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Streszczenie 

Rozprawę doktorską stanowią spójne tematycznie, cztery artykuły naukowe, w 

których opisano wyniki badań sfunkcjonalizowanych nanocząstek oraz mieszanin 

hybrydowych typu sfunkcjonalizowane nanocząstki/barwniki. Przeprowadzone badania 

miały na celu zsyntezowanie i sfunkcjonalizowanie polimerem lub ditlenkiem krzemu 

nanocząstek złota o różnym kształcie, a następnie wytworzenie ich mieszanin z 

barwnikami laserowymi lub fotouczulaczem II generacji. Ww. układy 

scharakteryzowano określając wielkość nanostruktur, grubość ich otoczki i właściwości 

spektroskopowe oraz wyznaczając istotne dla zastosowań biomedycznych parametry 

fotofizyczne (m.in. wydajności emisji fluorescencji, wydajności generowania tlenu 

singletowego oraz konwersji energii wzbudzenia na ciepło). Ponadto, dla wybranych 

nanocząstek umieszczonych w modelowej błonie biologicznej zbadano jak obecność 

nanocząstek i lokalny wzrost temperatury, indukowany światłem, wpływają na 

oddziaływania pomiędzy składnikami błony i jej organizację.  

Badania przeprowadzono wykorzystując techniki spektroskopowe i mikroskopowe, 

technikę Langmuira oraz metody obliczeniowe do weryfikacji wyników 

eksperymentalnych lub modeli teoretycznych.  

Wyniki badań układów złożonych z sfunkcjonalizowanych polimerem, kulistych 

nanocząstek i barwników laserowych pokazały, że zmodyfikowany model 

nanocząstkowego powierzchniowego przekazywania energii, uwzględniający zmianę 

zdolności absorpcyjnej zależną od wielkości nanocząstek, jest podejściem najlepiej 

opisującym proces przekazywania energii w badanych układach, a wartość całki 

przekrywania determinuje wydajność tego procesu. Ponadto, powierzchnia otoczki 

polimerowej nanocząstek nie oddziałuje z barwnikami, jej grubość wpływa na 

efektywność dynamicznego superwygaszania emisji fluorescencji, a obserwowane 

zmiany wydajności fluorescencji barwników sugerują, że badane układy można 

wykorzystać do obrazowania kumulacji nanocząstek w układach biologicznych.  

Dla układów typu sfunkcjonalizowane nieorganiczną krzemionką, prętopodobne 

nanocząstki z fotouczulaczem II generacji przeanalizowano proces przekazywania 

energii i jego wpływ na konkurencyjne procesy emisji fluorescencji oraz generowania 

tlenu singletowego. W badanych układach obserwowano dynamiczny mechanizm 

wygaszania fluorescencji oraz zależną od grubości otoczki efektywność wydzielania 

tlenu singletowego. Podjęto próbę skorelowania wzrostu wydajności generowania tlenu 
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singletowego z obliczoną wydajnością rozpraszania nanocząstek i zasugerowano, że w 

mieszaninach hybrydowych możliwe jest „pułapkowanie” przez barwniki dodatkowego 

światła rozproszonego przez nanocząstki, co powoduje zwiększenie ich skuteczności 

terapeutycznej.  

Ze względu na terapeutyczny potencjał nanocząstek prętopodobnych z otoczką 

krzemionkową, oszacowano ich wydajność konwersji energii wzbudzenia na ciepło. 

Badania pokazały, że nanocząstki zamieniają, w czasie krótszym niż 200 ns, ok. 87-95% 

energii na ciepło (w zależności od grubości otoczki). Wyniki eksperymentalne 

porównano z obliczeniami teoretycznymi odpowiednich właściwości optycznych 

nanocząstek. Po raz pierwszy pokazano, że metodę optoakustyczną można wykorzystać 

do precyzyjnego oszacowania ilości energii zamienianej na ciepło przez nanocząstki, 

który to parametr ma istotne znaczenie dla ich potencjalnych zastosowań w 

fototermicznej terapii. Dodatkowo, metoda ta charakteryzuje się wysoką czułością i 

uniwersalnością, umożliwiając dopasowanie długości fali do zakresu spektralnego pasma 

zlokalizowanego powierzchniowego rezonansu plazmonowego. 

Zbadano również nanocząstki prętopodobne, otoczone nietoksycznym polimerem, w 

modelowych błonach biologicznych utworzonych z fosfolipidów. Określono wpływ 

obecności i fotoaktywacji nanocząstek na stabilność i elastyczność monowarstwy 

lipidowej oraz zmiany jej morfologii i organizacji. Zdolność nanocząstek do generowania 

ciepła powoduje lokalny wzrost temperatury w ich otoczeniu, w wyniku indukowanego 

światłem efektu fototemicznego, zmieniając oddziaływania pomiędzy składnikami błony, 

co może wpływać na jej przepuszczalność i/lub integralność oraz wymaga dalszych 

badań w celu ustalenia mechanizmów transportu substancji leczniczych w błonach 

komórkowych oraz optymalnych warunków do stosowania nanocząstek w terapii 

fototermicznej.  

Podczas prowadzonych badań opracowano i zoptymalizowano metody syntezy oraz 

funkcjonalizacji nanocząstek złota o różnych kształtach i rodzajach otoczek, 

wykorzystując materiały charakteryzujące się niską cytotoksycznością. W wyniku 

odpowiedniej funkcjonalizacji otrzymano nanocząstki stabilne w czasie. Natomiast, 

dobór warunków syntezy pozwolił na uzyskanie prętopodobnych nanocząstek 

wykazujących maksimum pasma ekstynkcji w obszarze 660 nm, tj. w zakresie tzw. okna 

terapeutycznego i pasma absorpcji wyselekcjonowanego fotouczulacza. Dla 

wytworzonych, sfunkcjonalizowanych nanocząstek i ich układów hybrydowych z 
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barwnikami określono parametry fotofizyczne istotne dla potencjalnych zastosowań 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. Wstęp 

Rozwój metod i możliwości wytwarzania nanomateriałów implikują postęp w 

zakresie udoskonalania i stosowania nowych procedur medycznych. Na wielu 

płaszczyznach prowadzone są badania interdyscyplinarne mające na celu znalezienie 

skutecznych metod diagnostycznych i/lub terapeutycznych wykorzystujących m.in. 

nanocząstki metaliczne [1,2] (np. złota [3], srebra [4]) lub magnetyczne [5]. Określenie 

właściwości fotofizycznych nanocząstek oraz zbadanie ich oddziaływań z materiałem 

biologicznym dostarcza istotnych informacji, pozwalających stworzyć coraz lepsze 

systemy dostarczania leków lub szczepionek oraz zidentyfikować wystąpienie 

potencjalnych skutków ubocznych. W pracy Błaszkiewicz i Kotkowiak [6], dokonano 

przeglądu literatury związanej z wykorzystaniem nanocząstek w różnych formach terapii 

z jednoczesną oceną skuteczności tych metod. Z przeprowadzonej analizy wynika, że 

nanocząstki są zdolne do poprawy indeksu terapeutycznego, m.in. w przypadku 

wykorzystania łączonych metod (np. terapii fotodynamicznej i fototermicznej), podczas 

ablacji falami radiowymi lub zastosowania hipertermii magnetycznej, hipertermii 

ultradźwiękowej czy chemioterapii [3,6,7]. 

Szczególnie interesującym obiektem badań są nanocząstki metali szlachetnych, 

których właściwości optyczne w zakresie widzialnym zdeterminowane są 

występowaniem zlokalizowanego plazmonowego rezonansu powierzchniowego (LSPR) 

[8]. W przypadku metalicznych nanocząstek, rezonansowe wzbudzenie wolnych 

elektronów przez promieniowanie elektromagnetyczne o określonej długości fali 

powoduje pojawienie się silnych pasm, charakterystycznych dla plazmonów 

powierzchniowych, obserwowanych w widmie ekstynkcji [9–11]. W zależności od 

warunków syntezy można uzyskać nanocząstki o różnym kształcie, wykazujące rezonans 

plazmonowy w określonych obszarach spektralnych [12–15]. Umożliwia to, stworzenie 

układu z odpowiednio dobranym barwnikiem i uzyskanie wzmocnienia emisji lub wzrost 

wydajności generowania tlenu singletowego, w wyniku oddziaływania pomiędzy 

barwnikiem a nanoczastką.  

Struktura nanocząstki i jej funkcjonalizacja, zapewnia ochronę przed przedwczesną 

degradacją leku oraz determinuje jej powierzchnię właściwą, co stwarza możliwość 

transportowania wysokich stężeń leków do komórek docelowych. Natomiast, kształt 

nanostruktury wpływa na zdolność do uwalniania substancji aktywnej w odpowiednim 

miejscu [16–20]. W celu zwiększenia stopnia powinowactwa do określonych struktur 
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komórki, nanocząstki są funkcjonalizowane np. polimerami o różnej długości łańcucha 

węglowodorowego z aminową, karboksylową czy tiolową grupą funkcyjną lub tlenkami 

nieorganicznymi (np. SiO2, TiO2), a także kwasami np. foliowym, oleinowym lub 

peptydami czy też DNA [6]. Poprawia to biokompatybilność nanocząstek i/lub stabilność 

kompleksów (koniugatów) będących nośnikami leków oraz zmniejsza ich 

cytotoksyczność [21]. Odpowiednia funkcjonalizacja nanocząstek, przeznaczonych do 

biomedycznych zastosowań, pozwala również na wyeliminowanie niektórych 

problemów, takich jak: agregacja nanocząstek, zwiększona kumulacja w ważnych 

organach (np. w wątrobie, nerkach i śledzionie), zbyt szybkie wydalanie z organizmu, 

brak selektywności wnikania do komórek zmienionych chorobowo, stabilność w 

temperaturze wyższej niż fizjologiczna (np. zastosowanie laserów i/lub hipertermia 

powodują lokalne podwyższenie temperatury, co może modyfikować ich właściwości) 

[10,22].  

Do tej pory pojawiło się wiele doniesień naukowych związanych z wykorzystaniem 

nanocząstek metalicznych w zastosowaniach biomedycznych. Pierwszą, która 

przeprowadziła systematyczne badania zdolności generowania tlenu singletowego przez 

kompleksy hybrydowe, w skład których wchodziły nanocząstki srebra (Ag-NPs), była 

grupa Planasa i wsp. [23,24]. Przygotowano kompleksy nanocząstek (o tych samych 

średnicach i różnej grubości powłoki SiO2) z barwnikiem, który został chemicznie 

dołączony do ich powierzchni. Dla określonej grubości powłoki, zaobserwowano wzrost 

wydajności generowania tlenu singletowego oraz intensywności fosforescencji barwnika 

w wyniku oddziaływania z Ag-NPs@SiO2 [19,25]. Chociaż wykazano, że dzięki 

funkcjonalizacji powierzchni NPs można uzyskać korzystniejsze parametry fotofizyczne 

kompleksu, istotne dla zastosowań diagnostycznych lub terapeutycznych, wiele 

fundamentalnych pytań dotyczących mechanizmu zwiększenia wydajności kwantowej 

wytwarzania tlenu singletowego pozostało bez odpowiedzi. Abadeer i in. [26] opisali 

metodę wytwarzania powłoki SiO2, o kontrolowanej grubości, na prętopodobnych 

nanocząstkach złota (Au-NRs). Dla barwnika kowalencyjnie przyłączonego do 

sfunkcjonalizowanych Au-NRs (Ag-NRs@SiO2), zbadano wpływ odległości między 

donorem a akceptorem energii na intensywność emisji fluorescencji barwnika. W pracy 

Fanga i in. [27] wykorzystano zieleń indocyjaninową, która absorbuje światło w zakresie 

bliskiej podczerwieni i jest doskonałym środkiem 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@SiO2, który można potencjalnie wykorzystać jako nowej generacji sondę 

fluorescencyjną do poprawy obrazowania tkanek. Natomiast, Xu i in. [22] 

sfunkcjonalizowali Au-NRs polimerem (PEG-SH – poli(tlenek etylenu) z grupą tiolową) 

i utworzyli kompleksy z chlorynami. Pokazali, że po wzbudzeniu światłem laserowym 

(kontrolując czas ekspozycji) z kompleksu barwnik/Au-NRs@PEG-SH uwalniane są 

chloryn, które następnie w komórkach patologicznych mogą zapoczątkować reakcję 

fotodynamiczną.  

