layers,
therefore the modification of Au-NPs surface has no influence on
the deactivation paths of dye (i.e. no radiationless processes other
than energy transfer takes place). The increase in the polymer
layer thickness by 3 nm, changes only the Ks, value (Table 1) and
for all dyes it leads to a decrease in the fluorescence quenching
effectiveness (and energy transfer between donor and acceptor) by
about 3-5% for the highest Au-NPs concentration used (Table 2).

4. Conclusions

To sum up, it was found that in the hybrid systems of a laser
dye and NPs, the transfer energy between the laser dye molecules
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Fig. 5. The energy transfer efficiency (¢gr) (a, ¢, e) and quantum yield of fluorescence (¢p) (b, d, f) versus various concentrations of Au-NPs functionalized with PI (closed
triangles, solid lines) or PII (opened triangles, dashed lines) for C-481 (a-b), C-510 (c-d) and DCM (e-f) based on steady state fluorescence studies. The red line and points in
(c) follows from lifetime analysis. The data of ¢gr=f ( [NPs]) were fitted using Egs. (3) and (8), R?>>0.97.

and 15 nm Au-NPs coated with polymer chain of different lengths
could be well described by the NSET mechanism using the esti-
mated Dy distance as proposed by Breshike et al. [33,34]. It seems
that the FRET theory describing the interaction between point
dipoles at limited distances is not able to reflect the nonradiative
energy transfer in hybrid systems consisting of dyes and a few nm-
sized NPs, because the assumption that NPs can behave as point
dipoles is too rough. The infinite metal surface proposed in the
Persson-Lang approach of the NSET theory also does not describe
the real situation of spherical NPs whose absorptivity varies with
the size as shown by the Breshike-Riskowski-Strouse NSET theory
development [33,34]. Their modified NSET theory is the best ap-
proach to describe the long-range energy transfer process in the

investigated dye-NP systems.

The yield of fluorescence quenching was comparable to the
yield of energy transfer, which suggests that the Au-NPs polymer
surfaces do not interact specifically with the dyes, thus modifying
the deactivation processes of their excited electronic states. The
increase in the thickness of the polymer layer influenced the ef-
fectiveness of dynamic super-quenching of fluorescence caused by
energy transfer between the dyes and Au-NPs to the same degree
for all dyes. The most effective energy transfer was observed for
the dye with the highest spectral donor-acceptor overlap integral,
despite the difference in donor fluorescence yield, it means that
the overlap integral is the most important variable to predict the
course and efficiency of this process in hybrid dye-NP systems. The
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results suggest that it should be worthwhile to consider a further
development of NSET theory taking into account the spectral do-
nor-acceptor overlap integral analogous to the FRET.

The Au-NPs functionalization with PI or PII prevents their ag-
gregation and helps maintain their stability and homogenous
dispersion in EtOH on storage. It has been reported [6] that Au-NPs
coated with PEG were not toxic to murine colon carcinoma cell
line (CT-26), which opens a possibility to apply hybrid dye-Au-NPs
systems as labels or optical sensor. Because for all laser dyes and
polymer lengths, the dye yield of fluorescence was proportional to
pegylated Au-NPs concentration, it seems that these dye-NPs hy-
brid mixture could be very attractive for nanobiotechnology for
imaging or detection of many targets in biological systems.
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ABSTRACT: Gold nanorods deserve special attention as they exhibit tunable longitudinal localized
surface plasmon resonances (LSPRs). In our study, gold nanorods of the aspect ratio of 2.25
(maximum of LSPR band at 660 nm) and of controllable SiO, thickness in the range of 6—14 nm
were mixed with pheophorbide (chlorophyll derivative) in order to create a hybrid system. Energy
transfer and singlet oxygen generation were studied for different SiO, thicknesses of the nanorod
shell. The spectral properties of the hybrid mixture were characterized, and the overlapping of the

Q-band excitation

SiO, thickness
ploik wnjuenb ?g,

pheophorbide fluorescence and the longitudinal LSPR band of nanorods on the fluorescence kv_j 8} i’:}

emission, energy transfer, and generation of singlet oxygen were studied. Two independent

approaches were used to determine the quantum yield and enhanced factor of singlet oxygen generation. For a certain thickness of
the SiO, shell and for certain concentrations of gold nanorods, the effect of the plasmon-enhanced singlet oxygen production was
observed. Moreover, the enhanced of singlet oxygen yield enhancement was correlated with the far-field optical properties of the
gold nanorods. The results obtained indicate the significance of further studies of dye-photosensitizers in hybrid mixtures, taking into
account the spectral overlap between dye emission and longitudinal LSPR bands as well as the character of coatings (type and

thickness) and scattering yields of gold nanorods.

1. INTRODUCTION

Metallic nanoparticles (NPs) show the localized surface
plasmon resonance (LSPR) in the UV—vis range; therefore
an intense color of their colloidal solution can be observed.
The optical, electronic, and catalytic properties of NPs and
their applications strongly depend on their shape and size.'
Ideal probes for biological applications are gold nanorods (Au-
NRs) with interesting optical properties and their known
biological neutrality.” Because of their shape, Au-NRs show the
transverse and longitudinal LSPR bands. These NPs are
characterized by a higher cross-sectional area for light
absorption than the other NPs; their absorption (assigned to
the longitudinal LSPR band) can be easily tuned from UV to
near infrared and they can be produced on a large scale, while
maintaining control of the particle size.”* The high efficiency
and reliability of the Au-NR synthesis and possibility of their
functionalization as well as a broad range of tunable LSPR
band make them very attractive from the applications point of
view.”® The gold NPs (nanospheres, Au-NRs, nanocubes,
nanoshells, nanostars, etc.)”® are investigated in terms of
applications in the diagnostics or photothermal and photo-
dynamic therapy (PDT).” PDT is a noninvasive comple-
mentary strategy for the treatment of cancer. Through the
association of dye-photosensitizer (PS), light and tissue
oxygen, the singlet oxygen ('O,) can be generated, in order
to target neighboring pathological cells and tissues. Formation
of new dye-NP hybrid systems requires determination of their
spectral parameters and understanding of the photophysical
processes occurring at the molecular level. Modification of NP
size or shape and functionalization of their surface (by different

© 2019 American Chemical Society

7 ACS Publications
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types of coatings of different thicknesses) have a significant
impact on the photophysical parameters, describing the
radiative and nonradiative processes of deactivation in the
investigated systems. One strategy is to coat the NPs with a
tunable thickness layer, in order of keep the distance and
control the interaction between the dye and the NPs.
Functionalization of the NP surface gives also the possibility
to significantly improve the photophysical parameters of dye-
NP hybrid systems toward diagnostic or therapeutic
applications.'*™"* Modification of the size of the NRs can
change the position of the longitudinal LSPR extinction band.
These modifications allow the formation of a system in which
dye absorption or emission band will be overlapped with the
LSPR band, which ensures favorable conditions for the
interaction between the dye and NRs. Additionally, the coating
of NRs permits maintenance and control of the distance
between the interacting components. Silicon dioxide (SiO,)
has been widely used as a shell material for NPs.'*~'°
Nevertheless, the question remained if the ability of generating
'0, by NRs coated with SiO, (NRs@SiO,) and sensitized by a
selected dye can be modulated (quenched, enhanced) or
retained by the SiO, shell. So far, the ability to generate 'O,
has been investigated for PS bound to the functionalized
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spherical Ag-NPs'” and Au-NRs."® The interaction of the dye
with plasmonic Au-NPs@SiO, is a complicated process; so it
can lead to the enhancement or quenching of deactivation
processes involving excited singlet and triplet states of PS.
Therefore, the aim of our present studies is to check the
influence of the thickness of the SiO, shell of Au-NRs on the
optical properties of the chlorophyll derivative [pheophorbide
a (Pheide)] and deactivation processes in physical, hybrid
mixtures of the dye and Au-NRs@SiO,. The optimal
conditions for energy transfer in the investigated Pheide and
the Au-NRs@SiO, system that would increase the 'O,
generation were identified. The influence of the thickness of
the SiO, layer coating Au-NRs on the dye fluorescence
quenching and singlet oxygen production was observed.

2. MATERIALS AND METHODS

2.1. Chemicals. Tetrachloroauric acid (HAuCl,-xH,0)
(99.99%) from Alfa Aesar, cetyltrimethylammonium bromide
(CTAB) (99.00%), sodium borohydride (NaBH,) (98.00%),
silver nitrate (AgNO;) (99.99%), ascorbic acid (99.00%),
sodium hydroxide (99.99%), tetraethylorthosilicate (TEOS)
(99.99%), and 1,3-diphenylisobensofuran (DPBE) were
purchased from Sigma-Aldrich. Ethanol (EtOH) 99.80%
H,0 free was purchased from POCH S.A. (Poland).
Pheophorbide a (Pheide) (>95.00%) was commercially
purchased from Frontier Scientific, Inc. (USA).

2.2. Chemical Synthesis of Gold Nanorods and Silica-
Coated Gold Nanorods with Different Shell Thick-
nesses. Au-NRs were prepared following the procedure
described by Nikoobakth et al.'” with suitable modifications
(see Supporting Information). SiO, coating was prepared using
the modified Stober method”® proposed by Liz-Marzan
group'¥'¥*! with slight modifications.

2.3. Microscopic and Spectroscopic Measurements.
The morphology and size dispersion of Au-NRs@SiO, were
characterized by transmission electron microscopy (HR-TEM)
using 2 JEOL ARM-200F instrument (200 kV) and JEOL 1400
(120 kV). Au-NRs@SiO, was drop-casted on Cu grids and
placed on a vacuum desiccator overnight.

In hybrid mixtures with Pheide, the concentrations of Au-
NRs@SiO, were as follows (0, 1.33, 2.66, 4.00, 5.33, 6.66) X
107" M (extinction coefficient 3.11 X 10° M™' cm™),”
whereas Pheide concentration was set at 1.65 X 107 M. To
evaluate the quantity of Pheide adsorbed on the Au-NRs@
SiO, surface, hybrid mixtures with different Au-NRs@SiO, (14
nm) concentrations were centrifuged at 6000 rpm for 15 min.
The supernatant absorption spectra were measured, and the
concentrations of the dye in the pellet were calculated. The
estimated amount of the dye adsorbed on the Au-NR surface
(C) versus the Au-NR concentration in the mixture shows
linear decreasing dependence (not shown). It is surprising that
by increasing the Au-NRs@SiO, concentration more unad-
sorbed (free dye) is detected in the supernatant. Similar
dependences have been observed for the dyes chemically
bonded to the NP surface.'””> The C values change in the
range of 53—20%. This means that at least 53% of the dye is
loaded on the Au-NRs@SiO, surface for the lowest (1.33 X
107" M) and about 20% for the highest (6.66 X 107! M) Au-
NR concentration in the hybrid mixture.

