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Bionanoestruturas para medição de temperatura intracelular durante terapia 

fototermal contra o cancro 

Resumo 

O cancro é uma das causas de morte mais comuns em países desenvolvidos, com tratamentos 

agressivos e de fraca eficácia, agravando-se pela inexistência de uma cura universal para todos os 

tipos de tumores. A hipertermia surge como um potencial tratamento complementar, ao debilitar 

as células cancerígenas e aumentando a sua suscetibilidade a outros tratamentos como 

quimioterapia e radioterapia, permitindo uma maior eficácia na sua aplicação, reduzindo a 

exposição a tais tratamentos, causadores de inúmeros indesejados e danosos efeitos secundários. 

O objetivo deste estudo foi desenvolver e caracterizar nanohíbridos multifuncionais para 

terapias fototermais, com capacidades simultâneas de aquecimento e medição de temperatura 

celular. A geração de calor é efetuada pela excitação de plasmões de superfície localizados de 

nanobastões de ouro integrados numa capa mesoporosa de sílica, enquanto a leitura da 

temperatura é executada pelas moléculas fluorescentes conjugadas de Rodamina B, que 

apresentam um tempo de vida de fluorescência dependente da temperatura, que decresce à 

medida que a temperatura sobe. Ao aplicar estes nanohíbridos a células tumorais e irradiar os 

mesmos com um laser de 808 nm (capaz de atravessar tecidos), o intuito será gerar calor e 

debilitar as células, enquanto a leitura da temperatura atingida dentro das células nas localizações 

dos nanohíbridos marcados é feita através de microscopia de imagens de tempo de vida de 

fluorescência. A leitura da temperatura permitirá a otimização das condições para atingir a 

temperatura intracelular ideal sem causar danos nos tecidos circundantes. 

Neste trabalho, os nanohíbridos foram sintetizados e caracterizados com êxito, enquanto a 

sua biocompatibilidade foi estudada em duas linhas celulares (células A431 e HeLa). Além disso, 

o aquecimento fototermal com nanotermómetro integrado foi estabelecido, ao medir a eficácia de 

aquecimento e a curva de calibração do tempo de vida de fluorescência dependente da 

temperatura. Adicionalmente, o nanohíbrido foi aplicado no estudo de mapas de temperatura 

resolvidos no espaço, em células vivas sujeitas a tratamento fototermal, exibindo uma sensibilidade 

de cerca de 0.23% ºC-1. Porém, a robustez dos nanohíbridos sob mudanças noutros fatores 

ambientais (ex.: pH) é desconhecida, precisando de estudos e aperfeiçoamentos.    

Palavras-chave: Nanohíbrido; Ouro; Rodamina B; Temperatura; Tempo de vida de fluorescência.         
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Bionanostructures for intracellular temperature sensing during photothermal 

cancer treatment 

Abstract 

Cancer is one of the most common causes of death in developed countries, with aggressive 

and often poor treatment efficacy, while also lacking a universal cure suited for every type of tumor. 

Hyperthermia is presented as a potential complementary treatment option, by debilitating the 

cancer cells and increasing their susceptibility to other treatments, such as chemotherapy and 

radiotherapy, allowing for improved effectiveness on their application, by reducing exposure to such 

treatments that cause numerous undesired and harmful side-effects. 

The aim of this study was to develop and characterize multifunctional nanohybrids for 

photothermal therapies, with simultaneous heating and intracellular temperature-sensing 

capabilities. The heat generation shall be achieved by excitation of localized surface plasmons of 

gold nanorods embedded in a mesoporous silica shell, while the temperature readout shall be 

attained by conjugated fluorescent Rhodamine B molecules, which present a temperature-

dependent fluorescence lifetime that decreases as the temperature increases. By applying these 

nanohybrids to tumor cells and irradiating them with a 808 nm laser (capable of tissue penetration), 

it is intended to generate heat and weaken cells, while fluorescence lifetime imaging microscopy 

is used to assess the temperature achieved inside of the cells in the locations of the labeled 

nanohybrids. The temperature reading shall allow optimization of the conditions to achieve the 

desired level of intracellular temperature without damaging surrounding tissues. 

In this work, these nanohybrids were successfully synthetized and characterized, as well as 

assessing their biocompatibility for two cell lines (A431 and HeLa cells). Furthermore, the 

photothermal heating with integrated nanothermometer was established by recording heating 

efficacy and the temperature dependent fluorescence lifetime calibration curve. Additionally, the 

nanohybrid was applied to study the spatially resolved temperature maps in photothermally treated 

live cells, with a sensitivity shown to be around 0.23% ºC-1. However, the nanohybrids’ robustness 

when facing changes in other environmental factors (e.g. pH) is unknown, requiring further studies 

and improvements. 

Keywords: Fluorescence Lifetime; Gold; Nanohybrid; Rhodamine B; Temperature. 
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Figure 24 – Frequency of fluorescence lifetimes recorded for each temperature condition, in 

percentage. The lower temperatures show higher occurrences’ percentage in higher fluorescence 

lifetimes values, while at higher temperatures, the occurrences befall in lower fluorescence lifetime 
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Figure 25 – Calibration curve of the Au@MSN-RhBITC nanohybrids. In red is represented the 

measured points and in blue the predicted fluorescence lifetimes when considering the calibration 

curve presented. The fluorescence lifetimes of the sample decrease as the temperature increases.
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Figure 26 – A – Number of HeLa cells per condition; B – Cell viability (percentage of live cells). 

The cells retain cellular viability up to at least 72 hours, as they present percentages of living cells 

over 89 % for every condition of exposure time and concentration of Au@MSN-RhBITC nanohybrids 
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Figure 27 – A – Number of A431 cells per condition; B – Cell viability (percentage of alive cells). 

The cells retain cellular viability up to at least 72 hours, as they present percentages of living cells 
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Figure 28 – HeLa cells with Au@MSN-RhBITC nanohybrids at 200 µg/mL, exposed in A – 12 
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Figure 30 – General scheme on how the FLIM results were processed. In A is represented the 

intensity image, obtained directly from the APD detector. In B is shown the curve fitting, to 

understand if the algorithm used was adequate for the sample, obtaining C, which represents the 
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the first is visible in C, which is selecting the cell region (in black), and in D is the image obtained 

by converting the FLIM image into temperature by using the calibration curve. Example represented 
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Figure 31 – Fluorescence intensity and FLIM characterization of Au@MSN-RhBITC nanohybrids: A 

– Intensity image, B - FLIM image that represents fluorescence lifetimes found in the measurement 

as well as cell region selection, C - Histogram of fluorescence lifetime values in highlighted region, 

which matches the extension of a cells - in accordance with the intensity distributions observed in 

A). The samples are both 12 h nanohybrid incubation with HeLa cells, and in Condition 1 (top 

row) is represented the absence of 808 nm laser irradiation, while Condition 2 (bottom row) 

undergoes 808 nm laser irradiation, 1.3 W for 3 minutes. ....................................................... 61 

Figure 32 – Fluorescence intensity and FLIM characterization of Au@MSN-RhBITC nanohybrids: A 

– Intensity image, B - FLIM image that represents fluorescence lifetimes found in the measurement 

as well as cell region selection, C - Histogram of fluorescence lifetime values in highlighted region, 

which matches the extension of a cells - in accordance with the intensity distributions observed in 

A). The samples are both 24 h nanohybrid incubation with HeLa cells, and in Condition 1 (top 

row) is represented the absence of 808 nm laser irradiation, while Condition 2 (bottom row) 
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Figure 33 – Fluorescence intensity and FLIM characterization of Au@MSN-RhBITC nanohybrids: A 

– Intensity image, B - FLIM image that represents fluorescence lifetimes found in the measurement 

as well as cell region selection, C - Histogram of fluorescence lifetime values in highlighted region, 
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A). The samples are both 12 h nanohybrid incubation with A431 cells, and in Condition 1 (top 
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row) is represented the absence of 808 nm laser irradiation, while Condition 2 (bottom row) 

undergoes 808 nm laser irradiation, 1.3 W for 3 minutes. ....................................................... 63 