Do badania oddziaływań w błonach biologicznych wykorzystuje się membrany 

biomimetyczne jako układy modelowe. Jednym z najprostszych modeli membrany jest 

monowarstwa lipidowa wytworzona techniką Langmuira. Technika ta jest często 

stosowana do badaniach i oceny oddziaływania leków z modelową błoną biologiczną 

oraz do określania sposobu transportu i penetracji błony przez substancje 

farmakologicznie aktywne. Wprowadzenie do monowarstwy nanocząstek pozwala na 

określenie ich wpływu na organizację i zmiany właściwości błony, a ich funkcjonalizacja 

może dostarczyć informacji o oddziaływaniach ze środowiskiem lipidowym. Lin i in. [28] 

wykorzystali technikę Langmuira do badania oddziaływań nanocząstek o różnym 

kształcie w monowarstwie lipidowej, utworzonej z 1,2-dipalmitoilo-sn-glicero-3-

fosfocholiny (DPPC). Zauważyli, że podczas sprężania warstwy, nanocząstki wykazują 

różną zdolnością penetracji i w różnym stopniu zaburzają warstwy DPPC. W pracy 

Torrano i in. [29] opisano oddziaływanie naładowanych nanocząstek złota (Au-NPs) z 

monowarstwami DPPC lub utworzonymi z ujemnie naładowanego fosfolipidu (DPPG – 

1,2-dipalmitoilo-sn-glicero-3-fosfo-rac-(1-glicerolu). W przypadku monowarstwy 

DPPG–Au-NPs dominowały oddziaływania elektrostatyczne, a jej sprężystość, w 

zakresie ciśnień powierzchniowych odpowiadających rzeczywistym błonom 

komórkowym, zależała od ładunku NPs. Podczas gdy, w monowarstwie DPPC istotne 

zmiany w organizacji błony obserwowano tylko dla ujemnie naładowanych Au-NPs, w 

tym spadek elastyczności warstwy. Matshaya i in. [30] zbadali oddziaływania 

hydrofobowych, pokrytych kwasem oleinowym magnetycznych nanocząstek z 

nasyconymi lub nienasyconymi fosfolipidami. Obserwowano wyraźne zmniejszenie 

średniej powierzchni przypadającej na molekułę w przypadku warstw z nasyconych 

lipidów, a jej zwiększenie – podczas oddziaływania z nienasyconymi lipidami. Badania 

te potwierdzają, że istotne znaczenie dla oddziaływań ze składnikami błon biologicznych 

ma zarówno kształt jak i sposób funkcjonalizacji nanocząstek. 
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W badaniach opisanych w rozprawie doktorskiej, do funkcjonalizacji nanocząstek 

złota o kulistym kształcie (Au-NPs) oraz nanoprętów złota (Au-NRs) zastosowano 

hydrofilowy polimer z grupą tiolową (PEG-SH). Polimer ten wybrano ze względu na jego 

brak zdolności do adsorpcji białek na powierzchni oraz możliwość tworzenia wiązania 

kowalencyjnego ze złotem (Au-S), jak również w celu uzyskania wysokiej stabilności w 

roztworach [31] oraz biokomatybilności [32] sfunkcjonalizowanych nanocząstek. Au-

NRs były także funkcjonalizowane nietoksyczną otoczką krzemionkową (SiO2), która 

wpływa również na ich stabilność w roztworach alkoholowych oraz indeks terapeutyczny 

(względne bezpieczeństwo leku), definiowany jako stosunek ilości leku wywołującego 

efekt terapeutyczny do ilości wywołującej toksyczność. Istotne jest również, że SiO2 w 

organizmach żywych degraduje się do kwasu krzemowego i może być z nich łatwo 

usuwany [26,33,34].  

Do badań wykorzystano także barwniki stosowane w laserach jako ośrodek czynny. 

Najpopularniejszymi barwnikami laserowymi są kumaryny, fluoresceiny i rodaminy 

charakteryzujące się wysoką wydajnością emisji fluorescencji, co pozwala rozpatrywać 

je jako potencjalne znaczniki fluorescencyjne. Szeroka dostępność i wybór barwników 

laserowych, stwarza możliwość dopasowania obszaru emisji barwnika do pasma LSPR 

nanocząstek złota i wytworzenia modelowych układów mieszanych (hybrydowych), w 

których można prześledzić proces przekazywania energii pomiędzy barwnikiem 

pełniącym rolę donora, a nanocząstką – akceptorem energii. Badania na prostych 

modelach i możliwość wyznaczenia istotnych parametrów fotofizycznych dla układów 

typu barwnik laserowy – nanocząstka, stanowiły inspirację i wstęp do rozwijania badań 

nad układami hybrydowymi dla potencjalnych zastosowań biomedycznych, w tym dla 

terapii fotodynamicznej (PDT) lub fototermicznej (PTT). Interesującym obiektem 

dalszych badań były układy złożone z barwnika-fotouczulacza i nanocząstek złota jako 

potencjalne, organiczno-nieorganiczne fotouczulacze III generacji. Metaliczne 

nanostruktury zdolne są do wzmacniania lub wygaszania emisji fluorescencji barwników 

znajdujących się w ich otoczeniu, modyfikując wydajność innych procesów dezaktywacji 

energii zachodzących z udziałem stanów singletowych i trypletowych barwnika. 

Najważniejszym wyznacznikiem przydatności układu w PDT jest zdolność do wydajnego 

obsadzenia stanu trypletowego barwnika, za pośrednictwem którego możliwa jest 

interakcja z materiałem biologicznym i/lub tlenem molekularnym oraz wytworzenie 

rodników organicznych i/lub reaktywnych form tlenu. Kluczowym zatem było 

poszukanie związków organicznych (barwników) spełniających wymagania doskonałych 
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fotouczulaczy i wykazujących pasma absorpcji/fluorescencji w obszarze pasma LSPR 

nanocząstek. Z tego punktu widzenia dobrymi kandydatami mogą być pochodne 

chlorofili [35]. Jednakże ich hydrofobowe właściwości powodują słabą rozpuszczalność 

w wodzie, a zatem ograniczają ich możliwość zastosowania w układach biologicznych. 

W takim przypadku, jednym z najbardziej obiecujących rozwiązań dostarczania leków 

[23,24] jest wytworzenie kompleksów (koniugatów) złożonych z hydrofobowych 

barwników połączonych kowalencyjnie z nanocząstkami, pełniącymi rolę nośników 

fotouczulaczy, w celu stworzenia rozpuszczalnego w wodzie układu zdolnego do 

indukowania reakcji fotodynamicznej.  

PTT wykorzystuje związki lub materiały charakteryzujące się wysoką wydajnością 

konwersji energii promieniowania elektromagnetycznego na ciepło. Podstawą jej 

efektywnego działania jest zniszczenie komórek nieprawidłowych (chorobowo 

zmienionych) poprzez znaczący lokalny wzrost temperatury, następujący po naświetleniu 

światłem. Nanocząstki metaliczne ze względu na ich właściwości optyczne oraz 

zdolności do lokalnego generowania ciepła mogą być potencjalnie wykorzystywane w 

PTT. Ich oddziaływanie z promieniowaniem z zakresu widzialnego (do bliskiej 

podczerwieni) prowadzi do wzbudzenia plazmonów powierzchniowych (pasmo LSPR), 

co powoduje lokalny wzrost natężenia pola elektromagnetycznego, który generuje wzrost 

temperatury [6,36]. Lokalny wzrost temperatury stwarza warunki do selektywnego 

oddziaływania z komórkami (materiałem biologicznym), do których uprzednio 

wprowadzono nanocząstki metaliczne lub z komórkami znajdującymi się w ich bliskim 

otoczeniu. Z tego względu, istotny wydaje się opis na poziomie molekularnym 

oddziaływania nanocząstek z modelowymi błonami komórkowymi. Różne techniki 

wytwarzania modelowych błon oraz metody charakteryzowania umożliwiają określenie 

parametrów termodynamicznych i zmian organizacji ich składników np. pod wpływem 

oświetlenia nanocząstek wbudowanych w błony.  

Badania, opisane w rozprawie doktorskiej, miały na celu optymalizację procesu 

syntezy i dwóch różnych sposobów funkcjonalizacji nanocząstek złota o różnym kształcie 

oraz określenie właściwości i parametrów fotofizycznych sfunkcjonalizowanych 

nanocząstek i ich układów hybrydowych z wybranymi barwnikami, które są istotne dla 

ich potencjalnych zastosowań biomedycznych. Wyniki badań umożliwiły wyjaśnienie i 

zrozumienie procesów indukowanych światłem zachodzących na poziomie 

molekularnym oraz ich wpływ na zdolności fotouczulające i/lub fototermiczne badanych 

układów. Przeprowadzone badania dla organiczno-nieorganicznych układów 
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hybrydowych typu barwnik/sfunkcjonalizowana nanocząstka złota jako potencjalnych 

fotouczulaczy III generacji, zweryfikowały i dostarczyły ważnych informacji 

(dotyczących m.in. wydajności generowania tlenu singletowego i wygaszania 

fluorescencji oraz przekazywania energii pomiędzy nanocząstką a barwnikiem) istotnych 

z punktu widzenia możliwość ich zastosowania w PDT (lub diagnostyce fotodynamicznej 

(PDD)). Dla funkcjonalizowanych nanocząstek złota określono ich stabilność w czasie, 

oszacowano wydajność konwersji energii wzbudzenia na ciepło oraz oceniono ich 

przydatność w PTT. Przeanalizowano także, w jaki sposób lokalny wzrost temperatury 

spowodowany fotoaktywacją nanocząstek wpływa na właściwości i organizację 

modelowej błony biologicznej, co może mieć kluczowe znaczenie dla efektywności PTT 

oraz zrozumienia mechanizmu fotoindukowanego niszczenia komórek i/lub transportu 

substancji leczniczych przez błony.  

Do badań wykorzystane zostały następujące 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 światła (DLS). 

Wykorzystując technikę Langmuira, wyznaczono parametry termodynamiczne 

modelowych błon biologicznych, które zobrazowano za pomocą mikroskopii kąta 

Brewstera (BAM) i kamery termowizyjnej. Przeprowadzono również obliczenia w celu 

przeanalizowania mechanizmów procesu przekazywania energii stosując modele 

försterowskiego rezonansowego przekazywania energii (FRET), nanocząstkowego 

powierzchniowego przekazywania energii (NSET) i zmodyfikowany model NSET. 

Eksperymenty wspomagane były także symulacjami komputerowymi właściwości 

optycznych nanocząstek z wykorzystaniem techniki całkowania skończonego (FIT).  

Wyniki badań przedstawiono w czterech oryginalnych artykułach opublikowanych w 

czasopismach naukowych znajdujących się na liście Journal Citation Reports (JCR). 
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2. Forma rozprawy doktorskiej oraz wkład doktoranta 

Rozprawę doktorską pt. Optymalizacja procesu syntezy i funkcjonalizacji 

nanocząstek złota oraz określenie istotnych do zastosowań biomedycznych parametrów 

fotofizycznych nanocząstek i ich układów hybrydowych z wybranymi barwnikami 

stanowią cztery oryginalne artykuły opublikowane w recenzowanych czasopismach 

naukowych indeksowanych na liście JCR*: 

1. [Błaszkiewicz, JL 2017] P. Błaszkiewicz, 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. [Błaszkiewicz, JPCC 2020] P. Błaszkiewicz, 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.  [Błaszkiewicz, JPCC 2019] P. Błaszkiewicz, 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. Błaszkiewicz, 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 punktów przyznanych dla danego czasopisma przez Ministerstwo Nauki i 

Szkolnictwa Wyższego (MNiSW) lub Ministerstwo Edukacji i Nauki (MEiN) oraz 

współczynnik wpływu Impact Factor (IF) są zgodne z Systemem Informacji Naukowej 

Politechniki Poznańskiej (SIN PP). 
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Zgodnie z załączonymi oświadczeniami współautorów, wkład doktorantki w powstanie 

publikacji był następujący: 

1. [Błaszkiewicz, JL 2017] – doktorantka wykonała przegląd aktualnej literatury 

dotyczącej syntezy i funkcjonalizacji Au-NPs oraz brała udział w planowaniu 

badań. Przeprowadziła i zoptymalizowała syntezę oraz funkcjonalizację Au-NPs, 

przygotowała mieszaniny hybrydowe, a także scharakteryzowała badane układy 

wykorzystując metody spektroskopii absorpcyjnej i fluorescencyjnej. 

Uczestniczyła w analizie i dyskusji wyników pomiarowych oraz 

współredagowała tekst manuskryptu.  

2. [Błaszkiewicz, JPCC 2020] – doktorantka brała udział w planowaniu badań, 

przeprowadziła syntezę oraz funkcjonalizację Au-NRs i przygotowała mieszaniny 

hybrydowe z fotouczulaczem II generacji. Określiła parametry spektralne oraz 

właściwości fotofizyczne Au-NRs i mieszanin hybrydowych. Przeprowadziła 

badania spektroskopowe, m.in. wykorzystując rozdzielną w czasie spektroskopię 

optoakustyczną. Brała udział w analizie i dyskusji wyników pomiarowych oraz 

współredagowała tekst manuskryptu. 

3.  [Błaszkiewicz, JPCC 2019] – doktorantka wykonała przegląd aktualnej 

literatury dotyczącej syntezy i funkcjonalizacji Au-NRs. Zaplanowała, 

zmodyfikowała oraz zoptymalizowała metodę syntezy i funkcjonalizacji Au-NRs. 

Przeprowadziła badania z wykorzystaniem stacjonarnych metod 

spektroskopowych. Doktorantka odpowiadała także za analizę i interpretację 

wyników oraz współredagowała tekst manuskryptu. 

4.  [Tim, JML 2022] – doktorantka zaplanowała, zmodyfikowała i przeprowadziła 

syntezę oraz funkcjonalizację Au-NRs, przygotowała roztwory wykorzystywane 

do wytworzenia warstw Langmuira. Uczestniczyła w analizie i dyskusji 

uzyskanych wyników oraz współredagowała tekst manuskryptu. 
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3. Badane materiały oraz zastosowane techniki pomiarowe 

Przedmiotem opisanych badań w niniejszej rozprawie doktorskiej były 

sfunkcjonalizowane nanocząstki złota oraz układy hybrydowe typu 

barwnik/sfunkcjonalizowana nanocząstka. Do badań wybrano komercyjnie dostępne 

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 pochodną chlorofilu a – feoforbid a (Pheide) (Frontier Scientific, USA). 