Absorption spectra were measured using a Varian Cary 4000
spectrometer. The fluorescence spectra were collected using a
Hitachi F4500 fluorometer. All samples were stirred before and
after each spectrum collection. The quantum yield of
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fluorescence (¢by) of Pheide in hybrid mixtures was calculated
by the comparative method according to eq 1

b= Fg 1 — 10" n’
- ef —
PO R 1= 1070 g (1)

where Fg and Fg. are the areas under the fluorescence emission
spectra of samples and the reference, respectively; A and Ay,
are the absorbance of the investigated sample and the
references at the excitation wavelength; and n and ny, ¢ are
the refractive indices of EtOH. The reference was the Pheide
dye (s = 28%) dissolved in EtOH.”* The process of
fluorescence quenching of Pheide versus Au-NRs@SiO,
concentration ([Au — NRs]) can be described by the
Stern—Volmer constant (Kgy) defined by the expression

fy 1 = Kgy[As NRs]
20 1= -

F s )
where Fj and F are the intensities at the maximum spectra of
Pheide fluorescence in the absence and presence of a quencher
(Au-NRs@Si0,), respectively. Energy transfer efficiency (¢er)

can be estimated from the following formula
F
pgr=1-—

E, ©)

The dependence between ¢hgr and [Au — NRs] can be
derived from eqs 2 and 3, as shown below

. Kgy [Au — NRs]
FT ™ Kg[Au — NRs] + 1

(4)

As Au-NRs show the extinction bands (Figure 1) at the 510
and 667 nm wavelengths, used for Pheide excitation, the inner

1.04 r1.0
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Figure 1. Extinction spectrum of Au-NRs coated with 6 nm SiO, (red
line, concentration 1.30 X 107" M) and fluorescence emission spectra

of Pheide (blue line).

filter effect (IFE) should be taken into account.'” The
fluorescence intensities were corrected according to the
equation shown below'**®

corr

) oD, + OD,,,
I, = I, X antilog| ————

2

()
where I, and I are the corrected and measured fluorescence
intensities at the maximum emission spectra of Pheide; OD,
and OD,,, are the optical density values for Pheide and Au-
NRs@SiO, solution at the excitation and the emission
wavelengths, respectively.

The efficiency of singlet oxygen (¢) can be evaluated by
using the photometric method based on absorbance of DPBF
widely used as 'O, trap. 'O, was detected via the photo-

degradation of DPBF which readily undergoes a 1,4-cyclo-

https://dx.doi.org/10.1021/acs.jpcc.9b08204
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addition in reaction with 'O, to form endoperoxides which
irreversibly yield I,Z-dibenzoylbenzene.18’26 To estimate ¢hp,
Pheide dissolved in EtOH was used as the reference.”” The
mixtures of the investigated (or reference) sample were
irradiated with monochromatic light by a 1200 W (Oriel
66070) lamp and a Carl Zeiss SPM2 monochromator with 10
nm half-width of the band. The irradiation wavelength (668
nm) was adjusted at the maximum of Q, absorption band of
Pheide. The DPBF concentration was kept constant at the
level of ~0.75 X 107> M. The reaction of DPBF with 'O, after
irradiation was monitored by absorbance at 411 nm using a
StellarNet Inc. Black-Comet-HR and DH-2000BAL Ocean
Optics light source and two Ocean Optics high quality optical
fibers were used to collect absorption spectra. The value of ¢
was determined according to the equation

kg1 — 10_AR(0)

_ 4R
¢A - ¢A kR 1— IO_AS(O)

(6)

where @} is the 'O, generation efficiency of the reference;
Ag(0) and Ag(0) are the absorbances of the investigated
sample and the reference, respectively, for time 0; and kg and k,
are the slopes of the linear character of the semilogarithmic
dependencies describing the photobleaching rate of DPBF in
the presence of the investigated and reference samples,
respectively. Moreover, the laser-induced optoacoustic spec-
troscopy (LIOAS)*>” was used to determine ¢, of the
investigated samples. The LIOAS setup has been described
in detail elsewhere.”’ LIOAS is a relative method which
employs a photocalorimetric reference. To maintain mechan-
ical properties of the medium, a mixture of Ni-substituted
pheophytin a (Ni-Phea)*® and Au-NRs@SiO, (in appropriate
concentrations) was used as a reference sample. Ni-Phea was
used at a concentration from the range of 107 M. The
wavelength for dye-Au-NRs mixtures excitation was set to 668
nm (the Q, band of Pheide). According to the approach
proposed by Marti and co-workers,”” the first maximum of the
LIOAS signal (H,,,,) is described by the equation

Hmax = CaEIas(1 - 10_A) (7)
where A is the absorbance of the reference or investigated
sample, E|; is the energy of the incident light; C is a coefhicient
related to the geometry of the experiment, and « is a fraction
of excitation energy converted promptly into heat (below 0.2
us in EtOH). The comparative LIOAS measurements were
made for reference and the investigated samples to eliminate C
and estimate a of the investigated sample. The values of & can
be used then to evaluate ¢, for Pheide in a mixture with Au-
NRs@SiO,, from the following relation

E]as(l - a) - ES¢F
EA

¢ =
. (8)

where Ej is the energy of the S, state of Pheide (in kJ-mol™"),
E, is the energy of the S, state of molecular oxygen (E, = 94
kJ-mol™"), and Ey,; is the light energy at excitation wavelength.

2.4. Computational Simulations. The finite integration
technique was used to calculate the scattering yields (¢,.) of
Au-NRs@SiO,. The details and methodology of simulation are
given in our previous work.”’">* Taking into account the
dimensions of Au-NRs@SiO, from the analysis of TEM
images, the optical extinction and radar cross sections (i.e.,
ECS, RCS respectively) were calculated. ¢, was determined by
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the relative contribution of RCS to ECS. In this context, ¢ for
Au-NRs@SiO, can be defined as’”

90°
o
90°
2o ©)
where 4, and 4, were 400 and 800 nm, respectively. The RCS
and ECS spectra were obtained for different angles between
the longitudinal axis of Au-NRs and the electric vector of the

electromagnetic wave ¢ € 0—90° and were then averaged
according to formula 9 to obtain the mean value of ¢,..

[ RCS()di

sc

A 2 ECS()dA

3. RESULTS AND DISCUSSION

Incomplete understanding of the Au-NR synthesis process
makes the tuning of reaction conditions to obtain reproducible
results much time-consuming. Hence, to precisely control the
Au-NR size, the seed-mediated processes of their growth have
to be developed. The Au-NR synthesis was carried out in
homogenous solution with the use of relatively cheap
substrates. It was checked that during the synthesis, high
temperatures are not required; therefore the temperature was
fixed in the range of 25—30 °C. In such conditions, the aspect
ratio of the resulting Au-NRs was not limited. Incubation of
gold seed solution was the most important step, it should be
noted that they need to be stored at 28 °C until further use.
CTAB-coated Au-NRs were prepared using the well-known
seed-mediated growth procedure.'”** The gold seeds were
added to a growth solution containing CTAB, HAuCl,-xH,O,
AgNO;, and ascorbic acid. A CTAB bilayer on the surface of
Au-NRs protects against their conglomeration, and the
addition of AgNO; to the growth solution encourages
anisotropic growth and control of the aspect ratio. This
enables tuning of the position of longitudinal LSPR maxima in
different spectral ranges to obtain the desired spectral overlap
between Au-NRs and chosen dye-PS. Au-NRs are charac-
terized by two LSPR bands: transverse band observed at 520—
530 nm and the longitudinal band whose location depends on
the length of the longitudinal axis of Au-NRs. There is a direct
relationship between the position of longitudinal LSPR
maximum and the aspect ratio of Au-NRs. The reaction
temperature (28 °C) and a suitable CTAB concentration are
crucial for fabrication of stabile and homogenous Au-NRs of a
desired aspect ratio. The Au-NRs of different aspect ratios 2.0;
2.1; 2.4; 2.9; 3.4; and 4.3 were prepared, and their UV—vis
absorption spectra are shown in Figure S1 (see Supporting
Information). For our investigation, the Au-NRs of the aspect
ratios 2.25 + 0.23 [length (53.2 = 1.8) nm and width (23.6 +
1.3) nm] and maximum longitudinal LSPR in the region of
approx. 660 nm were chosen. Simplification and optimization
of the synthesis of Au-NRs and appropriate modification were
based on the procedure proposed by Nikoobakth and Sayed."’
Earlier,>**" it has been proposed to control the aspect ratio of
Au-NRs by, for example, temperature (up to 55 °C), the
amount of metal present, the ratio of metal seed to metal salt,
and concentration of the precursor, salts, and surfactants. The
synthesis with proposed modification (low, stable temperature,
suitable CTAB and AgNO; concentration, etc.) permits
obtaining reproducible results and is easy to perform in the
basic chemical laboratory condition.

The next important step was coating of Au-NRs with the
SiO, layer of controlled thickness. The functionalization of Au-
NRs with SiO, (Au-NPs@SiO,) was made according to the

https://dx.doi.org/10.1021/acs.jpcc.9b08204
J. Phys. Chem. C 2020, 124, 2088—2095


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b08204/suppl_file/jp9b08204_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b08204/suppl_file/jp9b08204_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b08204?ref=pdf

The Journal of Physical Chemistry C

scheme in Figure S2 (see Supporting Information) based on
the Stober method'*'>***" with our slight modifications. The
Stober’s method can be optimized and adapted using different
approaches. For instance, we used the method based a one-
step reaction usinég CTAB templates, as proposed by Gorelikov
and Matsuura.’® Au-NRs before functionalization were
centrifuged in order to wash out the excess of the CTAB
surfactant. When significant excess of CTAB is present, empty
CTAB micelles would be also templates for the SiO, layer
formation on Au-NRs. Wrongly chosen CTAB concentration
may change the structure of the layer, and as a result,
heterogeneous SiO, coatings are formed. The CTAB
concentration after centrifugation was below 1 mM, which
corresponds to the critical CTAB micelle concentration. Free
SiO, particles, which did not coat Au-NRs, were also removed
during the centrifugation of CTAB excess. The concentration
of the CTAB surfactant is an important factor and must be
controlled during the whole functionalization process
preformed with the use of TEOS solution.””** The hydrolysis
and condensation of TEOS to form SiO, can be catalyzed by a
change in pH. The appropriate pH for SiO, growth is 10.
Above pH 10.8, the SiO, shell showed inferior quality, whereas
below pH 9, the shell was not formed. Through careful control
of reaction parameters, it was possible to achieve highly
reproducible and robust SiO, coatings. According to our
results, by changing the concentration of the CTAB surfactant
in solution, it was possible to control the thickness of coating.
Functionalized Au-NRs with a coating of defined SiO,
thicknesses 6.0 + 0.9, 8.0 + 1.0, 12.0 = 1.7, and 14.0 + 2.4
nm were obtained. They were characterized by spectroscopic
(Figure S3, see Supporting Information) and microscopic
methods (TEM), as shown in Figure S4. The spectra of Au-
NRs@SiO, in the UV-—vis range, taken at various time
intervals (Figure S3, see Supporting Information), evidence
their stability in the organic solvent (EtOH) over 2 months.
The positions of LSPR maxima of Au-NRs@SiO, were
confirmed by theoretical calculations.

The procedure used by us for functionalization of Au-NRs
with a controlled thickness provides results of high accuracy
and reproducibility. It shows that adjustment of optimal pH
and control of CTAB concentration are important for
successful synthesis.