Figure 34 – Fluorescence intensity and FLIM characterization of Au@MSN-RhBITC nanohybrids: A 

– Intensity image, B - FLIM image that represents fluorescence lifetimes found in the measurement 

as well as cell region selection, C - Histogram of fluorescence lifetime values in highlighted region, 

which matches the extension of a cells - in accordance with the intensity distributions observed in 

A). The samples are both 24 h nanohybrid incubation with A431 cells, and in Condition 1 (top 

row) is represented the absence of 808 nm laser irradiation, while Condition 2 (bottom row) 

undergoes 808 nm laser irradiation, 1.3 W for 3 minutes. ....................................................... 64 

Figure 35 – Temperature maps resulting from converting FLIM images using the calibration curve 

determined in Equation 6 for Au@MSN-RhBITC nanohybrids incubated for A - 12 h with HeLa cells, 

without 808 nm laser irradiation; B - 12 h with HeLa cells, with 808 nm laser irradiation for 3 

minutes at 1.3 W laser power; C - 24 h with HeLa cells, without 808 nm laser irradiation, D - 24 

h with HeLa cells, with 808 nm laser irradiation for 3 minutes at 1.3 W laser power. ............... 66 

Figure 36 – Temperature maps resulting from converting FLIM images using the calibration curve 

determined in Equation 6 for Au@MSN-RhBITC nanohybrids incubated for A - 12 h with A431 cells, 

without 808 nm laser irradiation; B - 12 h with A431 cells, with 808 nm laser irradiation for 3 

minutes at 1.3 W laser power; C - 24 h with A431 cells, without 808 nm laser irradiation, D - 24 

h with A431 cells, with 808 nm laser irradiation for 3 minutes at 1.3 W laser power. ............... 67 

 

  

file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436942
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436942
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436943
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436943
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436943
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436943
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436943
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436943
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436943
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436944
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436944
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436944
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436944
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436944
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436945
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436945
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436945
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436945
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436945


xix 
 

Table of Supplementary Figures 

Supplementary figure 1 – Absorption spectrum of RhB (Adapted from Houde et al. (158)). ...... 84 

Supplementary figure 2 – Detailed distribution of sizes for each sample of Au@MSN in A – Linear 

and B – Logarithmic scale. ..................................................................................................... 85 

Supplementary figure 3 – Detailed distribution of sizes for each sample of Au@MSN-RhBITC in A 

– Linear and B – Logarithmic scale. ....................................................................................... 86 

Supplementary figure 4 – Average frequency of sizes of Au@MSN and Au@MSN-RhBITC particles 

in linear scale. ........................................................................................................................ 86 

Supplementary figure 5 – Photothermal conversion over time in dependence of nanohybrids’ 

concentration at 1.3 W laser power irradiation in A – Au@MSN nanohybrids and B – Au@MSN-

RhBITC nanohybrids. .............................................................................................................. 90 

Supplementary figure 6 – Photothermal conversion over time in dependence of nanohybrids’ 

concentration at 1.8 W laser power irradiation in A – Au@MSN nanohybrids and B – Au@MSN-

RhBITC nanohybrids. .............................................................................................................. 91 

Supplementary figure 7 – FLIM and histogram image acquired in nanohybrids samples used to 

obtain the calibration curve. Sample at 35 ºC. ......................................................................... 92 

Supplementary figure 8 – FLIM and histogram image acquired in nanohybrids samples used to 

obtain the calibration curve. Sample at 40 ºC. ......................................................................... 93 

Supplementary figure 9 – FLIM and histogram image acquired in nanohybrids samples used to 

obtain the calibration curve. Sample at 45 ºC. ......................................................................... 93 

Supplementary figure 10 – FLIM and histogram image acquired in nanohybrids samples used to 

obtain the calibration curve. Sample at 50 ºC. ......................................................................... 94 

Supplementary figure 11 – Au@MSN-RhBITC nanohybrids fluorescence lifetime’ dependence on 

pH. ......................................................................................................................................... 94 

Supplementary figure 12 – HeLa cells with Au@MSN-RhBITC nanohybrids at 200 µg/mL 

concentration – 63x Objective. A – Camera view at 12 hours exposure to Au@MSN-RhBITC 

nanohybrids; B – 405 nm laser irradiation at 12 hours exposure to Au@MSN-RhBITC nanohybrids; 

C – 561 nm laser irradiation at 12 hours exposure to Au@MSN-RhBITC nanohybrids. ............. 96 

Supplementary figure 13 – HeLa cells with Au@MSN-RhBITC nanohybrids at 200 µg/mL 

concentration – 63x Objective. A – Camera view at 24 hours exposure to Au@MSN-RhBITC 

nanohybrids;  B – 405 nm laser irradiation at 24 hours exposure to Au@MSN-RhBITC nanohybrids; 

C – 561 nm laser irradiation at 24 hours exposure to Au@MSN-RhBITC nanohybrids. ............. 97 

file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436947
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436947
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436948
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436948
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436949
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436949
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436950
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436950
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436950
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436951
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436951
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436951
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436952
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436952
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436953
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436953
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436954
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436954
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436955
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436955
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436956
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436956
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436957
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436957
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436957
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436957
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436958
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436958
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436958
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436958


xx 
 

Supplementary figure 14 – A431 cells with Au@MSN-RhBITC nanohybrids at 200 µg/mL 

concentration – 63x Objective. A – Camera view at 12 hours exposure to Au@MSN-RhBITC 

nanohybrids; B – 405 nm laser irradiation at 12 hours exposure to Au@MSN-RhBITC nanohybrids; 

C – 561 nm laser irradiation at 12 hours exposure to Au@MSN-RhBITC nanohybrids. ............. 98 

Supplementary figure 15 – A431 cells with Au@MSN-RhBITC nanohybrids at 200 µg/mL 

concentration – 63x Objective.; A – Camera view at 24 hours exposure to Au@MSN-RhBITC 

nanohybrids; B – 405 nm laser irradiation at 24 hours exposure to Au@MSN-RhBITC nanohybrids; 

C – 561 nm laser irradiation at 24 hours exposure to Au@MSN-RhBITC nanohybrids. ............. 99 

Supplementary figure 16 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.3 W, 6 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map derived from 

calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. ......... 100 

Supplementary figure 17 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.3 W, 9 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. . 100 

Supplementary figure 18 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.3 W, 15 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map derived from 

calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. ......... 101 

Supplementary figure 19 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 3 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. . 101 

Supplementary figure 20 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 6 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. . 102 

Supplementary figure 21 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 9 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. . 102 

file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436959
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436959
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436959
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436959
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436960
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436960
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436960
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436960
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436961
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436961
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436961
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436961
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436962
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436962
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436962
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436962
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436963
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436963
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436963
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436963
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436964
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436964
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436964
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436964
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436965
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436965
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436965
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436965
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436966
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436966
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436966
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436966


xxi 
 

Supplementary figure 22 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 15 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. . 103 

Supplementary figure 23 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.3 W, 6 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. . 103 

Supplementary figure 24 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.3 W, 9 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. . 104 

Supplementary figure 25 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.3 W, 15 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. . 104 

Supplementary figure 26 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 3 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. . 105 

Supplementary figure 27 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 6 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. . 105 

Supplementary figure 28 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 9 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. . 106 

Supplementary figure 29 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 15 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. . 106 

file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436967
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436967
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436967
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436967
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436968
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436968
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436968
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436968
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436969
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436969
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436969
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436969
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436970
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436970
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436970
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436970
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436971
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436971
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436971
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436971
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436972
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436972
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436972
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436972
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436973
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436973
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436973
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436973
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436974
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436974
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436974
file:///D:/Documentos/Uminho/Mestrado/Documentos/Submissão/tese_final_corrected.docx%23_Toc82436974


xxii 
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A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 
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Abbreviations 

 

APD – Avalanche Photodiode 

C12EDMAB – Dodecylethyldimethylammonium Bromide 

CTAB – Cetyltrimethylammonium Bromide 

DLS – Dynamic Light Scattering 

DMEM – Dulbecco’s Modified Eagle Medium 

DNA – Deoxyribonucleic Acid 

EGFR – Epithelial Growth Factor Receptor 
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Chapter 1 - Motivation and objectives 

 

Modern nanotechnology emerged after Feynman’s talk in 1959 “There’s Plenty of Room at the 

Bottom: An Invitation to Enter a New Field of Physics” (1). He described a novel investigation area, 

based on manipulating and controlling things at an atomic level, something unknown at the time 

and that would eventually gain massive importance on the world.  