Wygaszacz, 1,3-difenyloizobenozofuran (DPBF) (Sigma Aldrich, Polska) wykorzystano 

do wyznaczenia wydajności generowania tlenu singletowego, którą określono na 

podstawie kinetyk reakcji fotooksydacji. Fosfolipid – DPPC (Avanti Polar Lipids, 

Alabama) wybrano do wytworzenia modelowej błony biologicznej techniką Langmuira.  

Au-NPs zostały otrzymane metodą bottom-up (rys. 1) w wyniku redukcji kwasu 

chlorozłotowego (III) (HAuCl4) w obecności cytrynianu sodu (Na3C6H5O7) w 

rozpuszczalniku wodnym. Następnie został przeprowadzony proces ich funkcjonalizacji 

polimerem PEG-SH, o różnej masie cząsteczkowej (Mw≈5000 i Mw≈10000).  

 

 Rys. 1. Schemat syntezy kulistych nanocząstek złota. 

 

Synteza Au-NRs była procesem dwuetapowym (rys. 2) z wykorzystaniem metody 

seed-mediated growth, podczas której ziarna złota koloidalnego są przyłączane do 

wcześniej otrzymanych kulistych rdzeni złota, wokół których tworzy się złota powłoka 

powodująca wzrost NRs. Au-NRs uzyskano wykorzystując, podobnie jak w przypadku 

Au-NPs, metodę in situ bottom-up oraz reakcję chemiczną polegającą na redukcji 

prekursora. Jako prekursor został użyty HAuCl4, a reduktorami były borowodorek sodu 

(NaBH4) i kwas askorbinowy (C6H8O6). W procesie syntezy wykorzystano sole srebra 

(AgNO3), które pozwalają na uzyskanie odpowiedniego (pożądanego) stosunku długości 

do szerokości NRs.  
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Rys. 2. Schemat syntezy prętopodobnych nanocząstek złota [Błaszkiewicz, JPCC 

2019].  

Funkcjonalizacja zmienia właściwości powierzchni nanocząstek w wyniku trwałego 

przyłączenia się molekuł określonych związków chemicznych. Na proces 

funkcjonalizacji nanocząstek ma wpływ rodzaj surfaktantu, natomiast kształt nanocząstek 

nie jest parametrem zmieniającym warunki reakcji. Organiczne otoczki polimerowe NPs 

i NRs otrzymano wykorzystując poli(tlenek etylenu) z grupą tiolową (PEG-SH) (rys. 3), 

w przypadku NRs o masie cząsteczkowej (Mw≈2000). Nieorganiczne powłoki 

krzemionkowe (SiO2) o kontrolowanej grubości na powierzchni Au-NRs wytworzono, 

stosując ortokrzemian tetraetylu (TEOS) i wodorotlenek sodu (NaOH), przy wartości pH 

roztworu równej 10 (rys. 4).  

 

Rys. 3. Schemat funkcjonalizacji nanoprętów złota z wytworzeniem otoczki PEG-SH.  

 

Rys. 4. Schemat funkcjonalizacji nanoprętów złota z wytworzeniem otoczki SiO2 

[Błaszkiewicz, JPCC 2019].  
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Proces syntezy i funkcjonalizacji oraz badania spektroskopowe zostały 

przeprowadzone w laboratoriach Zakładu Fizyki Molekularnej na Wydziale Inżynierii 

Materiałowej i Fizyki Technicznej Politechniki Poznańskiej. Do badań wykorzystano: (i) 

spektroskopię absorpcyjną w obszarze UV-vis (scharakteryzowano właściwości 

spektralne sfunkcjonalizowanych nanocząstek i układów hybrydowych typu 

barwnik/sfunkcjonalizowana nanocząstka, w tym wyznaczono położenie pasm rezonansu 

plazmonowego nanocząstek i pasm absorpcji barwników, określono foto- i stabilności 

badanych układów oraz kinetyki fotooksydacji DPBF), (ii) spektroskopię emisyjną 

(określono wydajności wzmocnienia lub wygaszania emisji fluorescencji, wyznaczono 

czasy życia fluorescencji), (iii) rozdzielną w czasie spektroskopię optoakustyczną 

(LIOAS) (wyznaczono wydajności procesów niepromienistych, w tym generowania tlenu 

singletowego oraz oszacowano wydajności konwersji energii wzbudzenia na ciepło), (iv) 

technikę Langmuira (wyznaczono parametry termodynamiczne monowarstw jedno- i 

dwuskładnikowych oraz ich potencjał powierzchniowy), (v) mikroskopię kąta Brewstera 

(BAM) oraz kamerę termowizyjną (zobrazowano teksturę badanych monowarstw, 

rejestrowano rozkłady temperatury podczas naświetlania nanocząstek w warstwie). 

Wykonano również obliczenia wykorzystując modele FRET, NSET i zmodyfikowany 

NSET oraz symulacje komputerowe z wykorzystaniem techniki FIT.  

Obrazy uzyskane za pomocą transmisyjnej mikroskopii elektronowej (TEM) 

pozwoliły na określenie wymiarów NPs oraz grubości powłok SiO2 i zostały wykonane 

w Centrum NanoBiomedycznym Uniwersytetu im. Adama Mickiewicza w Poznaniu. 

Wielkość Au-NPs oraz grubość powłok PEG-SH zostały potwierdzone metodą 

dynamicznego rozpraszania światła (DLS), dostępną w Wielkopolskim Centrum 

Zaawansowanych Technologii w Poznaniu.  
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4. Krótki opis badań  

Celem badań była optymalizacja procesu syntezy nanocząstek złota o różnym 

kształcie oraz ich funkcjonalizacji organiczną (PEG-SH) i nieorganiczną (SiO2) otoczką, 

a także określenie parametrów spektralnych i fotofizycznych sfunkcjonalizowanych 

nanocząstek oraz układów hybrydowych utworzonych ze sfunkcjonalizowanych 

nanocząstek złota i wybranych barwników organicznych, istotnych dla potencjalnych 

zastosowań biomedycznych.  

W pracy [Błaszkiewicz, JL 2017] przedstawiono procedurę syntezy kulistych 

nanocząstek złota (Au-NPs) o średnicy 15 nm, które sfunkcjonalizowano PEG-SH o 

różnych masach cząsteczkowych (Mw≈5000 i Mw≈10000). Zmodyfikowanie procesu 

funkcjonalizacji nanocząstek polimerem PEG-SH (rys. 3) polegało na wprowadzeniu 

zmiany w stosunkach molowych reagentów i wkraplaniu PEG-SH do roztworu 

nanocząstek, poddawanego działaniu ultradźwięków. Metodą dynamicznego 

rozpraszania światła potwierdzono grubość uzyskanej powłoki polimerowej (7 nm i 10 

nm, odpowiednio, dla Mw≈5000 i Mw≈10000) na powierzchni Au-NPs. Wytworzona 

powłoka PEG-SH pozwoliła na kontrolowanie/oszacowanie odległości pomiędzy Au-

NPs i barwnikami laserowymi, wybranymi do badań. Widmo ekstynkcji wykazało, że w 

etanolu Au-NP@PEG-SH były stabilne w czasie i nie agregowały (3 m-ce), a maksimum 

ich pasma ekstynkcji było zlokalizowane w obszarze 524 nm.  

Następnie wytworzono mieszaniny hybrydowe złożone z Au-NP@PEG-SH i 

barwników organicznych, odpowiednio, kumaryny C-510, kumaryny C-481 lub pyranu 

(DCM). Mieszaniny hybrydowe wytwarzano utrzymując stałe stężenie barwnika (3×10-5 

M) dla różnych stężeń Au-NPs@PEG-SH ((0; 0,8; 1,6; 2,4; 3,2; 4,0; 4,8; 5,6; 6,4; 7,2; 8) 

×10-10 M). Barwniki dobrano w ten sposób, żeby absorbowały w obszarze pasma LSPR 

nanocząstek. Różniły się one wydajnością emisji fluorescencji oraz charakteryzowały się 

różną wartością całki przekrywania obliczoną na podstawie widm absorpcji akceptora i 

emisji donora. 

Pokazano, że dla mieszaniny hybrydowej wraz ze wzrostem stężenia Au-NPs 

(wzrastała wartość ekstynkcji) malało natężenie fluorescencji barwników. Obserwowane 

zjawisko wygaszania fluorescencji badanych barwników przebiegało z różną kinetyką, o 

czym świadczą wartości stałej Sterna-Volmera (2,08-5,25 KSV ×108 M-1). Optymalna 

odległość, istotna dla procesu przekazywania energii, między donorem a akceptorem 

została wyznaczona wykorzystując różne teoretyczne modele matematyczne. Uzyskane 
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wyniki pokazały, że zarówno modele FRET i NSET (zaproponowany przez Perssona-

Langa [37]) nie opisują poprawnie mechanizmu przekazywania energii dla układu 

barwnik/Au-NPs@PEG-SH. Okazało się, że zmodyfikowany model NSET 

przedstawiony przez Breshike-Riskowski-Strouse [38], uwzględniający zmianę 

zdolności absorpcyjnej zależną od wielkości nanocząstek, jest podejściem najlepiej 

opisującym proces przekazywania energii w badanych układach typu barwnik/Au-

NPs@PEG-SH. Wyznaczone wartości wydajności wygaszania fluorescencji barwników 

były porównywalne do wydajności przekazywania energii, co oznacza, że powierzchnia 

powłoki polimerowej nanocząstek nie oddziaływała z barwnikami. Zwiększenie grubości 

otoczki z polimeru wpływało na efektywność dynamicznego superwygaszania emisji 

fluorescencji spowodowanej przenoszeniem energii pomiędzy barwnikami i 

nanocząstkami, niezależnie od rodzaju barwnika. Najwydajniejsze przekazywanie energii 

zaobserwowano dla układu hybrydowego charakteryzującego się najwyższą wartością 

całki przekrywania, niezależnie od wydajności fluorescencji barwnika, oznacza to, że 

obszar przekrywania się donora i akceptora jest najważniejszą zmienną do 

przewidywania przebiegu i wydajności tego procesu w układzie typu barwnik/Au-

NPs@PEG-SH.  

Wyniki badań pokazały, że całka przekrywania jest parametrem determinującym 

proces przeniesienia energii w badanych układach, a zastosowanie PEG-SH, który jest 

polimerem nietoksycznym i jednocześnie nieoddziałujący z barwnikami sprawia, że 

wydajności fluorescencji barwników laserowych zmieniają się proporcjonalnie do 

stężenia NPs, dlatego hybrydowy układ typu barwnik/Au-NPs@PEG-SH wydaje się 

obiecującym dla obrazowania i detekcji układów biologicznych.  

Wyniki opisane w pracy [Błaszkiewicz, JPCC 2020] pokazują sposób otrzymywania 

Au-NRs podczas dwuetapowej reakcji syntezy. W procesie tym można uzyskać Au-NRs 

wykazujące batochromowe przesunięcia maksimum pasma LSPR, skorelowane ze 

wzbudzeniem drgań plazmonowych wzdłuż dłuższej osi nanoprętów, w zależności od ich 

wielkości (współczynnika kształtu). Podczas syntezy Au-NRs, dwuwarstwa CTAB 

zapobiega tworzeniu aglomeratów nanocząstek, a stężenie AgNO3 wpływa na proces ich 

anizotropowego wzrostu oraz kontrolę stosunku długości do szerokości. Do dalszych 

badań wybrano Au-NRs, które wykazywały 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 SiO2 zostały przeprowadzone 

zgodnie z procedurą opisaną w pracy [Błaszkiewicz, JPCC 2019]. Na podstawie widm 

ekstynkcji stwierdzono, że w etanolu otrzymane Au-NRs@SiO2 są stabilne w czasie i nie 

agregują (po 60 dniach). Kontrolowana grubość wytworzonej na powierzchni Au-NRs 

otoczki krzemionkowej (w zakresie od 6 do 14 nm) determinowała odległość między 

barwnikiem (donorem) a nanocząstką (akceptorem). Barwnikiem wybranym do 

utworzenia mieszaniny hybrydowej z Au-NRs@SiO2 został fotouczulacz II generacji – 

pochodna chlorofilu a (Pheide), ze względu na znaczne przekrywanie się widma emisji 

fluorescencji Pheide z pasmem ekstynkcji Au-NRs, co stwarza warunki do efektywnego 

przenoszenia energii w badanym układzie. 

Mieszaniny hybrydowe Pheide/Au-NRs@SiO2 wytworzono zachowując ustalone 

stężenie barwnika (1,65×10-6 M) i zmieniając stężenie nanocząstek ((0; 1,33; 2,66; 4,00; 

5,33; 6,66)×10-11 M). Na podstawie przeprowadzonych badań, wyznaczono właściwości 

spektralne mieszanin hybrydowych i przeanalizowano proces przekazywania energii oraz 

jego wpływ na konkurencyjne procesy zachodzące z udziałem stanów singletowych i 

trypletowych (emisję fluorescencji i generowanie tlenu singletowego). Analiza procesu 

wygaszania fluorescencji wykazała liniową zależność Sterna-Volmera dla mieszanin 

hybrydowych Pheide/Au-NRs@SiO2 o różnych grubościach otoczki krzemionkowej (6-

14 nm), co sugeruje dynamiczny mechanizm wygaszania. Wartość stałej Sterna-Volmera 

malała wraz ze wzrostem grubości powłoki SiO2 i osiągnęła najniższą wartość dla 

najgrubszej otoczki, niezależnie od zastosowanej długości fali wzbudzenia. W badanych 

układach hybrydowych zaobserwowano wygaszanie emisji fluorescencji Pheide wraz ze 

wzrostem stężenia Au-NRs, oznacza to, że efektywność procesów dezaktywacji w Pheide 

jest modyfikowana obecnością Au-NRs@SiO2 i ich wzajemną odległością. 