To observe the energy transfer process between the dye and
Au-NRs@SiO, or investigate the plasmon-enhanced singlet
oxygen generation, hybrid mixtures with the well-defined SiO,
coating of Au-NRs and chlorophyll derivative (Pheide) were
prepared. The system should fulfill a certain condition: that is,
the longitudinal extinction band of the prepared Au-NRs has to
overlap the fluorescence spectrum of the dye (Figure 1). The
maximum of Pheide fluorescence is located at 667 nm;
therefore the Au-NRs of the aspect ratio of 225 + 0.23
(maximum extinction at 660 nm) was used.

The absorption spectra of the prepared mixtures with a
constant Pheide concentration and variable concentrations of
Au-NRs@SiO, are shown in Figure 2. The increase in
absorbance results from the increase in the concentration of
Au-NRs@SiO, in each subsequent hybrid Pheide-Au-NRs@
SiO, mixture. The additivity of the Pheide and Au-NRs spectra
was also checked, and the calculated and measured spectra of
investigated hybrid mixture were compared (not shown). The
experimental and calculated spectra match very well,
suggesting that Pheide is simply adsorbed on the surface of
SiO,-coated Au-NRs. This means that Au-NRs@SiO, and
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Figure 2. Absorption spectra of hybrid mixtures at the constant
Pheide concentration (1.65 X 107 M) and different concentrations of
Au-NRs for 6 nm SiO, thickness (0, 1.33, 2.66, 4.00, 5.33, 6.66) X
107" M from black to magenta line, respectively).

Pheide do not create a new complex upon mixing, which could
affect the interaction of the dye with the plasmonic
nanostructure. Absorption spectra of the investigated systems
showed three distinct bands at 410, 510, and 667 nm
corresponding to the Soret band of Pheide and to the Q
Pheide bands overlapping the transversal and longitudinal
LSPR bands of Au-NRs@SiO,. As follows from the analysis of
positions of the Soret and Q, band of Pheide, the dye appears
in the monomeric form. It is very important because the
aggregation of the dye affects the ability to emit fluorescence
and/or generate 'O,.

Fluorescence spectra of Pheide in a mixture with different
Au-NRs@SiO, concentrations (Figure SS, see Supporting
Information) show that its emission is quenched. Figure 3a,b
presents ¢pr (eq 3) and ¢bp (eq 1), respectively, for different
Au-NRs concentrations and SiO, thicknesses. The Kgy values
(obtained from the fits presented in Figure 3a) versus SiO,
thickness are shown in Figure 3c for excitation wavelengths
chosen on the basis of the absorption spectra. Linear Stern—
Volmer dependencies (eq 2) plotted for the hybrid mixtures
with different thicknesses of the SiO, layer suggest that in the
investigated system, a single quenching mechanism is observed
(Figure 3c). In each hybrid system with a different SiO, shell
thickness (6—14 nm), a decrease in the Pheide fluorescence
emission was observed along with increasing Au-NRs@SiO,
concentration. This means that the efficiencies of deactivation
processes which take place with the participation of singlet
and/or triplet states of Pheide are modified by the presence
and amounts of Au-NRs@SiO,. In the physical mixture of the
dye and NPs (in this case NRs), the dynamic quenching of
fluorescence could be considered as reported in our previous
study for spherical NPs.*” As shown in Figure 3c, the value of
Ky decreases with the increasing thickness of the SiO, shell.
The lowest value of Kgy is observed for the thickest shell,
irrespectively of the excitation wavelength used. The value of
Kgy (43-24 x 10° M™') and similar slopes of linear
dependencies also suggest that the dynamic quenching takes
place and the distance between the dye and plasmonic NPs
caused by the SiO, shell has some influence on the yield of this
process. Taking into account the fact that the Au-NRs absorb
light at the excitation wavelengths (at 510 and 667 nm), the
IFE should be considered so the fluorescence data were
corrected according to eq S. Figure 3c showed that Stern—
Volmer constant (Kgy) values are independent of the
excitation wavelengths used but decrease with the SiO,
thickness. The mean values of K¢, were (4.34 + 0.15) X
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Figure 3. Energy transfer efficiency (¢gr) (a) and fluorescence
quantum yield (¢z) (b) vs Au-NR concentration for different SiO,
thicknesses (excitation at 667 nm), Stern—Volmer constant versus
SiO, thickness for Pheide Au-NR mixtures for different excitation
wavelengths (c). Taking into account the IFE, the presented
photophysical parameters were obtained after correction (according
to eq S).

10°, (3.57 =+ 0.07) x 10% (3.11 + 0.07) X 10°, and (2.41 +
0.04) x 10° M~ for 6, 8, 12, and 14 nm thickness of SiO,,
respectively. In our previous studies®® for spherical Au-NPs
coated by polyethylene glycol, the Ky values were about 1
order of magnitude lower, whereas Behera and Ram™ have
described the dynamic quenching process for spherical Au-NPs
functionalized with polyvinylpyrrolidoione characterized with a
Ky value of 2.23 X 10° ML,

The most important photophysical parameter, determining
the photosensitizing properties and ability to affect the
biological material, is the efficiency of singlet oxygen
generation. For the system of dye-PS, the adequate triplet
energy and the yield of triplet—triplet energy transfer between
the dye and molecular oxygen determine the singlet oxygen
generation. For this reason, the naturally occurring chlorophyll
derivative (Pheide) was used. NPs by themselves are not able
to generate 'O, but the presence of a dye in the vicinity of NPs
can cause plasmon-enhanced singlet oxygen generation.
Thinking about the application of such a system to disturb
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the pathological cells, it needs to be composed of the materials
nontoxic for healthy cells. Our hybrid mixtures were based on
such materials, that is, nanogold, SiO,, and natural organic
dyes. The influence of Au-NRs@SiO, on the value of ¢h, of
Pheide is illustrated in Figure 4. Two independent approaches
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Figure 4. Singlet oxygen quantum yields (¢,) for hybrid mixtures of
Pheide and Au-NRs@SiO, (black, red, blue, and grey line: 6, 8, 12,
and 14 nm of SiO,, respectively) obtained using LIOAS (a) and
photodegradation studies of DPBF (b), the enhancement factor of ¢,
generation based on the results presented in (a,b) panel (black and
red line, respectively) for 14 nm SiO, thickness (c), and the scattering
yields of Au-NRs (¢,.) vs SiO, thickness (d).

were used (and compared) to determine ¢,, that is, LIOAS
(Figure 4a) and the photometric method based on photo-
degradation of DPBF (Figure 4b). Exemplary spectra and
results used for the calculations of ¢, are presented in Figures
S6 and S7 (see Supporting Information).

As it follows from Figure 4a,b, the enhancement of ¢,
depends on the thickness of the SiO, shell and concentration
of Au-NRs@SiO,. The highest ¢, was observed for a low
concentration of Au-NPs@SiO, (1.33 X 107'! M) and a
distance to the dye molecule of above 12 nm (defined by SiO,
shell thickness). On the basis of the results from Figure 4ab,
the enhancement factor of ¢, generation was estimated for
Au-NRs with SiO, coating thickness of 14 nm. The
enhancement factor was calculated by dividing ¢, obtained
for each hybrid mixture by ¢, determined for the dye (Figure
4c). The plot of the enhancement factor versus Au-NR
concentration obtained by applying the two methods was
similar. For the dyes covalently bound to Ag-NPs,'”*’ the
observed efficiency of 'O, generation was the highest when the
distance between the dye and the plasmonic structure was
about 10—20 nm, depending on the shape of NPs. It seems
that the distance of dye and plasmonic NPs even in the
physical mixture confirmed that for the shell higher than 12 nm
the increase in oxygen generation could be observed. The
enhancement factor obtained by us is about 9% and is lower
than that reported for spherical Ag-NPs.'”** There are two
reason for this effect. At first it should be mentioned'” that the
shape of NPs and the type of metal used have been shown to
affect the effectiveness ¢o. As reported earlier,”’ the dye
attached to nanocubes is more efficient in singlet oxygen
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generation than that attached to nanospheres. On the other
hand, the Ag-NPs have shown more than twice higher
enhancement effect than Au-NPs.*® It has been explained in
terms of the far-field contribution to the plasmon-enhance
mechanism and evidences the superiority of Ag as the
plasmonic core in NPs. The second reason is that we used
indirect and independent techniques to estimate ¢4:
monitoring of the loss of absorbance of the 'O, trap
(DPBF) and detection of heat generated by the investigated
system (in time longer than 0.2 us) related to processes other
than the fast depopulation of dye singlet states. It is possible
that using indirect methods we have obtained underestimated
values of the enhancement factor (even 3-times according to
the literature'”>**%). The highest ¢, enhancement for 14 nm
SiO, layer of Au-NRs could be also correlated with the value of
¢, (Figure 4d). The ¢, quantifies the fraction of light
removed from the incident electromagnetic field that is re-
emitted as scattered light by LSPR. Theoretically calculated
RCS and ECS spectra of Au-NRs coated with 14 nm SiO, are
shown in Figure S8 (see Supporting Information). For 6, 8, 12,
and 14 nm SiO,-coated Au-NRs, the obtained ¢ values are 5,
6, 10, and 12%. It seems, as proposed earlier,” that depending
on the distances from the metal surface, the dye absorption
could be enhanced due to the fact that the plasmonic structure
can act as a secondary light source. This means that the far-
field effect can increase the level of light trapping in the whole
sample.

Recent studies’' have shown that Rayleigh scattering can
lead to an increase in the optical path in solution, resulting in
the increase in the ¢, not linked to the plasmonic effect.
Bregnhoej et al."' have also pointed out the importance of
considering the influence of the scattering medium on optical
measurement results. The authors claim that they have
observed NP-mediated effect on the probability of the optical
transition excited directly at 765 nm and explained it in terms
of a NP-dependent change in the path length of light
propagation through the sample. They investigated NPs with
the ¢, in the range of 5.5—88%. The ¢,  of the Au-NRs we
used was from the range of 8—11% (Figure 4d) and the ¢,
decreased with increasing concentration of Au-NRs (Figure
4c). In our samples, the singlet oxygen generation is followed
by energy transfer between the donor (Pheide) and the
acceptor (Au-NRs@SiO,). The advantage of methods used by
us to determine ¢), is that they are relative and are based on
independent approaches (detection of heat and photo-
degradation of singlet oxygen quencher), and they give similar
results. The results were carefully analyzed and to avoid
Rayleigh scattering influence on LIOAS experiments, a mixture
of dye-reference (Ni-substituted pheophytin a) and Au-NRs@
SiO, (in appropriate concentrations) was used as a reference
sample. A similar experiment was performed using only dye as
a reference sample. Therefore, we were able to compare ¢,
values from two independent experiments and see if there is
any difference in the enhancement of ¢, not linked to the
plasmonic effect. Both used approaches need references, and
the techniques are independent. As shown, in the investigated
system, ¢, is in the range of 8—11% and the increase in the
scattering properties of the medium did not cause an increase
in ¢. The dye adsorption (C) decreases linearly with an
increasing content of Au-NPs@SiO, and C is correlated with
the dependence of ¢p5 on Au-NR concentration. Decrease in C
(with increasing concentration of Au-NRs) caused a decrease
in ¢,. It suggested that the amount of the dye adsorbed at the
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Au-NRs surface determine the values of ¢, as a result of the
plasmonic interaction. The best condition for enhancement of
¢ was observed for 14 nm layer of silica (the highest one),
1.33 X 107" M Au-NPs@SiO, concentration (the lowest one)
and for about 53% of Pheide loading on the Au-NR surface. It
seems that many variables and effects influence the process of
enhancement singlet oxygen generation in hybrid dye-
plasmonic nanostructure mixture.