Nanotechnology has then made way into our everyday lives, with applications in the medical 

field, agriculture and food industries (2), environmental concerns (3), cosmetics (4), electronics 

(5), among many others (6). In relation with this project, it relies on applying nanotechnology to 

the medical field, where many ground-breaking accomplishments have taken place already. These 

include (but are not exclusive to) the development of targeted drug-delivery, diagnostics involving 

the development of bio-sensors, improved bio-imaging, genetic therapy, or a conjugation of many 

of these applications (7). 

For this work, the main goal was to synthetize silica-shell gold nanorods and modify their 

surface with Rhodamine B isothiocyanate (RhBITC), in order to transform them into a temperature 

generating/fluorescence detection hybrid. While this hybrid may have many future uses, this 

project was focused on studying its effects on cancerous cells, and due to their heat generation, 

the cells would become more sensitive to other kinds of treatment and are destroyed more easily, 

adjusting the approaches and preventing doing harm to surrounding healthy cells.  

  

Figure 1 – Representation of cellular heating after Au@MSN-RhBITC nanohybrids internalization. 
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This Master’s thesis is divided into five chapters, according to different aspects of each 

project’s part. This thesis will start with a small introduction to nanotechnology, as well as the 

objectives and thesis organization (Chapter 1 - Motivation and objectives), followed by a brief 

theoretical overview (Chapter 2 - Introduction), on several topics. Firstly cancer, since it was 

the derivation of the cells used on the practical work, to contextualize the situations in which these 

hybrids are thought to be useful and give a summary of similar approaches in nanotechnology.  

Following that, a more detailed insight on both thermal therapies for cancer and on the hybrids’ 

different constituents will be given. Chapter 3 - Materials and Methods will be used to describe 

all the materials and methods used in this work. Lastly, the results obtained for both 

characterization and in vitro assays will be presented (Chapter 4 - Results and discussion), 

with focus on their photothermal conversion, biocompatibility and fluorescence lifetime conversion, 

concluding with some future perspectives for the usage of these hybrids (Chapter 5 -  

Conclusion and future perspectives). At the end are all the references used to support this 

work, as well as some Annexes comprising of more detailed results.  
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Chapter 2 - Introduction 

 

2.1.  Cancer, research and therapeutic approaches 

 

2.1.1. Cancer as a worldwide disease 

 

Cancer is currently one of the leading causes of death in developed countries, with predictions 

from the Global Cancer Observatory (8,9) that its incidence will keep on rising (Figure 2), as life 

expectancy increases and new treatments arise for other diseases, as well as prevention measures 

becoming more disseminated (10). Cancer is no exception, although the task gets more intricate 

since there is no universal cure for every type of cancer. 

 

Cancer can be caused by a number of factors, both preventable and non-preventable, and are 

usually driven by a combination of both kinds. The preventable types of factors are caused by 

external conditions, such as smoking, excessive drinking, poor diet and/or obesity, pollution, 

radiation or chemical exposure, infections by viruses (HPVs, HTLV-1, hepatitis B and C, Epstein-

Barr, KSHV and MCPyV (11)) (12). In terms of non-preventable types, these are caused by 

environmental and/or genetic factors of the individual. In this case, it is recommended frequent 

Figure 2 – Estimated number of incident cases from 2018 to 2040, all cancers, males and females, 

all ages (adapted from the information gathered by Ferlay et al. (8) for the Global Cancer 

Observatory with a model based on a publication by Bray et al. (9)). 
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and early screenings, in order to detect cancer as soon as possible to increase the chances of 

successful treatment. 

Cancer is seen as an epidemic, mainly due to the number of cases related to the preventable 

factors (13), and can also be affected by the development level of a country. The great majority of 

cancers have a higher incidence in developed countries (14), but this may not reflect the true 

comparison between development levels, due to a number of reasons: less developed countries 

offer less to none opportunities of cancer screening; preventable infections are less acknowledged 

and/or there are less resources to halt their dissemination/progression; their health records are 

not as accurate; other factors that can contribute to an incorrect comparison of the incidences 

around the world (10).  

Not only is it of interest to study the causes and evolution’ predictions for cancer, but it is 

crucial to understand the biological mechanisms within. Cancer emerges after the origination of 

carcinogenesis, which is a process where normal cells are transformed into cancerous cells, after 

an unexpected chromosomal change takes place, either caused by external or internal factors. This 

alteration is then passed on as the now-cancerous cell divides, creating a cellular aggregate with 

unfit functions that overwhelm the resources meant for healthy cells, destroying them and 

spreading through the organism in order to keep unmaintainable cells alive (15).  

Taking into account the present and future predictions for the state of cancer incidence across 

the world, it is imperative to keep studying the risk factors, and find solutions to adjust the 

treatments and develop new therapies. 

 

2.1.2. Cancer diagnosis and therapeutics 

 

According to the Portuguese Cancer League (16), frequent cancer diagnosis methodologies 

encompass biological fluids’ (blood, urine, etc.) analysis, biopsies or imaging, the latter which can 

be done by several techniques, like X-rays, computerized axial tomography, ultrasounds, magnetic 

resonance imaging, positron emission tomography, among many others. Most of the 

methodologies presented are considered to be invasive and must be done in a complementary 

basis, as many of them alone are inconclusive and not enough to support the existence of cancer. 

It has been of interest to upgrade the existing approaches of diagnosis, as well as developing new 



5 
 

ones, in order to minimize the invasiveness and optimize the sensitivity of the methods applied to 

each patient.  

A similar scientific effort is being done to be applied to cancer therapeutics, who currently still 

present many harmful side effects. Therapies that are already in use in Portugal include surgical 

excision, radiotherapy, chemotherapy, immunotherapy, hormonal therapies or stem-cell transplant 

(17). These mostly aim for cancer cure, but many times are utilized to reduce symptoms and stop 

cancer propagation, which can be achieved by employing only one approach, or several in a 

combined manner.  

Chemotherapeutic agents are usually designed to affect deoxyribonucleic acid (DNA) 

replication or protein synthesis, effectively stopping the tumor cells from dividing, which are usually 

done in a few high-dose applications, but can also be of slow nature with lower-doses (18). 

Chemotherapy presents serious disadvantages, mainly drug resistance by tumors cells, rendering 

the treatment ineffective after continued application, or even resistance from the beginning in some 

cells’ types (18,19). Apart from cell resistance to chemotherapeutic drugs, Nygren (19) also refers 

poor vascularization of the tumor (translating into tumors lacking drug exposure) and increased 

drug metabolism (meaning low drug exposure overall) to be pitfall factors for chemotherapy.  

Radiotherapy has similar aims as chemotherapy, being used to disrupt DNA of cells and 

preventing their proliferation as well. However, radiotherapy relies on the application of high-energy 

radiation (X-rays, gamma rays or electron/proton/neutron beams) instead of applying chemical-

based options. Radiation can act directly on DNA, by damaging the strands, or indirectly, by 

damaging the strands only after creating free oxygen radicals by ionizing or exciting the water in 

the cells. Radiotherapy is a very important modality for cancer treatment, but the high toxicity and 

the distress on healthy cells’ associated to it has urged improvements that can decrease such 

toxicity, mainly by studying methods that require less radiation to be applied in each round (20). 