Najważniejszym parametrem fotofizycznym, określającym właściwości fotouczulające i 

zdolność toksycznego działania Pheide/Au-NRs@SiO2, jest wydajność generowania 

tlenu singletowego. Stosując dwie niezależne metody (LIOAS oraz spektrometryczną 

pozwalająca wyznaczyć kinetyki fotodegradacji DPBF), pokazano, że mieszaniny 

hybrydowe typu barwnik/Au-NRs@SiO2 mogą efektywniej generować tlen singletowy 

niż same barwniki. Wydajność generowania tlenu singletowego mieszanin hybrydowych 

zależała od grubości powłoki SiO2 i stężenia Au-NRs. Okazało się, że najwyższą wartość 

generowania tlenu singletowego zaobserwowano dla stężenia 1,33×10-11 M Au-NRs i 

powłoki krzemionkowej o grubości 14 nm. Uzyskany współczynnik wzmocnienia 

wyniósł około 8-11%. Eksperymentalne wyniki zostały uzupełnione symulacjami 
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komputerowymi (FIT) wykorzystanymi do obliczenia wydajności rozpraszania Au-NRs 

(tj. frakcji światła rozproszonego na strukturach Au-NRs). Z przeprowadzonych obliczeń 

teoretycznych daleko zasięgowych właściwości Au-NRs wynika, że w mieszaninach 

hybrydowych prawdopodobne jest „pułapkowanie” przez barwniki dodatkowego światła 

rozproszonego przez NRs. Zasugerowano zatem, że daleko zasięgowe właściwości 

optyczne Au-NRs mogą wyjaśniać obserwowany efekt wzmocnienia wydajności 

generowania tlenu singletowego. 

W pracy [Błaszkiewicz, JPCC 2019] opisano modyfikację i optymalizację 

dwuetapowej reakcji syntezy oraz procesu funkcjonalizacji Au-NRs. Podczas procesu 

syntezy, wprowadzono modyfikacje zaproponowane przez Nikoobakth’a i in. [39], m.in. 

chłodzono wodę w celu przygotowania NaBH4, przechowywano zarodki złota w 

temperaturze 28°C oraz określono odpowiednie stężenie AgNO3 pozwalające na 

precyzyjne kontrolowanie rozmiaru NRs. Po procesie syntezy, produkt reakcji został 

odpowiednio sfrakcjonowany i oczyszczony poprzez wirowanie oraz usunięcie 

supernatantu. Badania mikroskopowe pozwoliły oszacować rozmiar NRs (długość 

(53,2±1,8) nm, szerokość (23,6±1,3) nm). Otrzymane Au-NRs charakteryzowały się 

maksimum pasma ekstynkcji przy 660 nm, tj. w zakresie tzw. okna terapeutycznego.  

Wytworzenie powłoki krzemionkowej (SiO2) na powierzchni Au-NRs 

przeprowadzono modyfikując i optymalizując metodę zaproponowaną przez grupę Liz-

Marzán [40–42]. Podczas funkcjonalizacji wprowadzono pewne modyfikacje procesu, tj. 

po odwirowaniu i oczyszczeniu NRs, dodano ponownie surfaktant w odpowiednich 

stężeniach w celu kontrolowania procesu wzrostu krzemionki, monitorowano wartość pH 

w trakcie trwania całego procesu, zmieniono także rozpuszczalnik dla silanu, natomiast 

transfer Au-NRs do etanolu przeprowadzono po wcześniejszym frakcjonowaniu i 

oczyszczeniu poprzez wirowanie oraz usunięcie supernatantu. W efekcie zastosowanych 

modyfikacji, otrzymano otoczki o zdefiniowanych, kontrolowanych grubościach (6, 8, 

12, 14 nm).  

Nanocząstki metaliczne są zdolne do absorbowania energii i zamiany jej na ciepło, co 

ma ogromne znaczenie dla potencjalnego ich zastosowania w PTT. Badania 

przeprowadzone metodą LIOAS umożliwiły oszacowanie wydajności konwersji energii 

wzbudzenia na ciepło. Nie zarejestrowano istotnych różnic w widmach ekstynkcji Au-

NRs@SiO2, przed i po pomiarach LIOAS, co oznacza, że energia impulsu laserowego 

(rzędu J) przy długości fali 668 nm nie powodowała degradacji (zmiany kształtu) 

nanocząstek. Jako odnośnik kalorymetryczny zastosowano Ni-pochodną chlorofilu 
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absorbującą w zakresie pasma LSPR. Metodę LIOAS wykorzystano do określenia jaka 

część energii wzbudzenia została zamieniona na ciepło przez Au-NRs@SiO2, w czasach 

krótszych niż czasowa zdolność rozdzielcza aparatury (tj. poniżej 200 ns). Sygnały 

LIOAS wykazywały liniową zależność od energii lasera i na ich podstawie oszacowano, 

że Au-NRs@SiO2 zamieniają ok. 87-95% energii wzbudzenia na ciepło (dla grubości 

otoczki SiO2 wynoszącej odpowiednio 6-14 nm). Wyniki eksperymentalne skorelowano 

z obliczeniami teoretycznymi odpowiednich właściwości optycznych Au-NRs@SiO2 i 

uzyskano porównywalne wartości. W pracy, po raz pierwszy wykazano, że metodę 

LIOAS można wykorzystać do precyzyjnego oszacowania ilości energii zamienianej na 

ciepło przez nanocząstki sfunkcjonalizowane otoczką nieorganiczną o różnej grubości, 

zawieszone w rozpuszczalnikach organicznych. Pokazano, że metoda LIOAS oferuje 

możliwość wyznaczenia istotnego parametru dla potencjalnych zastosowań nanocząstek 

w PTT, ponadto, charakteryzuje się wysoką czułością i możliwością wybrania długości 

fali, co można wykorzystać przy wzbudzaniu dowolnego pasma LSPR.  

Obiektem badań w pracy [Tim, JML 2022] były Au-NRs, wykazujące maksimum 

ekstynkcji zlokalizowane w obszarze 660 nm. Funkcjonalizację Au-NRs polimerem 

PEG-SH (Mw≈2000) przeprowadzono wykorzystując zmodyfikowaną metodę opisaną w 

[Błaszkiewicz, JL 2017]. PEG-SH tworzy organiczną otoczkę, jest nietoksyczny, 

bezpieczny dla organizmów żywych i często stosowany jako nośnik leków, w 

kosmetykach oraz jako składnik szczepionek. Do wytworzenia błony biologicznej 

wybrano fosfolipid DPPC, który zwykle używany jest do badań modelowych, tworzenia 

lipidów lub dwuwarstw. DPPC jest także wrażliwy na zmiany temperatury, dlatego 

istotne było sprawdzenie jak lokalne wzbudzenie światłem NRs, powodujące wzrost 

temperatury, wpłynie na formowanie warstwy, jej stabilność i organizację.  

Na wannie Langmuira wytworzono monowarstwy jedno- (DPPC) lub 

dwuskładnikowe (DPPC z Au-NRs@PEG-SH), porównywano ich parametry 

termodynamiczne oraz określono oddziaływania lipidów z NRs, bez i podczas ich 

oświetlania. Po wzbudzeniu światłem, ze względu na zachodzący w Au-NRs efektywny 

proces konwersji energii na ciepło, obserwowano na obrazach termowizyjnych stopniowy 

wzrost temperatury monowarstwy, powodowany przez lokalny wzrost temperatury w 

otoczeniu Au-NRs. Monowarstwy oświetlano światłem o długości fali charakterystycznej 

dla pasma LSPR Au-NPs. Dla ciśnień powierzchniowych powyżej 8 mN/m, izoterma 

oraz potencjał powierzchniowy pokazały, że wzrost powierzchni zajmowanej przez 

molekuły DPPC nie był związany ze zmianą ułożenia fosfolipidów, lecz raczej 
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spowodowany zmianą wzajemnych odległości między nimi w wyniku oświetlenia błony. 

Po oświetleniu monowarstwa DPPC–Au-NRs@PEG-SH, przy ciśnieniu 

powierzchniowym porównywalnym z panującym w natywnej błonie komórkowej (30 

mN·m−1), była stabilniejsza i bardziej elastyczna, w porównaniu z nieoświetloną. 

Ponadto, modelowa błona usztywniała się po 40 min od osiągnięcia ciśnienia 

powierzchniowego 30 mN·m−1, co świadczy o stabilizacji w czasie oddziaływań 

pomiędzy molekułami DPPC. Obrazy BAM potwierdziły różnice w morfologii 

powierzchni dla warstwy Langmuira bez i po oświetleniu. Zaobserwowano, że Au-

NRs@PEG-SH nie stabilizują monowarstwy w czasie, natomiast wydaje się, że wzrost 

temperatury warstwy po oświetleniu, ze względu na oddziaływania odpychające między 

molekułami DPPC, powoduje jej stabilizację. Przeprowadzone badania pokazały, że 

niewielka ilość Au-NRs@PEG-SH w warstwie oraz oświetlenie ich światłem o 

odpowiedniej długości fali, zmienia stabilność i wywołuje zmiany w upakowaniu oraz 

organizacji lipidów w modelowych błonach komórkowych. Wydaje się, że wywołane 

efektem fototermicznym zmiany organizacji lipidów mogą wpływać na przepuszczalność 

i/lub integralność błony, co wymaga dalszych badań w celu ustalenia warunków 

optymalnych do stosowania NRs w PTT. 
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5. Podsumowanie 

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

wytworzenie, sfunkcjonalizowanie i scharakteryzowanie nanocząstek złota o różnych 

kształtach oraz ich układów hybrydowych wytworzonych z nanocząstek i wybranych 

barwników, w tym wyznaczenie jakościowych i ilościowych parametrów fotofizycznych 

(m.in. stabilności w czasie, określenia ilości energii zamienianej na ciepło, wydajności 

fluorescencji, wydajności generowania tlenu singletowego). Pozwoliło to ocenić 

możliwości projektowania i wykorzystania badanych układów do selektywnego 

obrazowania lub uczulania struktur biologicznych, wykorzystując materiały o niskiej 

cytotoksyczności. Przeanalizowano również wpływ fotoaktywacji nanocząstek złota na 

modelowe błony biologiczne, biorąc pod uwagę ich potencjał aplikacyjny w 

fototermicznej terapii.  

Najważniejsze uzyskane osiągnięcia to:  

 opracowanie i zoptymalizowanie warunków syntezy nanocząstek złota o różnych 

geometriach, 

 modyfikacja procesu funkcjonalizacji nanocząstek złota z wykorzystaniem PEG-

SH oraz SiO2, 

 wykazanie, że powierzchnia warstwy polimerowej nanocząstek sferycznych nie 

oddziałuje z barwnikami, a zwiększenie grubości warstwy polimeru wpływa na 

efektywność dynamicznego superwygaszania fluorescencji, 

 dopasowanie właściwego modelu teoretycznego do opisu procesu przekazywania 

energii pomiędzy nanocząstką sferyczną (akceptorem) a barwnikiem (donorem), 

 pokazanie, że powłoka krzemionkowa wytworzona na powierzchni nanocząstek 

prętopodobnych wpływa zarówno na proces przekazywania energii między 

barwnikiem a nanocząstką oraz wydajność generowania tlenu singletowego,  

 wskazanie, że w mieszaninach hybrydowych prawdopodobne jest 

„pułapkowania” przez barwniki dodatkowego światła rozproszonego przez 

nanocząstki, 

 wykorzystanie metody optoakustycznej do oszacowania wydajności konwersji 

energii wzbudzenia na ciepło przez nanocząstki oraz porównanie wyników 

eksperymentalnych z obliczonymi, 
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 wykazanie, że lokalny wzrost temperatury indukowany w wyniku oświetlenia 

nanocząstek wpływa na elastyczność, stabilność i organizację modelowej błony 

biologicznej. 

 

Podsumowując (i) wytworzono układy charakteryzujące się wydajniejszym 

generowaniem tlenu singletowego oraz efektywną konwersją energii na ciepło, (ii) 

podjęto próbę wyjaśnienia mechanizmów promienistych i bezpromienistych 

procesów dezaktywacji energii oraz dopasowano teoretyczny model, pozwalający na 

opisanie procesów przekazywania energii w układach hybrydowych typu 

barwnik/nanocząstka złota, a także (iii) pokazano zmiany właściwości modelowej 

błony biologicznej pod wpływem lokalnie generowanego ciepła w wyniku 

fotoaktywowania nanocząstek.  