4. CONCLUSIONS

The aim of the study was to modify the methods for the
synthesis and functionalization of Au-NRs so that they would
provide the possibility of synthesizing Au-NRs@SiO, of
reproducible properties realizable in any standard chemical
laboratory. The prepared Au-NRs@SiO, of well-defined SiO,
coating thickness and showing properly localized LSPR band
of Au-NRs@SiO,, overlapping with the Q band of the
chlorophyll derivative (Pheide) would permit investigation of
distance-dependent deactivation processes in a gold nano-
structure—natural dye hybrid mixture.

In hybrid mixtures of not chemically bound and interacting
components (Pheide and Au-NRs coated with SiO, of different
thickness), the deactivation processes were studied. It was
found that even in such physical mixtures not only the
presence of metal NPs but also the distance between the
plasmonic structure and the dye (defined by the thickness of
silica) influence the yields of nonradiative and radiative
depopulation of singlet and/or triplet states of Pheide whose
emission band overlapped the LSPR band of NRs. The yield of
plasmon-enhanced singlet oxygen generation in the hybrid
mixtures depends on the thickness of the coating layer, the
concentration of metal nanostructures, and their scattering
yields. Fluorescence quenching studies showed also that the
thickness of SiO, layer coating of Au-NRs influences the
Stern—Volmer constant. Another advantage of using NRs is
also the possibility to tune their longitudinal LPSR to obtain
the overlap with the fluorescence bands with any PSs,
especially those that absorb light in the therapeutic window
(above 650 nm). The size of NPs is also important to be easily
incorporated into the biological system without disordering the
biological membrane of healthy cells. Au-NRs with an LPSR
band shown in Figure S1 (see Supporting Information) have
the long axis from the range 630—740 nm. Their size is similar
or smaller than that of NPs used to inactivate different bacteria
culture.'” The results suggest a potential of hybrid mixtures of
Pheide and Au-NRs@SiO, based on only nontoxic materials,
for phototherapeutic applications.
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1.1.Chemical synthesis of gold nanorods

All chemicals were dissolved in Mili-Q ultra-pure water in glass flasks treated with aqua
regia prior to use. The synthesis of Au-NRs was performed by in situ bottom-up methods,
which involved the reduction of HAuCls with NaBHs. The synthesis of Au-NRs is a two-step
process. Synthesis of gold nanorods was carried out according to the seed-mediated growth
method proposed by Nikoobakth et al.> with our modifications. Details of the synthesis are
presented in our previous paper.? For seed preparation, 5 mL of a 0.5 mM HAuCI, solution
was added to 5 mL of 0.2 M CTAB solution. Then, 0.6 mL freshly prepared and cooled
reducing agent (NaBH4) was added under vigorous stirring at a constant temperature and
humidity. The solution changes color from yellow to brownish-yellow. Seed solution of
spherical gold NPs was stored at 28°C, which prevented the crystallization of CTAB
surfactant. Subsequently 12 pL of seeds solution was added to the growth solution containing
CTAB (0.2 M), HAuCl4 (0.001 M), AgNOs (0.004 M) and ascorbic acid (0.078 M). After
stirring, the growth solution has changed color, which indicated the formation of Au-NRs.
Addition of increased volume of AgNO3 caused a shift of the position of the longitudinal band
assigned to Au-NRs (Fig. S1).
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Figure S1. Extinction spectra of Au-NRs with different localized surface plasmon resonance
(black, red, green, dark blue, blue, pink lines for 0.05, 0.075, 0.1, 0.15, 0.2, 0.25 mL of
AgNO:s per concentration (0.004 M), respectively).

1.2. Functionalization of gold nanorods

Functionalization was carried out using the CTAB template. More details about
functionalization are given presented in our previous work.? After Au-NRs purification CTAB
(0.2 M) was added in different volumes (0.4, 0.6, 1.2 and 1.2 mL) and stirred for 4 hours to
equilibrate CTAB on the surface of Au-NRs. The SiO> layer thickness was controlled by a
desired concentration of CTAB. The right pH (10) was fixed by addition of NaOH (0.1 M).
After 1 hour, TEOS was added in dropwise injections at 30 min intervals (90 pL 20% in
EtOH). The mixture was left undisturbed overnight at 25°C. Finally, the solution was
centrifuged twice at 6000 rpm for 30 min. and Au-Ns@SiO> was transferred to EtOH.
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Figure S2. Scheme of functionalization of Au-NRs with SiO2 (Au-NRs@SiOy).
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Figure S3. Stability of functionalized Au-NRs (AuNRs@SiO) in ethanol, exemplary curves
for 6 nm (a) and 12 nm (b) SiO> thicknesses (black and red line, after synthesis and 2 months

later, respectively).
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Figure S4. TEM images of SiO, coating on the surface of Au-NRs (in each panel SiO;
thickness was indicated). Reprinted with permission from ref2. Copyright 2019 American
Chemical Society.
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Figure S5. Fluorescence spectra of Pheide mixed with 6 nm Au-NRs@SiO: for different

concentrations of Au-NRs@SiO, (a) and Stern-Volmer plots for Pheide mixed with Au-
NRs@SiO; for different SiO; thicknesses, R?>0.95. The excitation wavelengths was 510 nm.
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The data presented in panel (a) were raw, while in panel (b) were recalucalted taking into
account the IFE.
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Figure S6. Absorption spectra of DPBF (black line), Pheide (blue line) and for their mixtures
without (a) and with (b) Au-NRs@SiO> with 14 nm SiO: (red) recorded at different irradiated

time (red lines).
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Figure S7. Kinetic curves of DPBF absorption decay upon oxidation by singlet oxygen
generated during irradiation of Pheide (black) and Pheide with its mixture with Au-

NRs@SiO2 with 14 nm SiO> thickness (blue).
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Figure S8. Theoretically calculated cross-section spectra of Au-NRs@SiO, coated with 14
nm SiO> (radar and optical extinction, black and red line, respectively) with the top view of
excitation geometry shown in inset (the angle (¢) between the longitudinal axis of Au-NRs
and the electric vector of the electromagnetic wave was fixed at 45°).
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ABSTRACT: Plasmonic nanoparticles can be used in photothermal therapy thanks to
their ability to generate local heat. The light-to-heat conversion efficiency is crucial for
therapeutic and diagnostic applications. The photothermal properties of gold nanorods
functionalized with silica layers of controllable thickness were characterized using both
theoretical and experimental approaches. The time-resolved laser-induced optoacous-
tic spectroscopy (LIOAS) was used to determine the amount of absorbed energy that

——reference
——Au-NRs
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%)

changed promptly into heat. The heat generation efficiencies were simulated by the
means of finite integration technique. The obtained parameters were correlated with
silica thickness. Experimental results are consistent with theoretical predictions; thus, LIOAS is a unique reliable method for

studying photothermal effect in gold nanoparticles.

1. INTRODUCTION

Nanotechnology has become a hot subject of interest
worldwide. Most of the current research has been concerned
with metal nanoparticles (NPs), which have been applied in
many areas including electronics, photonics, biochemistry,
imaging, and photomedicine." The synthesis of gold NPs of
well-defined morphology (shape and size) is a key aspect of
fabrication of functional materials on the nanoscale.” A
characteristic property of the colloidal solution of gold NPs
is the intense color related to their localized surface plasmon
resonance (LSPR). Gold nanorods (Au-NRs) show interesting
optical properties which, coupled with their known biological
inertness, make them ideal probes for biological applications.
Au-NRs are characterized by the cross-sectional area for light
absorption higher than those of other NPs; besides, it is easy to
control their absorption of near-infrared radiation and to
produce them on a large scale while maintaining particle size
control.>* Depending on the synthesis conditions, NPs of
different shapes and plasmon resonance spectral localizations
can be obtained. Furthermore, a very attractive possibility from
the applications point of view is efficient and reliable synthesis
of NPs showing LSPR in different spectral ranges, from visible
to infrared.”® Au-NRs are capable of highly efficient trans-
formation of the absorbed energy into heat; thus, they are
promising agents for application in photothermal therapy
(PTT).”® Unlike photodynamic therapy, PTT does not
require the presence of oxygen. PTT is a noninvasive method,
which uses low-energy radiation in the infrared range of
electromagnetic spectrum for the destruction of various
pathological cells, including cancer.” Depending on the cancer
type, NPs with different shapes and optical properties are
applied. The electromagnetic radiation, absorbed by the NPs
localized in the pathological cells, is converted into heat, which
increases the local temperature and causes protein denatura-

-4 ACS Publications  © 2019 American Chemical Society

tion in cells, leading to their death. Gold NPs also efficiently
absorb light from the visible spectral range, which allows their
application as contrast materials in PTT.'" One of the
problems related to the use of NPs in PTT is their aggregation
in an aqueous environment, which decreases the light-to-heat
conversion efﬁciency.11 Thus, many encapsulation systems,
such as polymers, human serum albumin, DNA, or
mesoporous silica (SiO,), have been designed and proposed
to avoid NPs self—aggregation.12 Moreover, suitable function-
alization of the NPs used in the PTT also allows solving other
issues, for example, increase in accumulation of NPs in the
liver, the kidney, and spleen to be rapidly released from the
organism as well as preserve the stability of the penetration
efficiency at temperatures higher than human physiological
temperature (application of a laser light and hyperthermia
effect increase the temperature of NPs, which can change their
properties).”> The changes in the Au-NRs shape can be
inhibited by covering their surface, for example, by PEG
polymer or an inorganic coating such as SiO, or TiO,.' "> The
SiO, coating of Au-NRs can preserve their unique optical
properties and improve colloidal and thermal stability in
organic solvents.'®'” This type of coating also allows
transportation of NPs into the pathological cells by the
process of endocytosis.'® It is also important that the SiO, is
nontoxic for living organisms and degrades in the human body
to silica acid which is easily eliminated from the human
organism.16’19 Coating of Au-NRs with SiO, shell improves
also their stability and prevents aggregation in alcoholic/water
solutions. To control the thickness of the SiO, coating and the
reproducibility of its formation, it is necessary to develop and
optimize a suitable procedure based on the Stober method.”
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Moreover, laser-induced temperature increase is observed in
SiO, coated Au-NRs system. This property of photothermal
conversion could be used for noninvasive killing of cancer cells
in vivo.”'

Photothermal properties of metallic NPs can be determined
by the quantification analysis of the generated heat. Both
theoretical”>™>* and experimental’®~>* approaches to quantify
plasmonic heating effect have appeared in the literature.
However, not many reports have focused on the integration of
these approaches,” which would help to predict the
therapeutic and diagnostic outcome. Therefore, we have
undertaken a study of the influence of SiO, shell thickness
on the photothermal properties of Au-NRs using experimental
and theoretical simulation methods. Moreover, we have shown
for the first time the usefulness of time-resolved laser-induced
optoacoustic spectroscopy (LIOAS) to quantify plasmonic
heating effect in core—shell Au-NRs.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Gold Nanorods. The details concerning
the synthesis of Au-NRs were presented in the Supporting
Information.