Other treatment options include removal of the tumor by surgery, which can only be done in 

localized tumors, immunotherapy, where the patient’s own immune system is stimulated to 

eliminate cancer cells (which unfortunately only works in a subset of cancers and in a fraction of 

patients) (21), hormonal therapies, mainly used for prostate and breast cancer treatment. In these 

kinds of cancers, endocrine therapy works by suppressing hormones related to the progress of 

cancer, mostly estrogens and testosterone (22,23), but the side effects associated to this treatment 

(22,24), as well as acquired-resistance (22) and low application on other types of cancer still hinder 
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the widespread use of endocrine therapies. Lastly, another kind of therapy currently in use in 

Portugal is based on stem-cell transplant, where after destroying the patient’s diseased and also 

healthy blood cells on the bone marrow, stem-cells are ministered to promote the development of 

healthy cells to replace the destroyed ones. This treatment is very physically and psychologically 

demanding on the patient, and as with any transplant, it may occur rejection or infections, among 

other consequences, that render the transplant unsuccessful (17,25). Besides specific side effects 

and difficulties for each treatment, they are all mostly short-term solutions, with the re-occurrence 

of cancer being an extremely likely scenario in the upcoming years after diagnosis. 

 

2.1.2.1. Ongoing research to develop novel diagnostics and therapies 

 

Since these conventional therapies still present severe pitfalls in their application, it has been 

a long-lasting challenge for the scientific community to overcome them. Many new solutions are 

rising every day, based on genetic therapy, microbiology, nanotechnology, among many others, 

but it is still lacking a solution that can be diverse to be a therapy in many cancer types, while 

simultaneously precise enough to deliver a specific treatment for each type.  

Nanotechnology has been regarded as a possible resolution for that seeming illogicality, as 

nanotechnology-based solutions can be custom developed for specific purposes, promising more 

efficient targeting for certain types of cancer, not only as a diagnosis, but frequently as a physical 

and/or chemical-based therapeutic solution as well (controlled drug release, thermal ablation, 

photodynamic therapy, gene therapy, among others) (26). Nanomedicine-based cancer therapies 

benefit from the enhanced permeability and retention (EPR) effect of immune cells in tumor 

microenvironment, as they control the accumulation, retention and distribution within the tumor of 

the nanoparticles applied (27). Currently, a few nanotechnology-based solutions are already on the 

market, mainly based on liposomes, polymeric micelles, nanospheres, nanocapsules and 

nanotubes (28).  
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2.2.  Hyperthermia-based therapies 

 

2.2.1. Hyperthermia as a cancer therapy 

 

Hyperthermia is characterized as being the condition in which the body temperature has been 

raised above 38.2ºC, as the normal temperature has been defined as being in the 37ºC - 38ºC 

range (29,30). Differences between a healthy person’s body temperature and a diseased individual 

had been reported (31) prior to Coley’s experimentations (32), where hyperthermia was used as a 

cancer therapy for the first time, to promote the regression of sarcoma after inoculation with 

Streptococcus erysipelatis, provoking fever and thus releasing an anti-tumor response. While 

hyperthermia may have positive effects in many diseases, including cancer, as per instance 

provoking apoptosis in cancer cells (by proteins denaturation and/or formation of oxygen reactive 

species), acting alongside chemotherapy (increasing blood flow to enhance drug delivery and 

immune cell migration) or radiotherapy (increasing sensibility to X-rays) (33), among others, it can 

also have some harmful consequences. Hyperthermia may be the cause of neurological, cognitive 

and physical disorders, such as seizures, unconsciousness, memory, comprehension issues (34), 

arrhythmias, sweating, hypertension (35) and many others.  

Hyperthermia may be of natural body response, in other words, fever (associated with 

inflammation, sepsis, drug-induced, endocrine factors or derived from brain injury (29)), or 

promoted by external elements. In the scope of this project, only external factors-mediated and 

localized hyperthermia is of interest, instead of the natural occurring type. This form of 

hyperthermia may then be directed to the tumor by radiation, only reaching the most superficial 

tumors, or reach the most deep located ones by inserting an electrode (36). When conjugated, the 

heat generated from the electrode forms a barrier between healthy and burnt tissue, which can 

prevent the propagation of the radio frequency (37). Besides these two most common methods, 

innovative solutions are being tested to induce hyperthermia, like ultrasounds, magnetic fields, 

radiofrequency and light-based processes, being the latter the most important for this project, as 

it is safer, less invasive, more profitable and with least side effects (38). 

As a cancer approach, hyperthermia has many advantages, starting with the fact that abnormal 

cells cannot tolerate higher temperatures for as long as healthy cells, which makes them a good 

target for therapy (39). Next, hyperthermia can also be used to increase oxygenation, pH variation, 
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tissue elasticity and ion diffusion, which can help in pain relief (33). Finally, hyperthermia does 

show apoptotic properties, but is not recommended to be used for that sole purpose, as it may 

affect surrounding healthy cells, if the temperature reached becomes excessively high (33,40), and 

it is best to combine it with more conventional therapies. Hyperthermia becomes then a secondary 

solution, with an effort to increase the efficiency of the primary approach. 

In terms of nanotechnology applied to hyperthermia treatments, it can make use of 

magnetothermal or photothermal nanoparticles (33), the latter being the focus of this project. 

 

2.2.2. Photothermal nanotechnology-based therapies 

 

Photothermal therapies (PTT) are based on the use of a photoabsorbing agent, also known as 

photothermal conversion agents (PTAs) (41) capable of generating heat from light (42). This agent 

must absorb light in the near infra-red region (NIR), as it is the optimal wavelength absorption 

region by the human tissues (43), further explained in 2.2.3. This procedure is used predominantly 

in cancer research, where several types of PTAs have already been under study. These must be 

biocompatible, nontoxic, allow easy surface modification and have good photothermal conversion 

efficiency as well as stability (41). Gold is one of the most common materials for PTAs, due to its 

surface plasmon resonance at specific photo-frequencies (taking shapes as nanorods, nanocages, 

spheres, nanoshells, nanoflowers or nanorings) (44–46), but other commonly-used materials 

include carbon (in its graphite-related structures like graphene or nanotubes with single or multi-

walls), rare earth doped nanocrystals (33) or organic-derived (e.g. sodium humate) (41), among 

many others.  

The PTAs are frequently used for cancer research, but they may have other types of 

applications. Hu et al. (47) studied PTT as a bactericidal approach, employing gold-covered 

nanocapsules to apply radiation and reduce the dosage of drug to eliminate E. coli BL21 in a 

combined and synergistic manner. This successful experiment may allow the decrease in use of 

antibiotics, decreasing the appearance of antibiotic-resistant organisms as well. Another study was 

performed by Beytollahi et al. (48), where PTT was used to destroy biofilm provoked by 

Streptococcus mutans. This bacterium is responsible for dental caries, and by using PTT mediated 

by indocyanine green under a diode laser, the appearance of colonies was significantly decreased, 

making it a suitable alternative to control caries. In a very different manner from the previous 
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examples, Maitland et al. (49) characterized the photothermal properties of shape-memory polymer 

micro-actuators in an effort to provide an alternative for treating stroke. This was eventually 

achieved by Small IV et al. (50), using a device based on Maitland et al.’s work (49) that would 

retrieve the blood clot by changing its shape after heating. The polymer would suffer 810 nm laser 

irradiation and with the increase in temperature, change its shape to a corkscrew, capturing the 

blood clot and restoring blood flow. 

PTT presents many advantages to cancer treatment when compared to traditional approaches, 

being less invasive, and dealing a smaller amount of damage to the surrounding healthy cells, as 

it can have higher selectivity by doing specific targeting (51). PTT also does not require oxygen 

singlet formation (which is the case for photodynamic therapy), and by making use of a long and 

less energetic wavelength irradiation, it is safer for cell and tissue application (52). 

Many challenges still surround these approaches, such as low photothermal conversion 

efficiency, reduced stability of the photoabsorbing agents, poor cellular uptake, tumor resistance 

of the photothermal treatment or even metastasis (41), as well as over-heating, which can be 

prevented by conjugating PTT in a co-therapy system (53). 