Wyniki badań dostarczyły istotnych informacji o właściwościach fotofizycznych 

badanych, funkcjonalizowanych nanocząstek i ich układów hybrydowych oraz 

wskazały na potencjalną możliwość 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 bazą SIN PP): 

1. P. Błaszkiewicz, 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. Błaszkiewicz, M. Kotkowiak, Gold-based nanoparticles systems in 

phototherapy - current strategies, Current Medicinal Chemistry 25(42) 

(2018) 5914-5929. (IF=3,894; pkt. MNiSW=40) 

3. P. Błaszkiewicz, 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. Błaszkiewicz, 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. MEiN=140) 

5. B. Tim, P. Błaszkiewicz, 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. Błaszkiewicz, A.B. Nowicka, M. Kotkowiak, Optimizing SERS 
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MEiN=140) 
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Molecular Liquids, 2022, 349, 118179-1-118179-7. (IF=6,165; pkt. MEiN=100) 

8. J. Kałużny, A. Świetlicka, Ł. Wojciechowski, S. Boncel, G. Kinal, T. Runka, M. 

Nowicki, O. Stepanenko, B. Gapiński, J. Leśniewicz, P. Błaszkiewicz, K. Kempa, 
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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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Rozdziały w wydawnictwach pokonferencyjnych: 

1. A. Wiciak, E. Nowak, P. Błaszkiewicz, M. Kotkowiak, Bogactwo zaklęte w 

srebrze – przegląd po właściwościach, metodach syntezy i zastosowaniu 

nanocząstek srebra, Badania i Rozwój Młodych Naukowców w Polsce, ISBN 

(978-83-65362-48-3) (2017), 144-150.  

2. A. Wiciak, P. Błaszkiewicz, E. Nowak, M. Kotkowiak, Złote nanocząstki 

metaliczne – otrzymywanie oraz zastosowanie, ISBN (978-83-65362-48-3) 

(2017), 151-157.  

3. A. Batura, P. Błaszkiewicz, M. Kotkowiak, Bezpieczeństwo i zagrożenia dla 

organizmów żywych wynikające z zastosowania nanomateriałów, Badania i 

Rozwój Młodych Naukowców w Polsce, ISBN (978-83-66139-18-3) (2019), 7-

13. 

4. A. Batura, P. Błaszkiewicz, M. Kotkowiak, Synteza i funkcjonalizacja 

nanocząstek złota i srebra, Badania i Rozwój Młodych Naukowców w Polsce, 

ISBN (978-83-66139-18-3) (2019), 14-20. 

5. A. Batura, P. Błaszkiewicz, Dobrodziejstwa nanobiotechnologii w świecie jutra, 

Dokonania naukowe doktorantów VII edycja, ISBN (978-83-63058-89-0) (2019), 

78-84. 

6. P. Błaszkiewicz, M. Kotkowiak, Diagnostyka i terapia fotodynamiczna "wczoraj 

i dziś", Dokonania naukowe doktorantów VII edycja, ISBN (978-83-63058-89-0) 

(2019), 141-147. 

7. P. Błaszkiewicz, Tlenek tytanu (IV) w akcji – przegląd właściwości, metod 

otrzymywania i zastosowań, Badania i Rozwój Młodych Naukowców w Polsce, 

ISBN (978-83-66392-90-8) (2020), 15-20.  

8. P. Błaszkiewicz, Procesy samoorganizacji nanomateriałów, Badania i Rozwój 

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

 

Udział w projektach badawczych (tytuł i numer projektu, źródło finansowania, lata 

i miejsce realizacji): 

Kierownik: 

1. Oddziaływanie chemoterapeutyka z mezoporowatymi nanocząstkami złota, 

06/62/DSMK/6203, Ministerstwo Nauki i Szkolnictwa Wyższego, Wydział 

Fizyki Technicznej, Politechnika Poznańska, 18.04-30.11.2017, wysokość 

finansowania: 9.397 PLN.  
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2. Wpływ sfunkcjonalizowanych nanocząstek metalicznych na właściwości 

fotofizyczne barwników chlorofilowych, 06/62/DSMK/6206, Ministerstwo Nauki 

i Szkolnictwa Wyższego, Wydział Fizyki Technicznej, Politechnika Poznańska, 

10.07-18.12.2018, wysokość finansowania: 11.115 PLN.  

3. Wpływ półprzewodnikowej powłoki z ditlenku tytanu (IV) wytworzonej na 

powierzchni nanocząstek złota na właściwości fotofizyczne mieszanin 

hybrydowych, 06/62/SBAD/6207, Ministerstwo Nauki i Szkolnictwa Wyższego, 

Wydział Fizyki Technicznej, Politechnika Poznańska, 12.04-02.12.2019, 

wysokość finansowania: 4.945 PLN.  

4. Wydajność procesów dezaktywacji energii wzbudzenia w układzie barwnika 

kowalencyjnie przyłączonego do powierzchni nanocząstki metalicznej, 

0512/SBAD/6210, Ministerstwo Nauki i Szkolnictwa Wyższego, Wydział 

Inżynierii Materiałowej i Fizyki Technicznej, Politechnika Poznańska, 17.01-

31.12.2020, wysokość finansowania: 10.925 PLN. 

5. W jaki sposób właściwości blisko i dalekozasięgowe nanocząstek złota 

przyczyniają się do zwiększenia wydajności generowania tlenu singletowego w 

systemach hybrydowych? 2021/41/N/ST4/03017, PRELUDIUM, Narodowe 

Centrum Nauki, Wydział Inżynierii Materiałowej i Fizyki Technicznej, 

Politechnika Poznańska, 25.01.2022-24.01.2024, wysokość finansowania: 

139.080 PLN. 

 

Wykonawca: 

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

Nauki i Szkolnictwa Wyższego, Wydział Fizyki Technicznej, Politechnika 

Poznańska, 18.03-30.11.2016, wysokość finansowania: 10.807 PLN, kierujący 

pracą – dr inż. Kamil Kędzierski. 

2. Synteza, właściwości optyczne i strukturalne nanocząstek metalicznych i ich 

oddziaływanie z barwnikiem organicznym, 06/62/DSMK/0198, Ministerstwo 

Nauki i Szkolnictwa Wyższego, Wydział Fizyki Technicznej, Politechnika 

Poznańska, 18.03-30.11.2016, wysokość finansowania: 10.661 PLN, kierujący 

pracą – dr inż. Michał Kotkowiak. 

3. Warstwy Langmuira-Schaefera nanorurek węglowych wzbogaconych 

sferycznymi nanocząstkami srebra, 06/62/DSMK/6204, Ministerstwo Nauki i 

Szkolnictwa Wyższego, Wydział Fizyki Technicznej, Politechnika Poznańska, 
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18.04-30.11.2017, wysokość finansowania: 5.562 PLN, kierujący pracą – mgr 

inż. Karol Rytel. 

4. Hybrydowe nanostruktury tlenek/nanocząstka metaliczna jako podłoża do 

powierzchniowo wzmocnionych spektroskopii, 06/62/DSMK/6205, Ministerstwo 

Nauki i Szkolnictwa Wyższego, Wydział Fizyki Technicznej, Politechnika 

Poznańska, 10.07-18.12.2018, wysokość finansowania: 11.874 PLN, kierujący 

pracą – dr inż. Michał Kotkowiak.  

5. Analiza zjawisk fizycznych warunkujących zapłon paliw wzbogaconych w 

nanorurki węglowe, 2017/27/B/ST8/01838, OPUS, Narodowe Centrum Nauki, 

Wydział Inżynierii Lądowej i Transportu, Politechnika Poznańska, 10.09.2018-

10.09.2021, wysokość finansowania: 895.805 PLN, kierujący pracą – 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, Wydział Inżynierii 

Materiałowej i Fizyki Technicznej, Politechnika Poznańska, 10.10.2020-

10.10.2023, wysokość finansowania: 965.760 PLN, kierujący pracą – dr inż. 

Michał Kotkowiak. 

 

Staże naukowe:  

1. POLLENA, Ostrzeszów 08.2013-09.2013 (2 m-ce)  

Kluczowe zagadnienia: produkcja kremu do twarzy z nanocząstkami srebra, testy 

kosmetyczne, chemia organiczna, kontrola jakości, testy biologiczne, posiewy 

bakteryjne, pomiary spektroskopowe i mikroskopowe, itp. 

2. Laboratorium Testów Radiacyjnych, Wojewódzka Stacja Sanitarno-

Epidemiologiczna, Poznań, 07.2014-08.2014 (2 m-ce) 

Kluczowe zagadnienia: pomiary radioaktywności, obliczanie dawek, testy 

radiacyjne żywności, techniczne wizyty w szpitalach, itp. 

3. Instytut Fizyki Molekularnej, Polska Akademia Nauk, Poznań, 07.2015-08.2015 

(2 m-ce) 

Kluczowe zagadnienia: nanotechnologia, nanomateriały, synteza, układy 

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 jądrowej, 

nanoceramika, nanomateriały, radioaktywność, pomiary radiacyjne, przeliczanie 

dawek promieniowania, testy i symulacje w reaktorze badawczym, odpady 

reaktywne, energia jądrowa, techniczne wizyty w elektrowniach jądrowych i 

związanymi z nimi obiektami, staż sfinansowany przez Ministerstwo Nauki i 

Szkolnictwa Wyższego. 

5. Komenda Wojewódzka Policji w Poznaniu, 10.2017-12.2017 (3 m-ce) 

Kluczowe zagadnienia: związki organiczne pochodzenia naturalnego, pomiary 

spektroskopowe, przeliczanie stężeń, identyfikacja związków organicznych, itp. 

6. Centrum Nauk Biologiczno-Chemicznych Uniwersytetu Warszawskiego, 

Warszawa, 10.2019-11.2019 (2 m-ce) 

Kluczowe zagadnienia: synteza, funkcjonalizacja nanocząstek metalicznych, 

charakteryzacja nanocząstek, wytwarzanie układów hybrydowych, syntezy 

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

 

Nagrody i wyróżnienia: 

Stypendia: 

2015-2016 - Stypendium z dotacji projakościowej, 

2017-2018 - Stypendium Rektora dla 30% najlepszych doktorantów, 

2017-2018 - Stypendium z dotacji projakościowej, 

2018-2019 - Stypendium Rektora dla 30% najlepszych doktorantów, 

2019-2020 - Stypendium Rektora dla 30% najlepszych doktorantów, 

2019-2020 - Stypendium z dotacji projakościowej, 

2020-2021 - Stypendium Rektora dla 30% najlepszych doktorantów, 

2020-2021 - Stypendium z dotacji projakościowej. 

 

Nagrody: 

III Nagroda Polskiego Towarzystwa Nukleonicznego w konkursie na najlepsze prace 

doktorskie, magisterskie, inżynierskie i licencjackie związane tematycznie z atomistyką 

(wykorzystaniem zjawisk, procesów i technik jądrowych, ekonomiką i odbiorem 

społecznym zastosowań energetyki jądrowej itp.). Temat pracy magisterskiej: Materiały 

na pojemniki i osłony przed promieniowaniem jonizującym. – promotor: dr inż. Wiesław 

Gorączko. 
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Szkolenia: 

02.2012 - Skuteczne zarządzanie czasem, organizator: Era Inżyniera. 

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

French National Institute for Nuclear Science and Technology, Francja. 

 

Udział w konferencjach naukowych: 

- wystąpienia prezentowane osobiście: 

 wykłady 

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. Błaszkiewicz, First International Nuclear Conference, Poznań, 

Building of high-level, long-life radioactive waste repository in France. 

09.2016 - P. Błaszkiewicz, M. Kotkowiak, XX Ogólnopolska Konferencja 

Kryształy Molekularne 2016, Kazimierz Dolny, Oddziaływanie nanocząstek 

metalicznych o różnym kształcie z barwnikami organicznymi. 

02.2017 - P. Błaszkiewicz, M. Kotkowiak, V Ogólnokrajowa Konferencja, 

Młodzi Naukowcy w Polsce – Badania i Rozwój, Będlewo, Nanocząstki 

metaliczne - otrzymywanie, funkcjonalizacja i zastosowanie. 

09.2017 - P. Błaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, Kryształki 

molekularne 2017, Warszawa, Wpływ nanocząstek metalicznych na właściwości 

fotofizyczne barwników chlorofilowych. 

04.2018 - P. Błaszkiewicz, M. Kotkowiak, A. Dudkowiak, Dokonania naukowe 

doktorantów 2018, Poznań, Wpływ rodzaju powłoki na parametry fotofizyczne 

układów hybrydowych na bazie nanocząstek złota. 

12.2018 - P. Błaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, III 

Ogólnopolska Studencka Fizyczno-Optyczna Konferencja, Wrocław, 

Wytworzenie i charakteryzacja nowych układów hybrydowych na bazie 

nanocząstek złota do celów diagnostycznych i terapeutycznych. 

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

naukowe doktorantów VII edycja, Poznań, Ocena fotosensybilizującej 
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efektywności pochodnych chlorofilu a w układach hybrydowych na bazie 

nanocząstek złota. 

11.2019 - P. Błaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, X 

Ogólnokrajowa konferencja naukowa, Młodzi naukowcy w Polsce - Badania i 

rozwój, Poznań, Proces generowania tlenu singletowego i wygaszania 

fluorescencji w układach hybrydowych typu core-shell.  

 

 plakaty 

06.2016 - P. Błaszkiewicz, M. Kotkowiak, A. Dudkowiak, NanoTech Poland 

International Conference & Exhibition, Poznań, Fluorescence quenching and 

energy transfer in hybrid laser dye and gold nanoparticles system. 