2.2. Microscopic and Spectroscopic Techniques. The
morphology of Au-NRs and their size distribution were
characterized by transmission electron microscopy (HR-
TEM) using a JEOL ARM-200F instrument (200 kV) and
JEOL 1400 (120 kV). Particles were drop-casted on Cu grids
and placed on a vacuum desiccator overnight. UV-—vis
absorption spectra were measured using a Varian Cary 4000
spectrometer. The LIOAS setup has been described in detail
elsewhere.”””" The excitation wavelength for LIOAS studies
was set to the longitudinal localized surface plasmon resonance
band of Au-NRs (approximately 660 nm). The temperature of
the samples during LIOAS measurement was kept constant at
(20.00 + 0.01) °C. Ni-substituted pheophytin a (Ni-Phea)*”
was used as photocalorimetric reference; see UV—vis
absorption spectrum shown in Figure S1. Ni-Phea was used
at concentrations from the range of 1 X 107 M. According to
the approach proposed by Marti and co-workers,”” the first
maximum of the LIOAS signal (H,,,) is described by the
equation

Hmax = CaElas(1 - 10_A) (1)

where A is the absorbance of the reference or investigated Au-
NRs, Ej,, is the energy of the incidence light, C is the
coefficient related to the geometry of the experiment, and « is
the fraction of excitation energy converted promptly into heat
(in the time shorter than the time resolution of the apparatus).
To eliminate C and estimate @, the comparative LIOAS
measurements were made for reference. Ni-Phea is known to
release all the absorbed energy as heat in times shorter than the
time resolution of the apparatus (ay = 1). Because ag and the
absorbance of the sample and the reference are known (Ag and
Ay, respectively), the absorbed energy promptly changed into
heat by sample (ag) can be expressed as

Hypoo B (1 = 107%)
R A

HpoEi (1 = 107%) )
In LIOAS experiment, g is estimated for an effective acoustic
transit time defined as 7, = 2R/v, where 2R is the beam

diameter (the pinhole used was 1 mm) and v, is the sound
velocity in the solvent (z,’ is 1.0 us for ethanol (EtOH)).

g =

The Au-NRs were dissolved in EtOH and their volume was
kept constant and equal to 1.5 mL during LIOAS measure-
ments. The concentration of Au-NRs capped by SiO, was 6.66
x 107" M (extinction coefficient 3.11 X 10° M™' cm™' was
taken from previous studies for bare Au-NRs’*). In the LIOAS
experiment extinction coefficient of Au-NRs is not used in
determination of «; thus, we used a literature value for the
extinction coefficient of bare Au-NRs.

2.3. Computational Simulations. Numerical simulations
were performed by employing the finite integration technique
(FIT) implemented into the CST Microwave Studio
software. All the simulations presented in this paper used a
frequency domain solver with a tetrahedral mesh. The
tetrahedral grid provides flexibility in approximating arbitrary
(rounded) geometries.35 The details concerning this method
are described elsewhere.””*” We used a tetrahedral mesh of
about 60 000 cells. The grid step varied from 0.5 nm inside the
Au-NRs to 10 nm in the free space. The bulk dielectric
permittivities € used in the calculations were obtained from the
experiment.38 In this study the optical extinction, radar, and
absorption cross sections (i.e., ECS, RCS, and ACS,
respectively) of SiO,-functionalized Au-NRs were calculated.
Taking into account the analysis of TEM images, the mean
length of the Au-NRs was fixed at (53.2 + 1.8) nm, while the
mean diameter at was (23.6 = 1.3) nm. Light-to-heat
conversion efficiency was determined by the relative
contribution of ACS to ECS. In this context, the mean heating
efficiency (¢hpe., defined as the fraction of extinction energy

that is transformed into heat), for the Au-NRs, can be defined
39,40
as

N /. = ACS() di
90° Ay
Yo A " ECS(2) 2 3)

where 4, and 4, were 400 and 800 nm, respectively. The ACS
and ECS spectra were obtained for different angles between
longitudinal axis of Au-NRs and electric vector of the
electromagnetic wave ¢ € (0°—90°) and were then averaged
according to formula (3) to obtain the mean value of ¢y,

heat —

3. RESULTS AND DISCUSSION

The functionalized Au-NRs (with the longitudinal LSPR band
in the spectral range at approximately 660 nm) with a defined
SiO, shell thickness (6, 8, 12, and 14 nm) were characterized
by spectroscopic and microscopic methods. TEM images of
NRs coated with SiO, are shown in Figure la. During the
whole SiO, coating formation, the concentration of cetyl-
trimethylammonium bromide (CTAB) surfactant was con-
trolled and tetraethyl orthosilicate (TEOS) was used as a
precursor of silica for NPs functionalization.”' ~** According to
our results, the thickness of the coating can be changed by
varying the concentration of the CTAB surfactant in solution.
The hydrolysis and condensation of TEOS during the
formation of SiO, can be catalyzed by a change in pH. We
have also found that the pH of 10 is optimal for SiO, growth,
which was confirmed by TEM images. At higher pH values in
solutions, the SiO, shells are of poorer quality, while below pH
9, the SiO, coating does not form (TEM images are shown in
the Supporting Information). CTAB micelles serve as template
for SiO, deposition through the hydrolysis, whereas TEOS is
the SiO, precursor. Through careful control of the reaction
parameters, we were able to achieve highly reproducible and
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Figure 1. TEM images of SiO, coating on the surface of gold
nanorods (Au-NRs) (in each panel SiO, thickness was indicated) (a),
stability in ethanol of Au-NRs coated with 14 nm SiO, (after synthesis
and 3 months later, black and red line, respectively) (b), and
theoretically calculated cross-sections spectra of Au-NRs (absorption
and optical extinction, red and black line, respectively) with the top
view of excitation geometry shown in the inset (the angle (¢)
between longitudinal axis of Au-NRs and electric vector of the
electromagnetic wave was fixed at 45°) (c).

robust SiO, coatings. The Au-NRs of the same aspect ratio
were coated with SiO,. The shell thicknesses were 6.0 + 0.9,
8.0 + 1.0, 12.0 + 1.7, and 14.0 + 2.4 nm, respectively. As an
organic solvent in the investigation, EtOH was used because it
could be biocompatible at low concentration. Moreover, for
LIOAS studies both the reference and the sample studied
should be well soluble in the same organic solvent. The
functionalized Au-NRs were found to be stable in EtOH for
over 3 months as confirmed by the exemplary UV—vis spectra
of Au-NRs with 14 nm of SiO,, taken at various time intervals
(Figure 1b). Moreover, we have not observed significant
differences between the UV—vis spectra of Au-NRs coated
with SiO, of different thicknesses. Similar behavior of Au-NRs
in EtOH has been recently reported by Abadeer et al.'® As
follows from the results of conducted experiments, the suitable

procedure of functionalization with SiO, not only stabilizes the
NRs by steric repulsion and trapping of seeds but also allows
control of their continued growth as well as stability in organic
solvents. It seems that the high electron affinity of gold is
responsible for strong Au-CTAB interaction on the NRs
surface to give rise to their homogeneity of size and shape. The
synthesis and functionalization results were reproducible as
evidenced by the analysis of the LSPR band parameters
(position and full width at half-maximum of the longitudinal
band) and TEM images of Au-NRs coated with SiO,.

Optical ECS and ACS spectra of Au-NRs are shown in
Figure lc. The ACS and ECS spectra were obtained for the
angle (¢) between the longitudinal axis of Au-NRs and the
electric vector of the electromagnetic wave equal to 45°.
Because of the asymmetry of Au-NRs compared to the
spherical NPs, the proper orientation of the wave vector is
crucial and should be taken into account. The mean size, used
to calculate the optical properties of Au-NRs, was estimated
from TEM images. The experimental and theoretical positions
of longitudinal and transverse LSPR bands were similar.
However, the longitudinal band was much wider than the
theoretically predicted one (compare Figure 1b with Figure
1c). The reason is that, in the experimental extinction spectra,
additional LSPR bands could appear because of the presence of
side products such as spheres or cubes;"* however, the TEM
analysis did not show a considerable amount of these
“impurities”. Qin et al.”’ reported on polydispersity and its
impact on the optical properties of nonshell Au-NRs, by
varying Au-NRs length and diameter. These authors found that
the deviation of NRs size and shape from the nominal value
significantly influences the cross sections spectra of Au-NRs. In
the core—shell NPs the shell thickness could be additionally
taken into account to consider polydispersity, but it will make
the computational simulations more complicated.

LIOAS signals recorded in EtOH of Au-NRs functionalized
with SiO, were analyzed according to the approach proposed
by Marti and co-workers.””> Bare Au-NRs protected with
CTAB bilayer cannot be studied using LIOAS method because
of their poor stability in organic solvents. By gradually
decreasing the energy of laser pulse (using a series of gray
filters), we obtained the plot of H,,, versus Ey,; (Figure 2). The
fraction of absorbed energy released promptly as heat (a) for
Au-NRs can be calculated from the ratio of the slopes of linear
dependencies of H,,, on Ej, obtained for the analyzed Au-

3
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— 24
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T 1
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Figure 2. Exemplary dependence of the first maximum of the time-
resolved laser-induced optoacoustic spectroscopy signal (H,,,,) on the
incident laser energy (Ej,,) multiplied by the fraction of absorbed
energy (1—107*) for gold nanorods with 14 nm SiO, (black M) and
Ni** complex with pheophytin a*> (red ®).
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NRs and reference.’”** The UV—vis extinction spectra of Au-
NRs were recorded before and after LIOAS measurements and
no significant differences in them were observed. Therefore, it
could be concluded that laser radiation and the pulse energy at
extinction wavelength did not cause degradation of Au-NRs. It
has been recently reported by Link et al.** that the change in
Au-NRs shape could be induced by pulse laser radiation. They
have observed melting of Au-NRs into spherical NPs upon
high laser fluences (~1 J-cm™2). However, the energy range
commonly used in time-resolved pulsed photoacoustic experi-
ments is notably lower (about xJ/pulse). Figure 3 presents a

1.0 1.0
0.9 09 _
0.8 0.8

R?=0.958
R?=0.988
6 8 12 14

SiO, thickness [nm]

Figure 3. Comparison of experimentally determined fraction of
excitation energy changed promptly into heat (@) and theoretically
calculated light-to-heat conversion efficiency () versus the
thickness of SiO, coating of gold nanorods.

comparison of experimentally determined o and theoretically
calculated ¢y, versus SiO, coating thickness of Au-NRs. In
the calculations of ACS and ECS spectra, a different ¢ angle
was introduced to reduce the error of ¢y.,.."° The results of
and ¢y, obtained using LIOAS and FIT simulation, are in
agreement. Moreover, @ and ¢, linearly decreased with
increasing SiO, thickness. We have attributed the observed
differences to variable size of Au-NRs and increased standard
deviation of SiO, thickness with their increasing size. Because
the differences between the experimental and theoretical
results are small and the dependencies shown in Figure 3 are
linear, for thicker SiO, shells the values of photothermal
parameter could be extrapolated.** The slopes of the
dependencies shown in Figure 3 were (—1.07 + 0.12) X
107> nm™ and (—0.83 + 0.05) X 1072 nm™" for a and ¢y,.,,,
respectively. It is possible that other research groups in the
future will use our results to assess the light-to-heat conversion
efficiencies of functionalized Au-NRs with SiO, thickness
above 14 nm. At the stage of biomaterials design these
dependencies could be taken into account to obtain a single or
bimodal theranostic system showing desired photothermal
properties. The transducer in the LIOAS method integrates the
heat released in the processes faster than 200 ns.*” By means of
the LIOAS method, we were able to observe efficient absorbed
light-to-heat conversion of the Au-NRs with SiO, coating on
the time scale below 200 ns. It seems that the LIOAS method
is very precise and can be successfully applied for quantitative
determination of the amount of absorbed energy changed
promftly into heat by the functionalized metallic NPs. Nguyen
et al."® have used recently time-resolved infrared spectroscopy
for studies of heat-transfer dynamics of 30 and 90 nm SiO,-
coated Au-NRs. Their results showed that in the case of Au-
NRs coated with SiO, of about 30 nm (the smallest region of
effective local heating) the heat-transfer time is about 600 ps

because the heat partly diffuses further from the SiO, shell to
the water through the thermally resistant CTAB. In the case of
very thick coated samples, of about 90 nm, the heat-transfer
time is about 400 ps because of efficient heat diffusion just
inside the SiO, shell.