 

2.2.3. Near-Infrared (NIR) laser and its interaction with biological tissue 

 

Near-infrared laser radiation is used in photothermal therapy due to its tissue penetrating 

properties, but also for being absorbed less than other types of radiation (54). Human tissue has 

two biological windows for irradiation, due to several absorption bands provoked by the tissues’ 

different constituents. The first biological window goes from 700 – 980 nm, starting in the 

absorption band of hemoglobin and ending at the absorption band of water. The second biological 

window encompasses 1000 - 1400 nm, in which the limits both refer to water absorption bands 

(33). The use of NIR radiation at 808 nm falls into the first biological window absorption, which 

makes it ideal to be absorbed by the skin, as well as to generate heat from the gold nanorods when 

irradiated (55,56).  
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Figure 3 – Extinction coefficient of a representative tissue, along with indication of spectral 

extensions of the two biological windows (Adapted from Jaque et al.  (33)).  

Boulnois has stated (57) four types of interaction between light and tissue: photochemical, 

photoablative, electromechanical and thermal.  Photochemical interaction refers to long exposures 

of light at low power densities, absorbed by molecules in the tissue, which can be naturally present 

or posteriorly added, resulting on the foundation of photodynamic therapy (57,58). Photoablative 

interaction consists on cutting tissue using ultra-violet light irradiation, where photons cause 

dissociation of biopolymers without necrosis and minimal thermal interaction (57). 

Electromechanical light/tissue interaction is caused when a high energy short term light pulse 

creates a local high electric field, which causes dielectric breakdown of the tissue, as well as 

forming microplasma1, creating a shock wave when it expands (57,58). Lastly, Boulnois explains 

thermal light/tissue interaction, which is the most relevant in the scope of this project, and also 

the most frequent in surgical application of lasers. Attained by focusing a high energy density laser 

beam into a small area, the heat can remove tissue, injure or control bleeding. To comprehend 

how light is transformed into heat, Boulnois (57) summarizes it in the following reactions: Equation 

1 that indicates the conversion of light into heat, denoting its absorption and Equation 2 that 

indicates the conversion of light into heat, denoting its deactivation.  

𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛: 𝐴 + ℎ𝑣 → 𝐴 ∗  

Equation 1 

                                                           
1 Boulnois defines “microplasma” as an ionized volume with a very large free electron density (57). 
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𝐷𝑒𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛: 𝐴 ∗  + 𝑀(𝐸) → 𝐴 + 𝑀′(𝐸 + ∆𝐸) 

Equation 2  

 

After light irradiation, a molecule that Boulnois designated as “A” absorbs a photon of energy, 

being promoted to a vibrational excited state, labeled as “A*”. After colliding with a collisional 

partner that belongs to the surrounding medium (designated “M”), the internal energy of a “A*” is 

transferred to “M”, increasing its kinetic energy (transforming “M” into “M’”), which is released 

under the form of heat, increasing the temperature. Boulnois also refers that the penetration depth 

depends on the wavelength applied and different type of tissue that will undergo irradiation, being 

essential to differentiate and select the outcome intended (57).  

Though seemingly simple at the molecular scale, tissue irradiation with light is in fact a much 

more complex process, as multiple light scattering must always be considered as well (58). There 

are a few models that study the distribution of optical radiation through the tissues, such as the 

Kubelka-Munk, the Monte-Carlo and the diffusion model (59).  

In terms of cellular optics, Gazdaru et al. (60) describe cells as having an anisotropic absorbing 

media, with a refractive index greater than that of air, which is responsible for partial radiation 

reflection and for radiation refraction into tissues. Inside cells, the organelles like mitochondria or 

collagen fibers are the main scatterers of laser radiations, although other organelles (Golgi 

apparatus, lysosomes and ribosomes, among others) may also be responsible for some scattering. 

Furthermore, Gazdaru et al. (60) refer different kinds of scattering made by cells components, 

being either elastic or inelastic. The former may be submitted to either Mie’s (when the dimension 

of the scattering particles is comparable to the wavelength of the radiations e.g. mitochondria) or 

Rayleigh’s (dependent on: incident wavelength; dimension of scattering centers; and on the 

differences between the refractive indexes/cytosol. It’s present in collagen fibers) theory, while the 

latter is much weaker in cells and tissues, being either of Raman or Brillouin scattering. 

 

2.2.4. Fluorescence-based nanothermosensing 

 

Fluorescence-based techniques were among the pioneers for intracellular temperature 

measurement, with organic commercial probes like Nitrobenzoxadiazole (NBD) and Laurdan 
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attaching to cell membrane and detecting temperature changes in a 2ºC resolution for the former 

and 0.1ºC – 1ºC for the latter (61,62). Beyond the work with these compounds, further 

formulations were developed, mostly concerning the coupling of organic ligands onto metal based 

nanoparticle, due to the fact that organic compounds alone can be affected by environmental 

changes like pH, swelling, protein denaturation and/or cell membrane rupture (63).  

 

 

 

 

 

 

 

 

 

 

 

For temperature based studies involving luminescence, one can use several parameters, 

indicated by Jaque and Vetrone (43), such as intensity, band-shape, spectral, polarization, 

bandwidth and fluorescence lifetime, illustrated in Figure 4. Spectral luminescence thermometry 

depends on the energy that separates the electronic states responsible for emission, as they will 

be responsible for the position of the bands. This measurement is independent of concentration, 

therefore not affected by phenomena like photobleaching of the fluorophores, producing the best 

results in systems where even small temperatures would generate higher spectral shifts (43). These 

may be used in peak fraction approaches, as per used by Savchuk et al. (64), who showed a red-

shift of the emission spectra as the temperature of wt-GFPs rose.  

Figure 4 – Different cases of luminescence changes depending on temperature (Adapted from 

Jaque et al. (43)). 
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Regarding temperature-induced spectral band-shape changes, these occur when the electronic 

states responsible for emission are so close in energy that they are thermally coupled as well, 

which usually happens in samples with two emitting centers that quench or transfer energy 

between each other, or samples with one emitting center, where the energy levels get re-distributed 

(44). In the work of Kulinich et al. (65), the effect of temperature on the fluorescent properties of 

merocyanines was verified to reflect on their position and shape of the absorption and fluorescence 

bands, mainly by changing the polarity and viscosity of the medium in which they are inserted. 

The width of fluorescence emission peak typically increases with temperature, as the density 

of phonons increases as well, leading to a broadening of the emission peak (43). In the work of 

Zhang et al. (66), the temperature sensing properties of a Ce3+-doped yttrium aluminum garnet 

by fluorescence properties was demonstrated by i) shifts in the emission band, ii) spectral 

bandwidth and intensity ratio.  

As for intensity changes related to temperature, the number of counts per second changes, 

which can cause the emission spectrum to change in intensity as well, which is caused by thermal 

activation of luminescence quenching mechanisms and/or increases in non-radiative decay 

probabilities (43). Intensity may also change due to factors unrelated to temperature (e.g. 

photobleaching), in which may be used one of the alternative fluorescence-based methods 

mentioned above. In terms of fluorescence lifetime thermometry, this is based on the time that it 

takes to decay to 1/e of the initial value of intensity after a pulsed excitation. This decay depends 

on many factors, including temperature, like phonon-assisted energy transfer processes and 

multiphoton decays (43). Intensity measurements are considered simpler for a laboratory setting 

(67), while fluorescence lifetime is considered more robust (68). The intensity signal presents 

dependence on intensity of laser excitation (69), which prevents a quantitative sensing of analytes 

without wavelength-ratiometric probes (67). Whilst fluorescence lifetime has no laser power 

dependency, it is dependent however on other parameters, such as concentration, having longer 

fluorescence lifetimes as the concentration decreases until it plateaus (70). 

Another fluorescence parameter that can show temperature dependency is the fluorescence 

polarization, often called fluorescence polarization anisotropy (FPA), which will happen when a 

fluorescent molecule, excited with a linearly polarized laser, re-emits the absorbed photon via the 

fluorescence emission process, not rotating before said emission. As a process dependent on the 

viscosity of the solvent, as well as the temperature molecular movement and rotation, this will lead 
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to an overall change in polarization fluorescence emission. Since an increase in Brownian motion 

induces molecular rotation, in dependence of increase in temperature, the polarization anisotropy 

will decrease, while it reaches its peak in absence of molecular motion (43). Pikulik et al. (71) 

demonstrated the dependence of fluorescence polarization to temperature in phthalimides, where 

the polarization decreased, as the temperature increased. Thompson et al. (72) reported the first 

use of a protein-dye hybrid as a FPA based thermoprobe, by conjugating small fluorescent dyes to 

larger proteins. This leads to a slower molecular rotation of the dye, increasing the dynamic range 

of FPA temperature sensitivity, which has an optimal ratio between fluorescence lifetime of the 

emitter and the size of the fluorescence emitting system.  