06.2017 - P. Błaszkiewicz, M. Kotkowiak, E. Coy, A. Dudkowiak, InterNano 

Poland, Katowice, Modulated sensitizing properties in photosensitizer containing 
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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 10-9�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, KSV ,
108 M-1) 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
. Dudkowiak).
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 Förster 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 Förster 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 (HAuCl4 �H2O), sodium citrate
(HOC(COONa)(CH2COONa)2 �2H2O), O-[2-(3-mercaptopropionyla-
mino)ethyl]-O′-methylpolyethylene glycol (PEG-SH MwE5000,
(PI)) and O-(2-mercaptoethyl)-O′-methylpolyethylene glycol (PEG-
SH MwE10000, (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-gh]coumarin (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% H2O 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 (�15 nm 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)�10-10 M (extinction coefficient 2.33�108 M-1cm-1 at
524 nm). The dye concentration was set at 3�10-5 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 (ϕF) of laser dye-Au-NPs mixtures was cal-
culated by the relative method according to [39]:

ϕ ϕ= −
−

·
( )

−

−
F

F
1 10
1 10

100%,
1F Ref

Ref

A

A

ref

where F and FRef are the areas under the fluorescence emission
spectra of the mixture and the reference, respectively; A and ARef

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 (τ) were estimated by fitting the decay curves
using a deconvolution procedure implemented into DecayFit
1.4 software using bi-exponential decay profile.



Fig. 1. (a) Size distribution of Au-NPs functionalized with PI (grey) and PII (red). Full width at half maximum (ΔSize1/2) (1471) nm and (7.870.5) nm for PI and PII,
respectively. Gaussian curves were used to fit DLS data with R2Z0.94; (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).

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.
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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 ( )λJ (Table 1) between donor (dye)
fluorescence spectrum and acceptor (NPs) LSPR spectrum was
calculated as follows:
∫ ∫( ) ( ) ( ) ( )λ λ ε λ λ λ λ λ= ·
( )

λ λ −⎛
⎝⎜

⎞
⎠⎟J F d F d ,

20

4

0

1

where ( )λF is normalized to the unit fluorescence spectrum of donor

in the absence of acceptor and ( )ε λ is the molar extinction coefficient

(expressed in − −M cm1 1) of acceptor. The highest ( )λJ value was ob-
served for C-481 and the lowest for DCM (Table 1). The order of
obtained λ( )J values is comparable to that observed by others [36].

The fluorescence lifetimes (τ) 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 τ and high ϕF as well because of the limitations of the in-
strument used. In EtOH, the estimated τ-value was found to be
equal (4.8970.06) ns for C-510 alone and decreased continuously
with increasing NPs concentration in the samples, up to
(3.6770.10) ns for the highest NPs concentration used.

It was shown that the fluorescence quenching takes a leading



Table 1
Spectral parameters of laser dyes in EtOH (λabs , λflu–maxima of absorption and fluorescence, respectively, ϕF � the quantum yields of fluorescence obtained using rhodamine

6 G as the reference sample ( )ϕ =94%Ref [32]), spectral overlap integral( )( )λJ between the donor (dye) and acceptor (Au-NPs), KSV � the Stern-Volmer constant for hybrid

mixture of dyes and Au-NPs functionalized with PI and PII, R0 and d D,0 0 – distance at which the probabilities of spontaneous emission and energy transfer are the same,
respectively, for FRET and NSET models, calculated from Eqs. (4)–(6), respectively.

Sample λabs [ ]nm λflu [ ]nm ϕF [ ]% ( )λ ×J 1015 [ −M 1 ]−cm nm1 4 ×K 10SV
8 [ ]−M 1 PI/PII FRET NSET

R0 [Å] d0 [Å] D0 [Å]

C-481 402 503 9 1.41 5.25/4.45 36 39 151
C-510 424 493 82 1.32 4.82/4.02 52 70 259
DCM 469 611 43 1.19 3.20/2.08 45 62 160

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)�10-10 M (from black to grey); the black line in (d) represents the instrument response function.
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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
(KSV ) defined by the expression [43]:

τ
τ

− = − = ( )
⎡⎣ ⎤⎦F

F
K NPs1 1 , 3SV

0 0

where F0, τ0 and F , τ 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 KSV 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 KSV values were equal to

( )± × −M4.91 0.10 108 1 and ( )± × −M4.12 0.10 108 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 KSV

values are of the order 108 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 Förster distance (R0) at which
the probabilities of spontaneous emission of the dye and energy
transfer between donor and acceptor are the same, is given by [36]:

( )( )ϕ λ= κ [ ] ( )
−R n J0. 211 Å , 4F0

2 4 1/6

where κ2 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 (Do or d0) (equivalent to R0) could
be also calculated as proposed by Persson and Lang [24] or by
Breshike et al. [33,34] for NSET. The distance d0 can be found from
the following equation:

ϕ
ω ω

= [ ]
( )

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟d

c

k
0. 225 Å ,

5
F

dye F F
0

3

2

1/4

where c is the speed of light, ϕF , ωdye are the fluorescence quantum
yield and the frequency of the electronic transition of the dye, ωF

and kF are the Fermi frequency and Fermi wavevector of the metal,
respectively [14]. The alternative donor-acceptor distance (D0) 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 D0 values could be then calculated as follows:
Table 2
The donor-acceptor distances obtained using FRET ( Ro, Eq. (4)) and NSET ( d D,0 0, Eq
concentrations.

[ ]NPs × −10 10 [ ]M Polymer C-481 C-510

ϕET ±0.5 [ ]% [ ]R Å FRET (Ro)/NSET (d D/0 0) ϕET ±0.5

1.6 PI 5 59/84/324 8
PII 5 59/82/319 3

3.2 PI 13 49/62/241 13
PII 10 52/68/263 10

4.8 PI 21 45/55/211 19
PII 18 46/57/220 14

6.4 PI 24 43/52/200 23
PII 21 45/55/211 21

8.0 PI 32 40/47/183 28
PII 27 42/50/193 25
( )αλ ϕ ε
ε

= + [ ]
( )

⎛
⎝
⎜⎜

⎛
⎝⎜
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⎠⎟
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1/4 1
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whereλ is the emission wavelength maximum for the donor, A is
the absorptivity of a thin film mirror, nr ε2 and are the refractive
index and the dielectric function of the metal, respectively, nm and
ε1 are the index of reflection and real dielectric constant of the
solvent (EtOH) and gold, respectively, α is the orientation of the
donor to the metal plasmon vector and is influenced only by the

averaged vector resulting ( )( ) π9/2 /41/4 .

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]:

( )( )
( )

ε
=

( )

λ δ
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2
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where ελ 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),δskin is skin depth of Au, NA 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 (ϕET) is defined by [43]:

ϕ τ
τ

= − = −
( )

F
F

1 1 ,
8ET

0 0

and the formula describing ϕET as a function of the distance be-
tween donor and acceptor (R) is given by [14]:

( )ϕ =
+ ( )

1

1
,

9
ET R

R

n

o

where =n 6 for FRET or =n 4 for NSET. The donor-acceptor dis-
tances Ro,Do or d0 (Eqs. 4–6) for all mixtures of laser dyes and Au-
NPs were used to calculate ϕET and R (the distance between the
dye and PI or PII functionalized Au-NPs) according to Eqs. (8) and
(9), respectively (Table 2). For all pigments, the calculated ( )R D0

are longer than ( )R R0 or ( )R d0 . When the Ro or d0 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 ϕET on R evaluated for FRET and NSET models are
s. (4) and (5)) parameters for a hybrid mixture of a dye and Au-NPs in various

DCM

[ ]% [ ]R Å FRET (Ro)/ NSET (d D/0 0) ϕET ±0.5 [ ]% [ ]R Å FRET (Ro)/NSET (d D/0 0)

79/130/481 5 73/127/327
92/166/615 3 80/144/372
72/114/421 8 69/116/299
75/121/449 7 71/120/310
66/101/372 13 62/99/257
70/110/406 8 68/113/293
63/94/348 18 59/91/234
65/97/361 12 63/101/261
61/89/329 20 57/87/225
63/93/343 15 61/96/247



Fig. 4. Energy transfer efficiency ϕ( )ET versus the distance ( )R between the dye
C-481 (a), C-510 (b) and DCM (c) and Au-NPs simulated for FRET (using Ro, black
line) or NSET (using Do or d0, red or blue line, respectively).
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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 D0 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 ( )λ( )J 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 d0 or D0 values (Eqs. 5 and 6) depend on ϕF 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 ϕF 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 Å 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 ϕET and ϕF on concentration of Au-NPs for
C-481, C-510 and DCM are shown in Fig. 5. The yields were cal-
culated according to Eqs. (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)�10-10 M
for PI and (14.4, 16.7 and 27.1)�10-10 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 KSV 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



Fig. 5. The energy transfer efficiency ϕ( )ET (a, c, e) and quantum yield of fluorescence ϕ( )F (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 ( )ϕ = [ ]f NPsET were fitted using Eqs. (3) and (8), R2Z0.97.
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and 15 nm Au-NPs coated with polymer chain of different lengths
could be well described by the NSET mechanism using the esti-
mated D0 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 SiO2 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 SiO2 thicknesses of the nanorod
shell. The spectral properties of the hybrid mixture were characterized, and the overlapping of the
pheophorbide fluorescence and the longitudinal LSPR band of nanorods on the fluorescence
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 SiO2 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.1

Ideal probes for biological applications are gold nanorods (Au-
NRs) with interesting optical properties and their known
biological neutrality.2 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.3,4 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.5,6 The gold NPs (nanospheres, Au-NRs, nanocubes,
nanoshells, nanostars, etc.)7,8 are investigated in terms of
applications in the diagnostics or photothermal and photo-
dynamic therapy (PDT).9 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 (1O2) 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

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.10−12 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 (SiO2)
has been widely used as a shell material for NPs.13−16

Nevertheless, the question remained if the ability of generating
1O2 by NRs coated with SiO2 (NRs@SiO2) and sensitized by a
selected dye can be modulated (quenched, enhanced) or
retained by the SiO2 shell. So far, the ability to generate 1O2

has been investigated for PS bound to the functionalized
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spherical Ag-NPs17 and Au-NRs.18 The interaction of the dye
with plasmonic Au-NPs@SiO2 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 SiO2 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@SiO2. The optimal
conditions for energy transfer in the investigated Pheide and
the Au-NRs@SiO2 system that would increase the 1O2
generation were identified. The influence of the thickness of
the SiO2 layer coating Au-NRs on the dye fluorescence
quenching and singlet oxygen production was observed.

2. MATERIALS AND METHODS
2.1. Chemicals. Tetrachloroauric acid (HAuCl4·xH2O)

(99.99%) from Alfa Aesar, cetyltrimethylammonium bromide
(CTAB) (99.00%), sodium borohydride (NaBH4) (98.00%),
silver nitrate (AgNO3) (99.99%), ascorbic acid (99.00%),
sodium hydroxide (99.99%), tetraethylorthosilicate (TEOS)
(99.99%), and 1,3-diphenylisobensofuran (DPBF) were
purchased from Sigma-Aldrich. Ethanol (EtOH) 99.80%
H2O 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.19 with suitable modifications
(see Supporting Information). SiO2 coating was prepared using
the modified Stöber method20 proposed by Liz-Marzań
group14,15,21 with slight modifications.
2.3. Microscopic and Spectroscopic Measurements.

The morphology and size dispersion of Au-NRs@SiO2 were
characterized by transmission electron microscopy (HR-TEM)
using a JEOL ARM-200F instrument (200 kV) and JEOL 1400
(120 kV). Au-NRs@SiO2 was drop-casted on Cu grids and
placed on a vacuum desiccator overnight.
In hybrid mixtures with Pheide, the concentrations of Au-

NRs@SiO2 were as follows (0, 1.33, 2.66, 4.00, 5.33, 6.66) ×
10−11 M (extinction coefficient 3.11 × 109 M−1 cm−1),22

whereas Pheide concentration was set at 1.65 × 10−6 M. To
evaluate the quantity of Pheide adsorbed on the Au-NRs@
SiO2 surface, hybrid mixtures with different Au-NRs@SiO2 (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@SiO2 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.17,23 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@SiO2 surface for the lowest (1.33 ×
10−11 M) and about 20% for the highest (6.66 × 10−11 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

fluorescence (ϕF) of Pheide in hybrid mixtures was calculated
by the comparative method according to eq 1

ϕ ϕ= −
−

−

−
F

F
n

n
1 10
1 10

A

AF Ref
S

Ref

2

Ref
2

Ref

(1)

where FS and FRef are the areas under the fluorescence emission
spectra of samples and the reference, respectively; A and ARef
are the absorbance of the investigated sample and the
references at the excitation wavelength; and n and nRef are
the refractive indices of EtOH. The reference was the Pheide
dye (ϕRef = 28%) dissolved in EtOH.24 The process of
fluorescence quenching of Pheide versus Au-NRs@SiO2
concentration ([Au − NRs]) can be described by the
Stern−Volmer constant (KSV) defined by the expression

− = [ − ]
F
F

K1 Au NRs0
SV (2)

where F0 and F are the intensities at the maximum spectra of
Pheide fluorescence in the absence and presence of a quencher
(Au-NRs@SiO2), respectively. Energy transfer efficiency (ϕET)
can be estimated from the following formula

ϕ = − F
F

1ET
0 (3)

The dependence between ϕET and [Au − NRs] can be
derived from eqs 2 and 3, as shown below

ϕ =
[ − ]