Heat generated in NPs solution has been recently estimated
using different techniques,”**”*** but the results obtained by
different authors vary significantly.*”*° Moreover, in most
cases the relative heat generation was reported because the
heat generator was unknown. Indirect techniques such as the
method presented herein®>*' and photoacoustic imaging®"**
seem to offer new, more reliable approaches to study metallic
NPs. The LIOAS method offers a higher sensitivity in
comparison to that of photoacoustic spectrometry and the
tunability of the excitation wavelength; therefore, different
LSPR bands of NPs can be excited.

4. CONCLUSIONS

This work has a significant impact on biomedical applications
of NPs such as PTT that require an accurate estimation of the
amount of absorbed energy changed into heat upon NPs
interaction with laser light.”>® In conclusion, this study
demonstrates the importance of LIOAS measurements in the
quantification of the heat generated from metallic NPs in
organic media.
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1.1. Chemicals

Tetrachloroauric acid (HAuCls-H20) (99.99%) from Alfa Aesar, cetyltrimethylammonium
bromide (CTAB) (99.00%), sodium borohydride (NaBHa4) (98.00%), silver nitrate (AgNO3)
(99.99%), ascorbic acid (AA) (99.00%), sodium hydroxide (NaOH) (99.99%),
tetraethylorthosilicate (TEOS) (99.99%) were from Sigma Aldrich (USA). Ethanol (EtOH)
99.80% H>O free was purchased from POCH S.A. (Poland).

1.2. Chemical synthesis of gold nanorods and silica coating of different shell thicknesses

All chemicals were dissolved in Mili-Q ultra-pure water in glass flasks treated with aqua
regia prior to use. The synthesis of gold nanorods (Au-NRs) was performed by in situ bottom-
up methods, which involves the reduction of chemical precursor by a reducing agent.
Synthesis of Au-NRs was a two-step process as shown in Scheme S1. The Au-NRs were
synthesized by the seed-mediated growth methods, in which the grains of colloidal gold are
connected to the previously obtained spherical gold nanostructures, and then around the
nanostructures Au-NRs are formed. The synthesis of Au-NRs based on that proposed by
Nikoobakth et al.l, was optimized and appropriately modified to meet the conditions of our
lab. The first step gives a solution of spherical gold seeds (seed solution). By dissolving
CTAB surfactant in deionized water we obtained a transparent solution, and then we added
the precursor (HAuUCls) and cooled reducing agent (NaBH4). Upon vigorous stirring the
colour of the solution changed to brownish-yellow. The reaction was performed in sterile
conditions, while providing a constant temperature and humidity. The seed solution was
stored at a temperature of approx. 28°C, which prevented the crystallization of CTAB
surfactant. The second step of the synthesis was growth of the gold seed solution (growth of
Au-NRs solution). Gold seeds were added to a growth solution containing CTAB,
HAuUCI4-xH20, AgNO3z and ascorbic acid. The seed solution should be added at a temperature
of 27-30°C so that the growth of Au-NRs could take place.

Preparation of Gold Nanocrystal Seeds

HAuCl,0,1 M NaBH, 0,01M
T 28°C

CTABO,1 M 1,5 nm Au seed

Preparation of Gold Nanorods

AgNO;0,004 M OCH0600788M + (/
HAuCl 0,001 M Seed solution

CTAB 0,2 M

Centrifugation + water
I 1 6000 rpm

Nanorods

Scheme S1. Process of gold Au-NRs formation.

T3OC

20— 30 min




The CTAB bilayer on the surface of Au-NRs inhibits their agglomerations, and the presence
of AgNO:s in the growth solution encourages anisotropic Au-NRs growth. The Au-NRs with
2.25+0.23 aspect ratio and maximum longitudinal plasmon resonance localized in the vicinity
of 660 nm were studied. The TEM image of Au-NRs without SiO; coating is shown in Fig.
S2. Au-NRs for functionalization were centrifuged in order to wash excess surfactant. SiO>
coating was produced using the modified Stober method.>* Concentration of CTAB
surfactant must be controlled during the whole reaction process and tetraethyl orthosilicate
solution (TEOS) was used for functionalization. The functionalization of Au-NRs coated with
SiO, was realized according to Scheme S2.2° Au-NRs were twice centrifuged at 6000 rpm for
30 min. After, CTAB (0.2 M) was added in different volume (0.4, 0.6, 1.2 and 1.2 mL) and
mixed 4 hours to equilibrate CTAB on the surface of Au-NRs. Then, NaOH (0.1 M) was
added to the solution, that the pH value was obtained 10. If pH is below 9 then silica shell
does not forms and if pH is higher than 10.5 it is heterogenous (Fig. S3). After 1 hour TEOS
was added dropwise a 3 times in volume of 30 ul. TEOS was used in specific concentrations
(20% in EtOH) to obtain SiO> shells of appropriate thicknesses. Solution was mixed overnight
at 27-30°C and finally centrifugation twice times at 600 rpm for 30 min. and transferred to
EtOH. In addition, SiO> coating reduces Au-NRs aggregation, increases solubility of Au-NRs
in organic solvents, and makes functionalization by various silanes an easy task.

A\ = ~— — Centrifugation
e i Stirred frs e 6000 rpm 3
2h 30 min + ethanol '
+ e —)
Gold nanorods  TEOS aqueous Gold nanorods with Gold nanorods with
dispersing solution silica shell dispersing silica shell dispersing
in water in water in ethanol

Scheme S2. Functionalization of Au-NRs with SiO..

0.2

0.1+

Absorbance [a. u.]

0.0

400 500 600 700 800
Wavelength [nm]
Fig. S1. UV-vis absorption spectrum of Ni-Phea in ethanol.

S-3



= ——1
- 50 nm

Fig. S2. TEM image of Au-NRs without SiO coating.

Fig. S3. TEM images of coated Au-NRs for pH below 9 (a) and at higher pH above 10.5 (b).
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ABSTRACT

A possible non-invasive photothermal therapy employs photothermal agents with high light-to-heat con-
version efficiency. Gold nanorods (Au-NRs) can be applied as photothermal agents because of their opti-
cal properties and specific tumor-targeting capability. The potential therapeutic applications and
toxicological effects of photothermal agents depend on the interaction of the Au-NRs with the cell mem-
brane, the understanding of which is of great importance. Although studies in this area have been per-
formed, the interactions between model cell membranes and photoactivated Au-NRs have not yet
been described. In this study, we explain how local excitation of the Au-NRs caused a local temperature
increase in their vicinity that affected the properties of a model membrane composed of
dipalmitoylphosphatidylcholine (DPPC). Our results showed that the illumination of the Au-NRs changed
the DPPC’s organization in the Langmuir monolayer. Upon photoactivation, the mutual distances
between the DPPC molecules increased; however, the conformation of the lipid tails remained
unchanged. Moreover, the illumination of the membrane at a surface pressure corresponding to that in
a native cellular membrane caused a more stable and elastic behavior of the Langmuir monolayer. The
results obtained corroborate the theory that photoactivation of Au-NRs influences the packing and phase
behavior of mimetic cell membranes. In the long term, it may allow us to understand how the photoac-
tivation of nanoparticles facilitates the transport of medicinal substances.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As a result of the interaction of noble metal nanoparticles (NPs)
with radiation, surface plasmons are excited, the oscillations of
which generate a strong local increase in the intensity of the elec-
tromagnetic field [1-3]. This increase may generate a strong local
temperature rise, and the use of the generated heat to destroy can-
cer cells is the basis of photothermal therapy [4]. The temperature
increase is only local, as a result of which, in principle, only the
tumor cells into which NPs were previously introduced are sub-
jected to the influence of high temperature [5,6]. In the research
conducted to explain the mechanism of the impact of NPs on the
human body, an important role is assigned to the biological mem-
branes that separate the individual structures of the body from the
environment. Due to the structural and dynamic complexity of bio-
logical membranes, experimental studies on their properties are
carried out on model systems using various types of membranes.
In such studies, both single-component and multi-component
membranes are used. Single-component membranes are most

* Corresponding author.
E-mail address: michal.kotkowiak@put.poznan.pl (M. Kotkowiak).
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0167-7322/© 2021 The Authors. Published by Elsevier B.V.

often made of dipalmitoylphosphatidylcholine (DPPC), which is
found, for example, in the erythrocyte membrane and is the main
lipid component of pulmonary surfactant. Multicomponent mem-
branes also contain other components that are either lipids or pro-
teins [7-9]. The simplest biomimetic membrane systems are
aggregates formed by surfactants, i.e., micelles, reverse micelles,
monolayers, multilayers, and spherical objects. Model biological
membranes created by phospholipids and the capabilities of cur-
rent equipment have opened up new horizons for research in this
field.

A commonly used method of producing stable lipid monolayers
uses the Langmuir technique. Research has proved that the proper-
ties of real biological membranes and model Langmuir monolayers
formed by phospholipid molecules, e.g., DPPC, are similar, which
makes the Langmuir technique a frequently used method for
research in the fields of medicine, drug chemistry, and nanotech-
nology [10-12]. Using the Langmuir technique, it is possible to
assess the interactions of drugs, e.g., anti-cancer drugs or NPs, with
the model cell membrane and to study the transport properties of
pharmaceuticals or their manner of penetration through the mem-
brane [4,13-17].