 

2.2.4.1. Intracellular nanothermosensing 

 

Cells present some intrinsic temperature variation derived from their metabolic activities 

(73,74), and in cells where some pathology (e.g. tumor cells) is present, the metabolic activity is 

higher and temperature will be higher as well (74). Beyond their own temperature, cells can be 

heated from external sources, such as hyperthermia treatments, magnetic, or photothermal 

hyperthermia. In this case, knowing the temperature reached inside the cells will be useful to set 

the exposure parameters to light, in in vivo assays. While the generation of hyperthermia within 

cells is of high importance, the measurement of the reached temperature cannot be neglected 

either, as knowing the temperature will prevent overheating and damages on the healthy cells, as 

well as make possible the study of diseases where cellular temperature can be seen as an 

indicating factor of severity (e.g. localizing and monitoring the progression of tumors by their heat 

generation)  (61,75). 

Temperature measurement is usually done by methods at a scale incompatible with an 

individual cell’s size (e.g. microcalorimetry) or by methods incompatible with living cells, but so 

has been done successfully when testing a cluster of cells (76). It is then necessary to create new 

strategies when referring to a single cell extent, making sure the method is accurate enough and 

at the same time, able to maintain the cells alive whilst undergoing thermal reading. To have a 

thermometer sensible enough for intracellular temperature measurement, it must possess several 

features: high spatial resolution and repeatability, measurements must be done in real time and in 

a user-friendly manner, as well as the thermometer itself must be independent from concentration 
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and any other environmental changes (75). The measurements can be then be done in one of two 

manners: contact or non-contact, with the latter making use of luminescence properties of 

compounds. 

When analyzing methods involving contact with the cells, one of the methods that has been 

most studied has been based on the variation of a typical thermocouple into a dimension 

compatible with cell size. Watanabe et al. (77) developed the first thermocouple-based approach, 

microfabricating a micropipette’ tip capable of performing Seebeck’s effect, the functioning base 

of thermocouples (75). The tip is capable of generating voltage according to the temperature of the 

sample, being converted into temperature by a digital thermometer or by comparing values on 

references tables. By Watanabe et al. (77) managing to place such thermocouple on a 

micropipette’s tip, it allowed for direct contact with cells, as the tip only had a diameter of 1 µm. 

Similar experiments involving size-adjusted thermocouples have been conducted by Wang et al. 

(78) and Shrestha et al. (79) as well. Another contact method include the development of a pico-

calorimeter, where temperature related changes alter the resonant frequency of the resonator, 

which Inomata et al.  made of silicon (75,80). 

Relating to the non-contact temperature measurement techniques, these are mostly based on 

luminescence properties, but not exclusively, like the work of Gao et al. (81), where they utilized a 

method based on photoacoustic microscopy to measure the temperature of a single cell for the 

first time. In a most common way, non-contact temperature measurements are usually done by 

resorting to fluorescent probes, which can be one of the following: small and purely organic probes, 

metal complexes with organic ligands, thermoresponsive synthetic polymers, quantum dots, purely 

inorganic, or organic macromolecules like DNA- or Green Fluorescent Proteins (GFPs)- based (61). 

The first report on resolving temperature maps and measuring from within biological cells using 

luminescence nanothermometry approaches were done in 2012 by Okabe et al. (73), while the 

pioneering work of Donner et al. (82), used GFPs as a temperature nanoprobe, based on 

fluorescence polarization anisotropy, which sensing mechanism was previously described (section 

2.2.4), while using GNRs as a heating component. This temperature-assay method presented itself 

as biocompatible, with high spatial resolution and good temperature accuracy, presenting itself as 

less prone to artifacts, as per instance, ones caused by photobleaching. 
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2.3.  Nanomaterials used for heating and nanothermometry 

 

2.3.1. Gold in Medicine 

 

Gold has been used for medicinal applications (also known as chrysotherapy or aurotherapy) 

for millenniums, with evidence proving its use back in ancient China and Egypt, and keeping its 

presence in medieval medicinal practices. In late 19th century, breakthrough discoveries regarding 

gold salts influence in tuberculosis diagnosis and treatment allowed for gold to be used in a more 

vast and efficient array of diseases, such as rheumatoid arthritis and lupus erythematosus, well 

into the 20th century (83–85). Nowadays, gold is known to have many harmful side effects, and 

its uses in bulk as therapy are limited, as its long term effects are largely unknown (86). 

However, gold has gained new attention with a more secondary role in treatment, as 

nanoscience reinvents traditional methods of therapy, being the use of gold as a nanoparticle matrix 

one of the most interesting and studied, due to its attractive physical and chemical properties. In 

fact, gold nanoparticles may have a wide assortment of chemical, optical and electromagnetic 

characteristics, strongly depending on their shape and size (83), which may be controlled by 

rigorous regulation of experimental formation conditions (reducing agent, reaction time, 

temperature, capping agent2, among others) (87). These differences in size or chemical/physical 

characteristics may influence their cellular uptake, as well as their toxicity and biological interaction 

(83). 

Gold nanoparticles enter cells through a receptor- mediated clathrin-dependent endocytosis 

pathway, depending greatly on their size and shape, with rod-shaped nanoparticles having a slower 

uptake when compared to spherical nanoparticles (83,88). Studies have shown that gold toxicity 

also depends greatly on size, as smaller particles (1-2 nm) were observed to have higher cytotoxicity 

than larger particles (15 nm) in many diverse conditions, which is thought to be caused by 

differences in the uptake kinetics and/or cellular target specificities, as well as from interactions 

with the cell membrane (89). Currently, gold nanoparticles are being used in several medical 

approaches, such as diagnostics (bio-imaging and analytical methods) and many different kinds of 

                                                           
2 Capping agent is an amphiphilic molecule with a polar head group and a nonpolar hydrocarbon tail, responsible for providing colloidal stability, 

preventing agglomeration and stopping uncontrolled growth (166). 



17 
 

therapeutics (photothermal, photodynamic, as drug-carrying and/or immunological agents, among 

others) that make use of their easily tunable properties (90).     

Gold nanoparticles have been used in photodynamic therapy as carriers for photosensitizers 

(46), as drug-carriers for mainly anti-tumor drugs, albeit the use of antibiotics is also popular, and 

as immunological agents, with protein-encoding genes designed to serve as antigens to incite 

immune response (90). In terms of photothermal therapy, nanorods are the most common type of 

gold nanoparticles developed for this purpose (and their application and properties will be 

discussed in 2.3.2), but it can also be performed by nanoshells, nanostars and nanocages (44). 

 

2.3.2. Gold nanorods in photothermal therapy 

 

While there are many nanoagents capable of generating heat for photothermal therapies (see 

2.2.2), gold nanorods are among the most popular for this purpose. This is due largely to them 

being plasmonic particles, which are capable of a photophysical phenomenon called localized 

surface plasmon resonance (LSPR), consisting on the interaction of the nanoparticles with light of 

resonant frequency (91). The free electrons in the conduction band of the metal oscillate in a 

collective and coherent manner, after absorbing light in resonance with the incident light (91,92). 

The scattering and absorption of light depends on the physical dimensions of the gold nanoparticle 

(smaller colloidal gold absorbs in shorter wavelengths, while larger colloidal gold absorbs in longer 

wavelengths), as well as on the medium of the colloidal gold (86), particle shape, structure and 

dielectric properties of the metal (91). The anisotropic shape of the nanorods causes their surface 

plasmon resonance to be red-shifted, when compared to spherical gold particles (91). 