[ − ] +
K

K
Au NRs

Au NRs 1ET
SV

SV (4)

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

filter effect (IFE) should be taken into account.12 The
fluorescence intensities were corrected according to the
equation shown below12,25

i
k
jjj

y
{
zzz= ×

+
I I antilog

OD OD
2corr 0

ex em

(5)

where Icorr and I are the corrected and measured fluorescence
intensities at the maximum emission spectra of Pheide; ODex
and ODem are the optical density values for Pheide and Au-
NRs@SiO2 solution at the excitation and the emission
wavelengths, respectively.
The efficiency of singlet oxygen (ϕΔ) can be evaluated by

using the photometric method based on absorbance of DPBF
widely used as 1O2 trap. 1O2 was detected via the photo-
degradation of DPBF which readily undergoes a 1,4-cyclo-

Figure 1. Extinction spectrum of Au-NRs coated with 6 nm SiO2 (red
line, concentration 1.30 × 10−10 M) and fluorescence emission spectra
of Pheide (blue line).
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addition in reaction with 1O2 to form endoperoxides which
irreversibly yield 1,2-dibenzoylbenzene.18,26 To estimate ϕΔ,
Pheide dissolved in EtOH was used as the reference.24 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 Qy absorption band of
Pheide. The DPBF concentration was kept constant at the
level of ∼0.75 × 10−5 M. The reaction of DPBF with 1O2 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 ϕΔ
was determined according to the equation

ϕ ϕ= −
−Δ Δ

−

−

k
k

1 10
1 10

A

A
R S

R

(0)

(0)

R

S (6)

where ϕΔ
R is the 1O2 generation efficiency of the reference;

AR(0) and AS(0) are the absorbances of the investigated
sample and the reference, respectively, for time 0; and kS and kr
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)27 was used to determine ϕΔ of the
investigated samples. The LIOAS setup has been described
in detail elsewhere.27 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)28 and Au-NRs@SiO2 (in appropriate
concentrations) was used as a reference sample. Ni-Phea was
used at a concentration from the range of 10−6 M. The
wavelength for dye-Au-NRs mixtures excitation was set to 668
nm (the Qy band of Pheide). According to the approach
proposed by Marti ́ and co-workers,29 the first maximum of the
LIOAS signal (Hmax) is described by the equation

α= − −H C E (1 10 )A
max las (7)

where A is the absorbance of the reference or investigated
sample, Elas is the energy of the incident light; C is a coefficient
related to the geometry of the experiment, and α is a fraction
of excitation energy converted promptly into heat (below 0.2
μs in EtOH). The comparative LIOAS measurements were
made for reference and the investigated samples to eliminate C
and estimate α of the investigated sample. The values of α can
be used then to evaluate ϕΔ for Pheide in a mixture with Au-
NRs@SiO2, from the following relation

ϕ
α ϕ

=
− −

Δ
Δ

E E
E

(1 )las S F

(8)

where ES is the energy of the S1 state of Pheide (in kJ·mol−1),
EΔ is the energy of the S1 state of molecular oxygen (EΔ = 94
kJ·mol−1), and Elas is the light energy at excitation wavelength.
2.4. Computational Simulations. The finite integration

technique was used to calculate the scattering yields (ϕsc) of
Au-NRs@SiO2. The details and methodology of simulation are
given in our previous work.30−32 Taking into account the
dimensions of Au-NRs@SiO2 from the analysis of TEM
images, the optical extinction and radar cross sections (i.e.,
ECS, RCS respectively) were calculated. ϕsc was determined by

the relative contribution of RCS to ECS. In this context, ϕsc for
Au-NRs@SiO2 can be defined as33

∫

∫
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where λ1 and λ2 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 φ ∈ 0−90° and were then averaged
according to formula 9 to obtain the mean value of ϕsc.

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.19,34 The gold seeds were
added to a growth solution containing CTAB, HAuCl4·xH2O,
AgNO3, and ascorbic acid. A CTAB bilayer on the surface of
Au-NRs protects against their conglomeration, and the
addition of AgNO3 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.19

Earlier,34,35 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 AgNO3 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

SiO2 layer of controlled thickness. The functionalization of Au-
NRs with SiO2 (Au-NPs@SiO2) was made according to the
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scheme in Figure S2 (see Supporting Information) based on
the Stöber method14,15,20,21 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 using CTAB templates, as proposed by Gorelikov
and Matsuura.36 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 SiO2 layer
formation on Au-NRs. Wrongly chosen CTAB concentration
may change the structure of the layer, and as a result,
heterogeneous SiO2 coatings are formed. The CTAB
concentration after centrifugation was below 1 mM, which
corresponds to the critical CTAB micelle concentration. Free
SiO2 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.37,38 The hydrolysis
and condensation of TEOS to form SiO2 can be catalyzed by a
change in pH. The appropriate pH for SiO2 growth is 10.
Above pH 10.8, the SiO2 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 SiO2 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 SiO2
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@SiO2 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@SiO2 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@SiO2 or investigate the plasmon-enhanced singlet
oxygen generation, hybrid mixtures with the well-defined SiO2
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 2.25 ± 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@SiO2 are shown in Figure 2. The increase in
absorbance results from the increase in the concentration of
Au-NRs@SiO2 in each subsequent hybrid Pheide-Au-NRs@
SiO2 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
SiO2-coated Au-NRs. This means that Au-NRs@SiO2 and

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@SiO2. As follows from the analysis of
positions of the Soret and Qy 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 1O2.
Fluorescence spectra of Pheide in a mixture with different

Au-NRs@SiO2 concentrations (Figure S5, see Supporting
Information) show that its emission is quenched. Figure 3a,b
presents ϕET (eq 3) and ϕF (eq 1), respectively, for different
Au-NRs concentrations and SiO2 thicknesses. The KSV values
(obtained from the fits presented in Figure 3a) versus SiO2
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 SiO2 layer suggest that in the
investigated system, a single quenching mechanism is observed
(Figure 3c). In each hybrid system with a different SiO2 shell
thickness (6−14 nm), a decrease in the Pheide fluorescence
emission was observed along with increasing Au-NRs@SiO2
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@SiO2. 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.39 As shown in Figure 3c, the value of
KSV decreases with the increasing thickness of the SiO2 shell.
The lowest value of KSV is observed for the thickest shell,
irrespectively of the excitation wavelength used. The value of
KSV (4.3−2.4 × 109 M−1) 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 SiO2 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 5. Figure 3c showed that Stern−
Volmer constant (KSV) values are independent of the
excitation wavelengths used but decrease with the SiO2
thickness. The mean values of KSV were (4.34 ± 0.15) ×

Figure 2. Absorption spectra of hybrid mixtures at the constant
Pheide concentration (1.65 × 10−6 M) and different concentrations of
Au-NRs for 6 nm SiO2 thickness (0, 1.33, 2.66, 4.00, 5.33, 6.66) ×
10−11 M from black to magenta line, respectively).
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109, (3.57 ± 0.07) × 109, (3.11 ± 0.07) × 109, and (2.41 ±
0.04) × 109 M−1 for 6, 8, 12, and 14 nm thickness of SiO2,
respectively. In our previous studies24 for spherical Au-NPs
coated by polyethylene glycol, the KSV values were about 1
order of magnitude lower, whereas Behera and Ram40 have
described the dynamic quenching process for spherical Au-NPs
functionalized with polyvinylpyrrolidoione characterized with a
KSV value of 2.23 × 106 M−1.
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 1O2 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

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, SiO2, and natural organic
dyes. The influence of Au-NRs@SiO2 on the value of ϕΔ of
Pheide is illustrated in Figure 4. Two independent approaches

were used (and compared) to determine ϕΔ, 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 ϕΔ are presented in Figures
S6 and S7 (see Supporting Information).
As it follows from Figure 4a,b, the enhancement of ϕΔ

depends on the thickness of the SiO2 shell and concentration
of Au-NRs@SiO2. The highest ϕΔ was observed for a low
concentration of Au-NPs@SiO2 (1.33 × 10−11 M) and a
distance to the dye molecule of above 12 nm (defined by SiO2
shell thickness). On the basis of the results from Figure 4a,b,
the enhancement factor of ϕΔ generation was estimated for
Au-NRs with SiO2 coating thickness of 14 nm. The
enhancement factor was calculated by dividing ϕΔ obtained
for each hybrid mixture by ϕΔ 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,17,33 the
observed efficiency of 1O2 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.17,33 There are two
reason for this effect. At first it should be mentioned17 that the
shape of NPs and the type of metal used have been shown to
affect the effectiveness ϕΔ. As reported earlier,23 the dye
attached to nanocubes is more efficient in singlet oxygen

Figure 3. Energy transfer efficiency (ϕET) (a) and fluorescence
quantum yield (ϕF) (b) vs Au-NR concentration for different SiO2
thicknesses (excitation at 667 nm), Stern−Volmer constant versus
SiO2 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 5).

Figure 4. Singlet oxygen quantum yields (ϕΔ) for hybrid mixtures of
Pheide and Au-NRs@SiO2 (black, red, blue, and grey line: 6, 8, 12,
and 14 nm of SiO2, respectively) obtained using LIOAS (a) and
photodegradation studies of DPBF (b), the enhancement factor of ϕΔ
generation based on the results presented in (a,b) panel (black and
red line, respectively) for 14 nm SiO2 thickness (c), and the scattering
yields of Au-NRs (ϕsc) vs SiO2 thickness (d).
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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.33 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 ϕΔ:
monitoring of the loss of absorbance of the 1O2 trap
(DPBF) and detection of heat generated by the investigated
system (in time longer than 0.2 μs) 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 literature17,23,33). The highest ϕΔ enhancement for 14 nm
SiO2 layer of Au-NRs could be also correlated with the value of
ϕsc (Figure 4d). The ϕsc 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 SiO2 are
shown in Figure S8 (see Supporting Information). For 6, 8, 12,
and 14 nm SiO2-coated Au-NRs, the obtained ϕsc values are 5,
6, 10, and 12%. It seems, as proposed earlier,33 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 studies41 have shown that Rayleigh scattering can

lead to an increase in the optical path in solution, resulting in
the increase in the ϕΔ not linked to the plasmonic effect.
Bregnhøj et al.41 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 ϕsc in the range of 5.5−88%. The ϕsc of the Au-NRs we
used was from the range of 8−11% (Figure 4d) and the ϕΔ
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@SiO2). The advantage of methods used by
us to determine ϕΔ 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@
SiO2 (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 ϕΔ
values from two independent experiments and see if there is
any difference in the enhancement of ϕΔ not linked to the
plasmonic effect. Both used approaches need references, and
the techniques are independent. As shown, in the investigated
system, ϕsc is in the range of 8−11% and the increase in the
scattering properties of the medium did not cause an increase
in ϕΔ. The dye adsorption (C) decreases linearly with an
increasing content of Au-NPs@SiO2 and C is correlated with
the dependence of ϕΔ on Au-NR concentration. Decrease in C
(with increasing concentration of Au-NRs) caused a decrease
in ϕΔ. It suggested that the amount of the dye adsorbed at the

Au-NRs surface determine the values of ϕΔ as a result of the
plasmonic interaction. The best condition for enhancement of
ϕΔ was observed for 14 nm layer of silica (the highest one),
1.33 × 10−11 M Au-NPs@SiO2 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@SiO2 of
reproducible properties realizable in any standard chemical
laboratory. The prepared Au-NRs@SiO2 of well-defined SiO2
coating thickness and showing properly localized LSPR band
of Au-NRs@SiO2, 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 SiO2 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 SiO2 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.17 The results suggest a potential of hybrid mixtures of
Pheide and Au-NRs@SiO2, 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 HAuCl4 with NaBH4. 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.1 with our modifications. Details of the synthesis are 

presented in our previous paper.2 For seed preparation, 5 mL of a 0.5 mM HAuCl4 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 µL of seeds solution was added to the growth solution containing 

CTAB (0.2 M), HAuCl4 (0.001 M), AgNO3 (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). 

 

 
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 

AgNO3 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.2 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 SiO2 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 µL 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@SiO2 was transferred to EtOH. 
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Figure S2. Scheme of functionalization of Au-NRs with SiO2 (Au-NRs@SiO2). 

 
Figure S3. Stability of functionalized Au-NRs (AuNRs@SiO2) in ethanol, exemplary curves 

for 6 nm (a) and 12 nm (b) SiO2 thicknesses (black and red line, after synthesis and 2 months 

later, respectively). 
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Figure S4. TEM images of SiO2 coating on the surface of Au-NRs (in each panel SiO2 

thickness was indicated). Reprinted with permission from ref2. Copyright 2019 American 

Chemical Society.  

 
Figure S5. Fluorescence spectra of Pheide mixed with 6 nm Au-NRs@SiO2 for different 

concentrations of Au-NRs@SiO2 (a) and Stern-Volmer plots for Pheide mixed with Au-

NRs@SiO2 for different SiO2 thicknesses, R2>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. 

 
Figure S6. Absorption spectra of DPBF (black line), Pheide (blue line) and for their mixtures 

without (a) and with (b) Au-NRs@SiO2 with 14 nm SiO2 (red) recorded at different irradiated 

time (red lines). 