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The interaction of biomolecules with NPs at bio-nano interfaces
is an important issue in scientific research [18]. Such studies have
been performed using gold nanorods (Au-NRs) with various aspect
ratios or other gold NPs, in combination with phospholipid mono-
layers made from dipalmitoylphosphatidyl glycerol (DPPG) or
DPPC. The aspect ratio has been shown to influence interactions
in lipid monolayers. These studies have also suggested that mor-
phology and electrostatic forces regulate the interactions in the
DPPG-Au-NRs, while, while van der Waals forces dominate in the
DPPC-Au-NRs system. Van der Waals forces were associated with
the formation of stable monolayers at the air-water interface,
while electrostatic forces were involved in the formation of unsta-
ble monolayers. The size of the Au-NRs affected the expansion iso-
therms in both systems, but the lipid tails stayed ordered after
expansion, which suggested phase separation between the lipids
and nanomaterials at the interface [16,18,19]. It has also been
shown that NPs have the potential to induce defects in the struc-
ture of DPPC monolayers [15,18]. Considering that DPPC is a com-
ponent of lung surfactant and that nanotechnology is a rapidly
developing field, the effect of NPs on respiratory function is a very
interesting and important research area for scientists [13,16,20].
The interaction of NPs with lung surfactant had been unclear;
therefore, the effect of shape on the penetration and degree of dis-
ruption of the monolayers was previously determined. Au-NRs
showed the highest degree of penetration, but had the lowest side
effects on the DPPC layer; these results may have a significant
impact on the design of respiratory therapies [21]. The presence
of hydrophobic alkylated NPs was also shown to modulate the pro-
cesses of nucleation, growth, and morphology formation of con-
densed domains in DPPC monolayers |[16]. Moreover,
hydrophobic NPs inhaled with air remained on the alveolar surface
for prolonged periods of time, which may affect respiratory func-
tion. Other scientific reports indicated that the addition of silica
NPs changes the phase behavior, collapse time, and monolayer
structure [13]. Hydrophilic silica NPs reduced the collapse pressure
and stiffness of the DPPC monolayer and caused the monolayer to
collapse earlier, as the steric hindrance led to compression resis-
tance. In contrast, hydrophobic silica NPs had less effect on the
monolayer in terms of collapse pressure or stiffness, but had
greater effects on the texture of the monolayer, and the addition
of hydrophobic NPs led to the formation of holes in the monolayer
[13]. It is also important to understand the process of membrane
penetration of functionalized NPs coated with polyethylene glycol
(PEG). PEG-modified gold NPs had a nearly neutral surface and had
little cytotoxicity in vitro. Functionalization of Au-NRs with thiol-
terminated PEGs yielded PEGylated Au-NRs with a high stability
and better biocompatibility, so the retention time of these Au-
NRs in an aqueous medium was longer lasting. PEG-conjugated
Au-NRs are circulated in the blood for prolonged periods, prevent-
ing the too-rapid inactivation of such systems (by the endoplasmic
reticulum) and favoring their accumulation in tissues [22,23].
PEGylated Au-NRs are ideal candidates for studying their entry into
the DPPC lipid layer and tracking the behavior of the system to
investigate the consequences of this process [24].

There is a lack of data describing the properties of lipid monolay-
ers and the manner of the penetration of NPs through model biolog-
ical membranes as a result of their photoactivation. An important
aspect is that DPPC is sensitive to temperature changes during the
formation of a monolayer. Therefore, in this study we examined
how the local excitation of Au-NRs, causing a local temperature
increase in their vicinity, affected the properties of the model biolog-
ical membrane. For this purpose, we performed thermodynamic,
surface potential, and oscillating barrier studies of model cell mem-
brane supported by Brewster angle microscopy. The results obtained
may be helpful in understanding how the photoactivation of NPs
facilitates the transport of medicinal substances.

Journal of Molecular Liquids 349 (2022) 118179
2. Materials and methods
2.1. Chemicals

Tetrachloroauric acid (HAuCl,-H,0) (99.99%) was obtained from
Alfa Aesar. Cetyltrimethylammonium bromide (CTAB) (99.00%),
sodium borohydride (NaBH4) (98.00%), silver nitrate (AgNOs)
(99.99%), ascorbic acid (99.00%), and O-(2-mercaptoethyl)-O’-met
hylpolyethylene glycol (PEG M,,~2000) (99.99%) were purchased
from Sigma Aldrich. Dipalmitoylphosphatidylcholine (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine, 16:0 PC, DPPC) was pur-
chased from Avanti Polar Lipids (Alabama, USA). Spectrophotomet-
ric grade methanol was purchased from POCH S.A. (Poland). High
purity chloroform for spectroscopy (CHCls) (>99.00%, Uvasol®), iso-
propanol (>99.80%), and acetone (>99.80%) were purchased from
Merck.

2.2. Chemical synthesis of polymer coated gold nanorods

Ultrapure Milli-Q water (18.2 MQ-cm, 71.98+0.01 mN-m ') was
used for all aqueous solutions and as the Langmuir subphase. Au-
NRs were prepared following the procedure of Nikoobakth et al.
[25] with the modifications previously described by Btaszkiewicz
et al. [26]. The functionalization of Au-NRs with PEG was carried
out using the modified method described previously [22,27,28].

2.3. Langmuir and Langmuir-Blodgett thin film preparation and
studies

A Langmuir-Blodgett (KSV Nima) balance was used, consisting
of a Teflon trough (304x75 mm), two hydrophilic Delrin barriers,
a surface potential sensor (KSV Nima SPOT), and a Brewster angle
microscope (MicroBAM, KSV Nima). In order to measure the sur-
face pressure, a platinum Wilhelmy plate (instrumental accuracy
0.01 mN-m~') was used. Before each experiment, the trough sur-
face was cleaned with isopropanol, acetone, and ultrapure water
to obtain a surface pressure value for the pure subphase (Milli-Q
water) below 0.2 mN-m~! at the maximum compression. To obtain
DPPC containing Au-NRs, we used the following procedure. A stock
solution of Au-NRs (2.5-1071° M, the concentration being calcu-
lated based on previous studies [29,30]) dispersed in methanol
was mixed with DPPC (0.1 mg-mL™") so that the ratio of methanol
to CHCI; was 1:4 (v:v). The volumes of solutions were as follows:
200 pL DPPC, 660 pL Au-NRs, and 2440 pL CHCl;. The Au-NRs
and DPPC samples were spread at the subphase using a microliter
syringe (Hamilton). After evaporation of CHCl; (approx. 25 min)
from the dispersion of Au-NRs and DPPC, the layer was compressed
by the symmetrical movement of the barriers at a constant speed
of 5 mm-min~!, either in the presence of red light emitted from a
power LED array (the mean light intensity was 115 mW-cm~2) or
in its absence. During the compression, the changes in the surface
pressure and surface potential on the surface of the trough were
recorded.

In the next stage, relaxation experiments were performed to
determine the stability of the monolayers, with Au-NRs and DPPC
samples being spread at the air-water interface. After evaporation
of the solvent (approx. 25 min), the monolayer was compressed (at
a constant speed 5 mm-min~!) to a surface pressure of 30 mN-m !,
and the change of the relative surface area (A-Ag!) with time (t)
was recorded. The measurements were carried out both in the
presence and absence of light in order to determine the changes
occurring at the surface film due to irradiation over time. While
monitoring the change in the relative surface area (A-Ag!) over
time (t), BAM images were also recorded, which allowed the struc-
tural changes occurring in the surface film due to the monolayer



B. Tim, P. Btaszkiewicz and Michat Kotkowiak

irradiation to be noted. The dilatational viscoelasticity of the Lang-
muir films was studied using the oscillating barrier method. This
experiment is based on recording the surface pressure response
to a small-amplitude sinusoidal variation in the surface area. The
Langmuir monolayers were first compressed on the surface by a
pressure of 30 mN-m~! and then allowed to relax for 20 min. The
barriers were then set to oscillate, inducing small amplitude (1%)
changes to the area available for the Langmuir films. The experi-
ments were performed for several frequencies (f) from 30 to
140 mHz, at least 20 oscillation cycles being recorded for each fre-
quency. A time interval of 60 s was preserved between subsequent
cycles of oscillations. Each experiment was carried out at a con-
stant temperature of 21+1 °C and repeated three times to ensure
reproducibility. A FLIR E5 thermal infrared camera was used to col-
lect thermal images of Au-NRs solutions and Au-NRs monolayers.

3. Results and discussion

Au-NRs are promising materials for various biomedical applica-
tions, such as imaging, thermotherapy, and drug delivery, due to
their tunable localized surface plasmon resonance (LSPR) and pho-
tothermal effects [3,31]. The addition of AgNOj5 to the growth solu-
tion of Au-NRs encourages anisotropic growth and control of the
aspect ratio [25,30], enabling the tuning of the position of the lon-
gitudinal LSPR maxima over different spectral ranges in order to
manipulate tissue penetration depth. The penetration depth of
light into a biological tissue is an important parameter for the
biomedical application of Au-NRs. In our study, we synthetized
polymer-functionalized Au-NRs with an aspect ratio of 2.25 and
the maximum of the LSPR band at 660 nm. The extinction spectra
of the synthetized Au-NRs functionalized with CTAB (aqueous
solution) and PEG (methanol solution) are shown in Fig. S1 in the
Supplementary Material. The polymer layers are non-toxic for liv-
ing organisms and improve the stability of the Au-NRs, preventing
aggregation in alcoholic/aqueous solutions. In a previous study, we
reported high values of light-to-heat conversion efficiency for Au-
NRs [26], which ensure an effective and large increase in their tem-
perature under light illumination. Fig. 1 shows thermal images of
Au-NRs in a Falcon tube and in an Au-NRs Langmuir monolayer
upon 660 nm illumination. A higher increase in temperature was
observed in the Falcon tube than in the Au-NRs Langmuir mono-
layer. Of course, in the case of the monolayer the effect is averaged
due to the Au-NRs layer’s thickness and also because of the thermal
properties of water and heat conduction. At an early stage in our
studies, we tried to alter the model cell membranes by means of
photoactivated Au-NRs on a solid substrate, in order to stabilize
the thermal properties more precisely and to minimize heat con-
duction. However, our previous studies for Au-NRs transferred to
solid substrates showed specific dendritic-like aggregates of Au-
NRs due to the polymer’s presence at the surface of the NRs, which
changed the position of the LSPR [32]. An example of a confocal
microscopy image of Au-NRs Langmuir-Blodgett layers is shown
in Fig. S2.

The localization of the NPs in a model cell membrane is strongly
dependent on the shape of the NPs. Hydrophilic Au-NRs adsorb
onto the hydrophilic head-groups of the DPPC monolayer after
translocation across the lipid monolayer. Small disk NPs and barrel
NPs could penetrate and separate from the DPPC monolayer [21].
Due to these previous results, we started our investigation on the
influence of Au-NRs on the DPPC’s arrangement after carefully
selecting the concentration of the Au-NRs. A small quantity of
Au-NRs was selected in order not to disturb the model cell mem-
brane and the compression isotherm at its starting point (gaseous
phase). Assuming a PEG layer thickness equal to 3 nm [27], the area
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Fig. 1. Thermal images of Au-NRs in a Falcon tube (upper image) and in an Au-NRs
Langmuir monolayer (lower image) upon 660 nm light illumination.

occupied by the Au-NRs (at a surface pressure equal to 30 mN-m™!)
was 1.5% of the trough area.