The nanorod shape allows the presence of two absorption bands (surface plasmon resonance 

bands), derived from a longitudinal band (strong long-wavelength) and a transverse band (weak 

short-wavelength) according to the different faces of the nanorods. These bands refer to the 

longitudinal or transverse electronic oscillation (93). The transverse band is insensitive to the aspect 

ratio of the nanorod and can be found at the visible region, while the longitudinal band is greatly 

dependent on the aspect ratio, shifting from the visible to the NIR region linearly as the aspect ratio 

increases (91,93,94). 
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Link and El-Sayed (95) provided an explanation on how does this plasmonic properties get 

converted into heat, based on two photophysical processes: electron-electron relaxation occurring 

on femto-seconds and electron-phonon relaxation occurring on the picoseconds. The absorbed light 

is converted into heat, forming a hot metallic lattice, which gets cooled off by phonon-phonon 

relaxation (91). This generated heat can be used for heating local environment, in this case, the 

intracellular medium, which can be particularly useful in destruction of unwanted cells, as per 

mentioned in 2.2. 

 

2.3.3. Core/shell nanoparticles 

 

The nanoparticles in a core/shell distribution may have either organic (O) or inorganic (I) 

components, in one of the following assemblies: O/O, O/I, I/O or I/I. In some special cases, the 

nanoparticle has more than one shell, or have a movable core with a hollow shell. The shells are 

mainly added to ensure stability of the nanoparticle, but can also have influence in 

biocompatibilization, drug-loading, dispersibility, controlled release or even in the economic aspect, 

by reducing the amount of precious materials that usually make up the core (96). Ultimately, the 

purpose of the nanoparticle is the factor that dictates its composition, as is not only of interest to 

apply already well-known particles to existing problems, but also develop novel structures to 

address more kinds of issues. 

In terms of organic shells, they are often used to increase the biocompatibility and stabilization 

of the nanoparticles, being polyethylene glycol (PEG) one of the most common nanoshells used 

nowadays, as it can reduce opsonization3, nonspecific binding and allow specific groups at the NP 

surface to bind to cell receptors (97). 

Concerning inorganic shells, the most common nanoshells used are based on silicon dioxide 

(generally known as silica). Other examples include the usage of metals or metal oxides (such as 

gold, nickel, cobalt, palladium, among others), as well as semiconductors or lanthanides for the 

shell. These allow for protection against oxidation, corrosion and allowing for a better 

                                                           
3 Opsonization - Process by which a foreign organism/particle becomes covered with opsonins (proteins), thereby making it more likely to undergo 

phagocytosis. If it indeed occurs, the foreign organism/particle is destroyed (167). 
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biocompatibilization and enhanced affinity due to the presence of amine and thiol groups (98), who 

have been proven to increase the binding to the nanoparticle’s surface (99,100). 

Silica is an inorganic compound, inexpensive, physically and chemically stable as well as 

harmless to the human body (101). The main advantages in using it to cover particles refer to its 

capacity in reducing bulk conductivity and increasing the suspension stability of the core particles, 

since silica is a very inert material. This inertness blocks the core surface without interfering with 

the redox reaction occurring, and can also modulate the position and intensity of the surface 

plasmon absorbance band since silica is optically transparent, which allows for a spectroscopic 

study of chemical reactions happening at core surface (96). 

 

2.3.4. Mesoporous silica shells 

 

In this project, an inorganic/inorganic assembly is used, as the inorganic silica shell covers an 

inorganic metallic compound (gold). The silica shell used is covered with mesopores that can be 

occupied with hydrophobic drugs, which is an important feature for controlled drug delivery 

(102,103), with proteins, DNA or RNA (ribonucleic acid) (104), among others, who can also be 

functionalized on its surface, as it is the case with rhodamine B in this project (found in 2.3.6). The 

need for transporting molecules of different characteristics can be accommodated (102), as these 

pores can also be tuned in terms of structure, volume, diameter and morphology (103). The 

mesoporous silica nanoparticles are also synthetized employing a simple process, another 

advantage for its use as a drug-delivery system, as they become cost effective (104).     

The shell on the nanohybrids in current study present another characteristic that must be taken 

into account regarding the exposure time to the nanohybrids, which is its degradability. Paris et al. 

(103) have studied this aspect, observing a degradation after several days of dissolution in aqueous 

solution. 
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This dissolution of the shell is one attractive aspect for possible in vivo application as well, 

since after degradation silica turns into free silicon species (monosilicilic acid byproducts) that can 

be excreted by urine (103). 

 

2.3.5. Synthesis of mesoporous silica-covered gold nanorods 

 

The nanohybrids’ formation and silanization for this project was performed by Dr. Juan Luis 

Paris. The formation was performed by seed-mediated growth, where the gold nanorods are formed 

after association of three components: a growth solution, gold seeds and additives, like for instance 

AgNO3 (105), which affects yield, crystal structure, morphology and optical properties (106). 

 

 

 

 

 

Figure 5 – (a) - TEM micrographs of MSNs after suspension in PBS for different periods of time 

(from left to right): 0, 5, 8, 12 days; (b) - schematic representation of the dissolution process of 

MSNs in aqueous medium (Adapted from Paris et al. (103)). 

Figure 6 – Gold nanorods formation from gold seeds method (Adapted from Chhatre et al. (105)). 
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Referring to the preparation of the growth solution, the first steps involve joining choloroauric 

acid (HAuCl4) to cetyltrimethylammonium bromide (CTAB), which will act like a surfactant to the 

gold ions (105), transforming them into solid gold. This happens due to the bonding of the cationic 

surfactant to the nanoparticle’s surface, reducing the energy, while stabilizing the solution and 

preventing aggregation (107). Since CTAB is cyto- and environmentally toxic, new alternatives are 

being researched, such as, for instance, dodecylethyldimethylammonium bromide (C12EDMAB) 

(108). After formation of what Chhatre et al. (105) call the Intermediate solution, ascorbic acid is 

added since it will have an effect on the particles’ shape and promote anisotropic growth, by 

reducing the gold (109), resulting in the Growth Solution. Combining this with the gold seeds and 

the additives will lead to the formation of the gold nanorods. This is a process that must be highly 

controlled in terms of physical and chemical conditions of preparation, as it is of utmost importance 

to guarantee an anisotropic shape on the hybrids core, essential for heat generation (as explained 

on 2.3.2). To coat the gold nanorods with the mesoporous silica shell, a protocol described by 

Villaverde et al. (110) with some minor modifications was used. The excess reagents from the 

prepared GNRs solution were removed by centrifugation, re-suspending in CTAB. These particles 

are then added to a solution of ethanol with CTAB and TEOS (Tetraethyl Orthosilicate) to form the 

silica shell itself. To allow posterior binding of molecules, the surface of the shell must be 

functionalized, which in the scope of this project is explained in 3.1.1. 

 

2.3.6. Luminescence properties of Rhodamine B 

 

Rhodamine B is a very soluble and toxic organic dye from the xanthene class, known for its 

red color and fluorescent properties (111). It is chosen as the fluorescent component of the 

nanohybrids in use for this project, and shall serve as the luminescent nanothermosensor. A 

binding assay used for similar organic dyes before (112) was followed, where the dye is added 

after the gold gained its nanorods shape and after it’s coated with silica, in which the isothiocyanate 

group (becoming RhBITC) makes it easier to bind the dye to the shell, as it links to APTES4’ amine 

groups by thiourea linkages (112). The presence of the isothiocyanate group does not influence 

                                                           
4 Cohydrolysis and polymerization of TEOS (tetraethoxysilane) with APTES (3-aminopropyltriethoxysilane) forms the silica shell (168). 
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the fluorescence emission spectra of standard RhB, and will always be referred to those spectra in 

this work.  

The absorption spectrum of RhB shows a peak at 558 nm, while the fluorescence emission 

maximum is found at 585 nm. A 561 nm laser will be used for excitation and suited filter sets to 

avoid the detector’s saturation, thus slightly blocking part of the emission spectrum (Annexes - 1 

section, Supplementary figure 1). Rhodamine B was chosen as an intracellular thermometer due 

to the dependence of its fluorescence lifetime on temperature, as per verified by Chaze et al. (69), 

where the fluorescence lifetime of RhB decreases as the temperature increases, also confirmed by 

Mercadé-Prieto et al. (68). In the specific case of RhB, pH also has influence on fluorescence 

lifetime, due to RhB’s spirocyclic structure. In acidic conditions, the fluorescence is stronger, as it 

opens the spirocyclic form, while it closes when the pH becomes more basic, reducing emission 

intensity (113). 
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Chapter 3 - Materials and Methods 

 

3.1.  Au@MSN-RhBITC hybrids fabrication and nanocharacterization methods 

 

In the following section, the labelling procedure and several spectroscopic methods that were 

used to characterize the particles before applying them as heating sources and nanothermometers 

to cancer in vitro assays, will be described. 