 
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 SiO2 thickness (blue). 
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Figure S8. Theoretically calculated cross-section spectra of Au-NRs@SiO2 coated with 14 

nm SiO2 (radar and optical extinction, black and red line, respectively) with the top view of 

excitation geometry shown in inset (the angle (φ) 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
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.1 The synthesis of gold NPs of
well-defined morphology (shape and size) is a key aspect of
fabrication of functional materials on the nanoscale.2 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.3,4 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.5,6 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).7,8 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.9 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-

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.10 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 (SiO2), 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).13 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 SiO2 or TiO2.

14,15 The
SiO2 coating of Au-NRs can preserve their unique optical
properties and improve colloidal and thermal stability in
organic solvents.16,17 This type of coating also allows
transportation of NPs into the pathological cells by the
process of endocytosis.18 It is also important that the SiO2 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 SiO2 shell improves
also their stability and prevents aggregation in alcoholic/water
solutions. To control the thickness of the SiO2 coating and the
reproducibility of its formation, it is necessary to develop and
optimize a suitable procedure based on the Stöber method.20
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Moreover, laser-induced temperature increase is observed in
SiO2 coated Au-NRs system. This property of photothermal
conversion could be used for noninvasive killing of cancer cells
in vivo.21

Photothermal properties of metallic NPs can be determined
by the quantification analysis of the generated heat. Both
theoretical22−25 and experimental26−28 approaches to quantify
plasmonic heating effect have appeared in the literature.
However, not many reports have focused on the integration of
these approaches,29 which would help to predict the
therapeutic and diagnostic outcome. Therefore, we have
undertaken a study of the influence of SiO2 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.30,31 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)32

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 × 10−6 M. According to
the approach proposed by Marti and co-workers,33 the first
maximum of the LIOAS signal (Hmax) is described by the
equation

α= − −H C E (1 10 )A
max las (1)

where A is the absorbance of the reference or investigated Au-
NRs, Elas is the energy of the incidence light, C is the
coefficient related to the geometry of the experiment, and α 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 α, 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 (αR = 1). Because αR and the
absorbance of the sample and the reference are known (AS and
AR, respectively), the absorbed energy promptly changed into
heat by sample (αS) can be expressed as

α α=
−
−

−

−
H E
H E

(1 10 )
(1 10 )

A

AS R
max
S

las
R

max
R

las
S

R

S (2)

In LIOAS experiment, αS is estimated for an effective acoustic
transit time defined as τa′ = 2R/va, where 2R is the beam
diameter (the pinhole used was 1 mm) and va is the sound
velocity in the solvent (τa′ is 1.0 μs for ethanol (EtOH)).

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 SiO2 was 6.66
× 10−11 M (extinction coefficient 3.11 × 109 M−1 cm−1 was
taken from previous studies for bare Au-NRs34). In the LIOAS
experiment extinction coefficient of Au-NRs is not used in
determination of α; 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.36,37 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 ε 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 SiO2-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 (ϕheat, defined as the fraction of extinction energy
that is transformed into heat), for the Au-NRs, can be defined
as39,40
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ϕ
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where λ1 and λ2 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 φ ∈ ⟨0°−90°⟩ and were then averaged
according to formula (3) to obtain the mean value of ϕheat.

3. RESULTS AND DISCUSSION
The functionalized Au-NRs (with the longitudinal LSPR band
in the spectral range at approximately 660 nm) with a defined
SiO2 shell thickness (6, 8, 12, and 14 nm) were characterized
by spectroscopic and microscopic methods. TEM images of
NRs coated with SiO2 are shown in Figure 1a. During the
whole SiO2 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.41−43 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 SiO2 can be catalyzed by a change in pH. We
have also found that the pH of 10 is optimal for SiO2 growth,
which was confirmed by TEM images. At higher pH values in
solutions, the SiO2 shells are of poorer quality, while below pH
9, the SiO2 coating does not form (TEM images are shown in
the Supporting Information). CTAB micelles serve as template
for SiO2 deposition through the hydrolysis, whereas TEOS is
the SiO2 precursor. Through careful control of the reaction
parameters, we were able to achieve highly reproducible and
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robust SiO2 coatings. The Au-NRs of the same aspect ratio
were coated with SiO2. 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 SiO2, taken at various time intervals
(Figure 1b). Moreover, we have not observed significant
differences between the UV−vis spectra of Au-NRs coated
with SiO2 of different thicknesses. Similar behavior of Au-NRs
in EtOH has been recently reported by Abadeer et al.16 As
follows from the results of conducted experiments, the suitable

procedure of functionalization with SiO2 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 SiO2.
Optical ECS and ACS spectra of Au-NRs are shown in

Figure 1c. The ACS and ECS spectra were obtained for the
angle (φ) 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;44 however, the TEM
analysis did not show a considerable amount of these
“impurities”. Qin et al.29 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 SiO2 were analyzed according to the approach proposed
by Marti and co-workers.33 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 Hmax versus Elas (Figure 2). The
fraction of absorbed energy released promptly as heat (α) for
Au-NRs can be calculated from the ratio of the slopes of linear
dependencies of Hmax on Elas, obtained for the analyzed Au-

Figure 1. TEM images of SiO2 coating on the surface of gold
nanorods (Au-NRs) (in each panel SiO2 thickness was indicated) (a),
stability in ethanol of Au-NRs coated with 14 nm SiO2 (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 (φ)
between longitudinal axis of Au-NRs and electric vector of the
electromagnetic wave was fixed at 45°) (c).

Figure 2. Exemplary dependence of the first maximum of the time-
resolved laser-induced optoacoustic spectroscopy signal (Hmax) on the
incident laser energy (Elas) multiplied by the fraction of absorbed
energy (1−10−A) for gold nanorods with 14 nm SiO2 (black ■) and
Ni2+ complex with pheophytin a32 (red ●).
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NRs and reference.30,32 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.45 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 μJ/pulse). Figure 3 presents a

comparison of experimentally determined α and theoretically
calculated ϕheat versus SiO2 coating thickness of Au-NRs. In
the calculations of ACS and ECS spectra, a different φ angle
was introduced to reduce the error of ϕheat.

29 The results of α
and ϕheat, obtained using LIOAS and FIT simulation, are in
agreement. Moreover, α and ϕheat linearly decreased with
increasing SiO2 thickness. We have attributed the observed
differences to variable size of Au-NRs and increased standard
deviation of SiO2 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 SiO2 shells the values of photothermal
parameter could be extrapolated.46 The slopes of the
dependencies shown in Figure 3 were (−1.07 ± 0.12) ×
10−2 nm−1 and (−0.83 ± 0.05) × 10−2 nm−1 for α and ϕheat,
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 SiO2 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.47 By means of
the LIOAS method, we were able to observe efficient absorbed
light-to-heat conversion of the Au-NRs with SiO2 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
promptly into heat by the functionalized metallic NPs. Nguyen
et al.48 have used recently time-resolved infrared spectroscopy
for studies of heat-transfer dynamics of 30 and 90 nm SiO2-
coated Au-NRs. Their results showed that in the case of Au-
NRs coated with SiO2 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 SiO2 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 SiO2 shell.
Heat generated in NPs solution has been recently estimated

using different techniques,26,29,49,50 but the results obtained by
different authors vary significantly.49,50 Moreover, in most
cases the relative heat generation was reported because the
heat generator was unknown. Indirect techniques such as the
method presented herein30,31 and photoacoustic imaging51,52

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.9,53 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 (HAuCl4·H2O) (99.99%) from Alfa Aesar, cetyltrimethylammonium 

bromide (CTAB) (99.00%), sodium borohydride (NaBH4) (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% H2O 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.1, 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 (HAuCl4) 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, 

HAuCl4∙xH2O, AgNO3 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.  

 
Scheme S1. Process of gold Au-NRs formation. 
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The CTAB bilayer on the surface of Au-NRs inhibits their agglomerations, and the presence 

of AgNO3 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 SiO2 coating is shown in Fig. 

S2. Au-NRs for functionalization were centrifuged in order to wash excess surfactant. SiO2 

coating was produced using the modified Stöber method.2–4 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 

SiO2 was realized according to Scheme S2.2,5 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 μl. TEOS was used in specific concentrations 

(20% in EtOH) to obtain SiO2 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, SiO2 coating reduces Au-NRs aggregation, increases solubility of Au-NRs 

in organic solvents, and makes functionalization by various silanes an easy task.  

 
Scheme S2. Functionalization of Au-NRs with SiO2. 

 
Fig. S1. UV-vis absorption spectrum of Ni-Phea in ethanol. 
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Fig. S2. TEM image of Au-NRs without SiO2 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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a b s t r a c t

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
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].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2021.118179&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.molliq.2021.118179
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:michal.kotkowiak@put.poznan.pl
https://doi.org/10.1016/j.molliq.2021.118179
http://www.sciencedirect.com/science/journal/01677322
http://www.elsevier.com/locate/molliq
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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 lipidmonolay-
ers and themanner of the penetration of NPs throughmodel 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 themodel biolog-
ical membrane. For this purpose, we performed thermodynamic,
surface potential, and oscillating barrier studies of model cell mem-
brane supportedbyBrewster anglemicroscopy. The resultsobtained
may be helpful in understanding how the photoactivation of NPs
facilitates the transport of medicinal substances.
2

2. Materials and methods

2.1. Chemicals

Tetrachloroauric acid (HAuCl4�H2O) (99.99%) was obtained from
Alfa Aesar. Cetyltrimethylammonium bromide (CTAB) (99.00%),
sodium borohydride (NaBH4) (98.00%), silver nitrate (AgNO3)
(99.99%), ascorbic acid (99.00%), and O-(2-mercaptoethyl)-O’-met
hylpolyethylene glycol (PEG Mw�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 (CHCl3) (>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 MX�cm, 71.98±0.01 mN�m�1) 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 Błaszkiewicz
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 (304�75 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�1) 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�1 at the maximum compression. To obtain
DPPC containing Au-NRs, we used the following procedure. A stock
solution of Au-NRs (2.5�10�10 M, the concentration being calcu-
lated based on previous studies [29,30]) dispersed in methanol
was mixed with DPPC (0.1 mg∙mL-1) so that the ratio of methanol
to CHCl3 was 1:4 (v:v). The volumes of solutions were as follows:
200 mL DPPC, 660 mL Au-NRs, and 2440 mL CHCl3. The Au-NRs
and DPPC samples were spread at the subphase using a microliter
syringe (Hamilton). After evaporation of CHCl3 (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�1, 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�1) to a surface pressure of 30 mN�m�1,
and the change of the relative surface area (A�A0

�1) 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�A0

�1) over
time (t), BAM images were also recorded, which allowed the struc-
tural changes occurring in the surface film due to the monolayer
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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�1 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.
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.
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 AgNO3 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
3

occupied by the Au-NRs (at a surface pressure equal to 30 mN�m�1)
was 1.5% of the trough area.

In Fig. 2a-b, Langmuir isotherms and the compression modulus

ðC�1
s ¼ �A dp

dAÞ 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�1

s of the DPPC monolayer was >250 mN�m�1, which
meant that the phospholipid monolayer was in the solid phase
(S). The addition of Au-NRs caused a decrease in the C�1

s maximum
value, proving that the physical properties of the DPPC monolayer
had changed, because the obtained values of the C�1

s 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



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�1

s 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.)
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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�1

s values for the illuminated
4

model cell membrane seemed to be higher for surface pressures
around 40 mN�m�1. For the rest of the studied surface pressures,
the C�1

s 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�1

, 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�1 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 DPPCmolecules [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�1 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�A0

�1 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�A0

�1 value during the experiment.



Fig. 3. Relative area changes versus time for DPPC (black line) and DPPC containing
Au-NRs, with and without light illumination (blue and red line, respectively). The
target surface pressure was 30 mN�m�1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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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,
Fig. 4. Brewster angle microscope images of DPPC containing Au-NRs, with (a)–(j) and w
in Fig. 3 for the various times indicated on each panel.

5

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>1, the monolayer has
a more viscous character, while E”�E’�1<1 implies an elastic behav-
ior. The E’ and E” modulus and E”�E’�1 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’�1 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-
ithout (k)–(t) light illumination, collected during the relaxation experiments shown



Fig. 5. Dependencies of the elastic (E’) and viscous (E”) modulus (a) and E’’�E’�1

ratio (b) on the oscillation frequency (f) of the Au-NRs with and without
photoactivation. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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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-Rincón 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�1. Then, MNPs were deposited on the
prepared substrate at a surface pressure of 15 mN�m�1, 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
6

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�1, 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�1. 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 [1]. 

 

 
Fig. S3. The surface pressure versus trough area hysteresis of Au-NRs Langmuir monolayer 

[1].  

 

References 

[1] B. Tim, P. Błaszkiewicz, A.B. Nowicka, M. Kotkowiak, Optimizing SERS performance 

through aggregation of gold nanorods in Langmuir-Blodgett films, Appl. Surf. Sci. 573 

(2022) 151518–151527. 

 


	Fluorescence quenching and energy transfer in a system of hybrid laser dye and functionalized gold nanoparticles
	Introduction
	Materials and methods
	Chemicals
	Chemical synthesis of nanospheric Au particles, pegylation protocol and their characterization
	Absorption and fluorescence studies

	Results and discussion
	Conclusions
	Acknowledgements
	References

	Altering model cell membranes by means of photoactivated organic functionalized gold nanorods
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Chemical synthesis of polymer coated gold nanorods
	2.3 Langmuir and Langmuir-Blodgett thin film preparation and studies

	3 Results and discussion
	4 Conclusions
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgment
	Appendix A Supplementary material
	References