In Fig. 2a-b, Langmuir isotherms and the compression modulus
(C;'=-A dr) for the surface pressure of DPPC on its own and DPPC
containing Au-NRs, with and without light illumination, are pre-
sented. It is well known that temperature has a strong influence
on the properties of lipids [33]. The formation of a DPPC Langmuir
monolayer depends on the temperature and is largely conditioned
by the structural chain conformation of the DPPC lipid monolayer.
The illumination of pure DPPC Langmuir monolayer did not heat
up the air-water interface and thus did not influence the shape
of the compression isotherm (results not shown). The presence of
Au-NRs in the monolayer caused the disappearance of the charac-
teristic phase transition, reflecting the coexistence of liquid-
expanded (LE) and liquid-condensed (LC) phases. The maximum
value of C;' of the DPPC monolayer was >250 mN-m~', which
meant that the phospholipid monolayer was in the solid phase
(S). The addition of Au-NRs caused a decrease in the C; ! maximum
value, proving that the physical properties of the DPPC monolayer
had changed, because the obtained values of the C;' maximum
were located in the LC phase area. A similar effect was observed
in studies of the effect of both nanoparticles and microparticles
on the DPPC monolayer [16,34].

Many studies have demonstrated the disappearance or reduc-
tion of the LE-LC plateau and a shift to the right of the isotherm rel-
ative to the DPPC monolayer, suggesting the penetration of the NPs
into the phospholipid layer [21,32,33]. Ye et al. [15] investigated
the properties of systems consisting of DPPC and silica nanoparti-
cles. These authors found that the addition of NPs had a great influ-
ence on the behavior of the monolayer, which was observed as the
disappearance of the LE-LC coexistence region. Moreover, this
effect was more pronounced with hydrophilic NPs, due to the fact
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Fig. 2. The surface pressure versus trough area isotherm of DPPC (black line) and
DPPC containing Au-NRs, with and without light illumination (blue and red line,
respectively) (a), the dependence of surface compression modulus C;l on surface
pressure calculated based on (a) panel (b), and surface potential versus trough area
of DPPC containing Au-NRs, with and without light illumination (c). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

that they have a different affinity to DPPC molecules than do
hydrophobic NPs. Consequently, the hydrophilic nature of the par-
ticles caused them to significantly affect the phospholipid mono-

layer. Our results showed that the C,' values for the illuminated

Journal of Molecular Liquids 349 (2022) 118179

model cell membrane seemed to be higher for surface pressures
around 40 mN-m~". For the rest of the studied surface pressures,

the C,! values were comparable within experimental error. More
importantly, the shapes of the isotherms for the DPPC containing
Au-NRs with and without illumination were similar. However,
for surface pressures above 8 mN-m! the illuminated isotherm
was shifted towards higher values of trough area, which remained
constant once obtained. This phenomenon could be assigned to the
induction of LSPR upon monolayer illumination and the high values
of light-to-heat conversion efficiency of the Au-NRs. The shape of the
isotherms with and without light illumination for surface pressures
below 8 mN-m~! could be attributed to the small value of the aspect
ratio of the Au-NRs [18]. This effect was recently discussed by Lins
et al. [18]. These authors considered CTAB-functionalized Au-NRs
dissolved in the subphase and their adsorption through a DPPC
model membrane. In the case of aspect ratio values lower than 2.8,
van der Waals interactions were predominant in the DPPC-Au-NRs
system.

To obtain additional information about DPPC organization in
the Langmuir monolayer, we measured surface potential curves
of DPPC containing Au-NRs, with and without light illumination,
as shown in Fig. 1c. NPs adsorbed onto the DPPC monolayer may
change the local properties of lipids, which may initiate the struc-
tural disruption of the lipid monolayer [21,24]. It was found that
hydrophobic NPs immerse themselves in the hydrophobic tails of
the interfacial DPPC molecules, while hydrophilic NPs adsorb onto
the hydrophilic head-groups of the interfacial DPPC molecules [21].
This finding is in good agreement with previous results from bio-
logical studies [20,35]. The illumination of the monolayer does
not influence the shape of the surface potential curves. In other
words, the value of the dipole moment is the same in both cases.
The dipole moment could be changed by changes in the orientation
of the alkyl chains of the DPPC. Therefore, the increased area occu-
pied by DPPC molecules (Fig. 2a) in the case of monolayer illumi-
nation should not be attributed to structural changes in the DPPC
orientation, but rather to changes in the mutual distances of the
DPPC molecules.

Our observations are in good agreement with recent theoretical
studies carried out by Lin et al. [21]. These authors studied the
interactions between NPs of different shapes and a DPPC mono-
layer at the air-water interface during compression and expansion
processes. During the film compression, NPs of different shapes
showed various penetration abilities and degrees of structural dis-
ruption to the DPPC monolayer. More importantly, rod-like NPs
showed the highest degree of penetration and the smallest side-
effects to the DPPC monolayer. Experimental evidence of confor-
mationally ordered lipid tails was presented in a previous study
[18], which suggested phase separation between the lipids and
NPs at the interface.

In the next step, a relaxation experiment was performed to
determine the stability of the investigated systems. As a target sur-
face pressure, 30 mN-m~! was selected, which corresponds to that
in a native cellular membrane. The results of the relaxation exper-
iments are shown in Fig. 3. Additionally, during relaxation experi-
ments the BAM images shown in Fig. 4 of DPPC containing Au-NRs,
with and without light illumination for various time intervals,
were recorded. The course of the relaxation curve of the non-
illuminated system was similar to that of DPPC. For both curves,
a decrease in the value of A-Ag' to a value of about 0.75 was
observed. However, in the case of the DPPC monolayer, in contrast
to the DPPC monolayer containing Au-NRs without light illumina-
tion, the system stabilized after approx. 90 min. On the other hand,
the illumination of the DPPC containing Au-NRs caused a more
stable behavior of the Langmuir monolayer. This was confirmed
by an increase in the A-Ag! value during the experiment.
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target surface pressure was 30 mN-m~'. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

A similar situation was observed in the BAM images, which
indicated significant differences in the morphology of the surface
films with and without light illumination. Light bands were visible
in the illuminated model cell membrane for the first 30 min (pan-
els (a) to (e) in Fig. 4) of the process. After 40 min (panel (f) in
Fig. 4) the monolayer became rigid, creating a homogeneous, vis-
cous surface film. In the case of the system without light illumina-
tion (panels (k) to (t) in Fig. 4), bright bands were visible
throughout the duration of the experiment, indicating the hetero-
geneity of the surface film. It can therefore be concluded that Au-
NRs do not stabilize the monolayers over time by themselves,

c) 10 min

f) 40 min

m) 10 min

p) 40 min q) 60 min
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while monolayer heating may induce repulsive interactions
between DPPC molecules, and thus lead to the illuminated mono-
layer being stable over all time intervals.

The coexistence of lipid and NP regions affects the elasticity of
the monolayer [18]. Therefore, the effect of the illumination of
Au-NRs on the dilatational viscoelasticity of the DPPC containing
Au-NRs was investigated under dynamic conditions by the oscillat-
ing barrier method, which allowed the determination of the dilata-
tional viscoelasticity modulus (E) as a complex quantity. The
dilatational modulus E was thus obtained, being a complex quan-
tity composed of a real component, the elastic modulus (E’), and
an imaginary component, the viscous modulus (E”). If the film is
perfectly elastic, the imaginary part is equal to zero, while for a
perfectly viscous material, the real part is zero. The ratio of E” to
E is called the loss angle tangent. If E”-E'~!>1, the monolayer has
a more viscous character, while E"-E'~'<1 implies an elastic behav-
ior. The E’ and E” modulus and E”-E'~! ratio as a function of f are
shown in Fig. 5a and Fig. 5b, respectively. E' and E” depended lin-
early on the frequency of oscillations in the studied range. In the
case of the studied system, the values of the elastic modulus E’
were higher than the values of the viscous modulus E”, which indi-
cated the formation of an elastic DPPC monolayer. The illumination
of DPPC containing Au-NRs resulted in a decrease in both E’ and E”;
however, the values of E’ remained higher than those of E”, which
indicated the formation of an elastic monolayer under illumina-
tion. The decrease in E”-E'~! ratio increase elasticity of the illumi-
nated monolayer, see Fig. 5b, was probably caused by a decrease
in the number and size of the more rigid domains formed by the
Au-NRs. The observed effect could be caused by the desorption of
part of the Au-NRs from the air-water interface during Langmuir
monolayer compression to a target surface pressure. However,
our previous studies [32] for pure Au-NRs showed that the com-
pression process of the Au-NRs was reversible. Moreover, the iso-

i) 100 min i) 120 min

0) 30 min

s) 100 min t) 120 min

Fig. 4. Brewster angle microscope images of DPPC containing Au-NRs, with (a)-(j) and without (k)-(t) light illumination, collected during the relaxation experiments shown

in Fig. 3 for the various times indicated on each panel.
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therms recorded for both the compression and expansion of Au-
NRs shown in Fig. S3 were characterized by an almost identical
course, which proved the lack of aggregation of Au-NRs upon
monolayer compression. Moreover, pegylated Au-NRs adsorb onto
the hydrophilic head-groups of the interfacial DPPC molecules,
thus the desorption of Au-NRs into the aqueous subphase was lim-
ited. Similar results were also obtained by Ruiz-Rincén et al. [36],
who investigated the effect of local heating of NPs on model cell
membranes. For this purpose, isolated iron oxide magnetic
nanoparticles (MNPs) coated with oleic acid molecules were used.
The model membrane produced in the research consisted of DPPC
and cholesterol (Chol) in a 1:1 ratio, which play a significant role in
biological membranes. DPPC:Chol 1:1 monolayer was deposited on
a mica substrate using the Langmuir-Blodgett technique at a sur-
face pressure of 35 mN-m~'. Then, MNPs were deposited on the
prepared substrate at a surface pressure of 15 mN-m~!, which
allowed to study the influence of the external magnetic field on
the properties of the system. The authors conclude that the
changes in the morphology of the model cell membrane result
from the influence of the magnetic field on the MNPs. The
deposited MNPs at the top of the model cell membrane are able
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to penetrate the monolayer due to an increase in the film fluidity
arising from the local temperature increase.

4. Conclusions

The aim of this study was to explain how excitation of Au-NRs
affects the properties of a model cell membrane. Due to the high
values of light-to-heat conversion efficiency of the investigated
Au-NRs, the temperature of the monolayer gradually increased,
causing a local temperature increase. The shape of the isotherms
for the DPPC containing Au-NRs with and without illumination
were similar. However, due to the induction of LSPR upon mono-
layer illumination for surface pressures above 8 mN-m~', the illu-
minated isotherm was shifted towards higher trough area values,
which remained constant once obtained. Surface potential studies
proved that the increase in the occupied area of DPPC was not attri-
butable to structural changes in DPPC, but rather to changes in the
mutual distances between DPPC molecules. The illuminated mono-
layer, at a surface pressure corresponding to that in a native cellu-
lar membrane, was more stable and had more elastic character
compared to the cell membrane without illumination. Further-
more, the membrane became rigid 40 min after reaching 30
mN-m~'. Our study showed that the packing and phase behavior
of mimetic cell membranes could be changed upon the addition
of small quantities of Au-NRs combined with monolayer
illumination.
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Fig. S1. Extinction spectra of Au-NRs functionalized with CTAB (black line) and PEG (red

line).
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Fig. S2. Example of confocal microscopy image of Au-NRs Langmuir-Blodgett layers
deposited on quartz substrates for surface pressures of 12 mN-m™ [1].
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Fig. S3. The surface pressure versus trough area hysteresis of Au-NRs Langmuir monolayer
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