 

3.1.1. Au@MSN-RhBITC hybrids synthesis 

 

As per mentioned in 2.3.5, the formation of the gold nanorods and subsequent silanization were 

performed by Dr. Juan Luis Paris by the process described, while the removal of the silica from the 

mesopores and the adding of the RhB to the surface were performed at INL. 

After formation, the gold nanorods were covered with a mesoporous silica shell, using CTAB 

once more, but not as a stabilizer, being used as a template for silica instead. After adding the 

silica, the nanoparticles may be dried and stored (114), or continue the process, in order to extract 

the excess CTAB from the pores, hollowing and allowing them to be filled with other molecules. In 

this project, the Au@MSN nanorods were prepared in advance and were dried, so there was a need 

to re-disperse them in toluene and functionalizing with aminopropyl groups before progressing to 

the removal of CTAB. To achieve this, the prepared Au@MSNs were dispersed in dry toluene under 

a N2 atmosphere and placed at 85 ºC under magnetic stirring, adding APTES and leaving the 

sample to react overnight under an inert atmosphere. Afterwards, the Au@MSNs were washed with 

toluene and ethanol removing the surfactant by washing with an ethanolic solution of NH4NO3 (10 

mg/mL NH4NO3 in 95 % ethanol). After several washes, RhBITC was added in a proportion of 1.38 

mg to 20 mg of Au@MSN and some washes were needed to remove the molecules that didn’t 

adhere to the amine groups on the silica shell, thus becoming the final product denominated 

Au@MSN-RhBITC. The nanohybrids were dried and kept in powder form, to avoid silica shell 

degradation, as per explained in 2.3.4 section. 
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3.1.2. Hybrids nanocharacterization 

 

To better understand the physical and chemical properties of the Au@MSN-RhBITC 

nanohybrids, these must be characterized by several different techniques that will allow to know 

size, fluorescence and their correct assembly, among others. The methods used are comprised of 

Transmission Electron Microscopy (TEM), Dynamic Light Scattering (DLS), UV-Vis-NIR absorption 

spectroscopy and fluorescence spectroscopy5, which are described in more detail in the following 

sections. 

 

3.1.2.1. Transmission Electron Microscopy 

 

TEM is a microscopy technique in which an electron beam reaches a sample, scattering 

electrons, generating contrast and producing an image (115). This technique is very useful in 

detecting very small objects, as they cannot be perceived by light microscopy. A distinctiveness in 

this method is the fact that samples must be placed under vacuum conditions, in order to allow 

the movement of electrons without influence of the electromagnetic fields produced by exterior 

currents and charges (116). This is a rather important feature, since these microscopes rely on 

solenoids to generate a magnetic field, which affects the electron beam’s focal length similarly to 

light and convex glass lens found in standard microscopes, focusing the electron beam (117).  

 

Experimental settings used: 

For this characterization, the equipment used was JEOL 2100 HT 200kV TEM (Cryo & 

Tomography). A drop of 200 µg/ml was pipetted onto a Formvar/Carbon Supported Copper Grids 

(size 400 mesh, thickness: 10 nm Formvar and 1 nm Carbon) grid, and for the imaging 200 kV 

electron beam was used. After focusing and some sample scanning, a characteristic area of the 

sample was selected for TEM image data acquisition. 

 

                                                           
5 Characterization experiments were performed by Dr. Juan Luis Paris and results analyzed by MSc. candidate. 
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3.1.2.2. Dynamic Light Scattering  

 

The Dynamic Light Scattering is a method used to determine the hydrodynamic size of particles 

dispersed in a solution (118). DLS is based on the scattering of the incident light by the particles, 

as the angle of scattering is dependent on the particle size, as smaller particles scatter less light 

than larger particles (119). This angle can be measured by a detector, usually at 90ᵒ or one at 

173ᵒ (depending on its position in relation to the sample), since it’s the angles at which the dust 

contamination detection is lowest (120).  

 

Experimental settings used: 

A Horiba Dynamic Light Scattering System SZ-100Z instrument was used in the following 

parameters: 90ᵒ angle detection, five repetitions of measurements with 60 seconds integration 

time on 200 µg/ml Au@MSN and Au@MSN-RhBITC hybrids (in water) samples, of which 1 ml was 

placed in a disposable plastic cuvette. The results were compiled and represented using Excel. 

 

3.1.2.3. UV-Visible-NIR absorption spectroscopy 

 

Spectroscopy is a group of techniques that comprise the study of the interactions between 

electromagnetic radiation and a matter of interest, and different kinds of techniques can be divided 

according to what they study, which can be the energies involved, the type of transitions that can 

occur between energy levels of a molecule subjected to incident radiation and whether the 

molecules assessed absorb or emit the energy (121). The absorption of electromagnetic radiation 

causes the molecule to transition from a lower-energy state to a higher-energy state, happening 

only when the incident radiation has equal energy to the one separating the molecule’s energy 

states (121). Kumar (121) also refers specifically that UV-Visible radiation promotes the molecule’s 

valence electrons to a higher-energy state, while infrared radiation changes the molecule’s 

vibrational energy. In Figure 7, an adapted Jablonski diagram (122) illustrates the energy levels of 

a phosphorescent molecule, where absorption is indicated by the arrow “A”. 
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In the case of UV-Visible-NIR absorption spectroscopy, this approach is based on the 

absorbance of the wavelength (in the range of 400 to 900 nm) by the samples, which can vary due 

to differences in composition and size of the particles in solution, although it can also be used to 

measure concentration and aggregation level with a few changes to the standard model used (123).  

 

Experimental settings used: 

The absorption for both Au@MSN and Au@MSN-RhBITC was assessed using a UV-Vis-NIR 

spectrometer (LAMBDA 950, Perkin-Elmer), in a quartz cuvette (1 cm per side and clear in all 

sides) and the results were compiled and represented using Excel. 

 

3.1.2.4. Fluorescence spectroscopy 

 

Fluorescence spectroscopy is suited for the study of a different type of interaction between 

electromagnetic radiation and the molecules, when compared to the absorption spectroscopy. In 

this case, instead of studying the absorption of radiation by molecules of interest, it is studied the 

emission of radiation by said molecules, during their decay from the relaxed electronic excited to 

the electronic ground state manifold, indicated in Figure 7 by the arrow “B”. Regarding 

fluorescence, since there is always loss of energy by other processes other than radiative, the 

energy of the emitted light is lower than the absorbed light, meaning that the emission occurs at 

higher wavelengths than the absorption ones, since they are less energetic (121).  

Figure 7 –  Diagram illustrating energy levels of a phosporescent molecule (F and N are stable 

energy levels, while M is a metastable energy level), with Anti-Stokes processes: A – Absorption, 

B – Fluorescence, C – Transition to metastable level, D – Thermal excitation, E and G –

Phosphorescence and H – Absorbance of very small transition probability. Adapted from Jabłoński 

(122). 
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Experimental settings used: 

For this experiment, a microplate reader (Synergy H1, Biotek) was used. The excitation was 

set at 560 nm, and experiments performed at room temperature ( 25 ºC), while the fluorescence 

emission wavelengths measured for both Au@MSN and Au@MSN-RhBITC were between 590 – 

700 nm using while the results were compiled and represented using Excel. 

 

3.2.  Functional characterization of the nanohybrids 

 

In order to perform functional characterization of the nanohybrids, firstly a photothermal 

conversion study will be executed, to understand how much do the nanohybrids in solution heat 

after irradiation with an 808 nm laser. Afterwards, the thermal sensitivity of the nanohybrids will 

also be assessed, to understand how temperature influences their fluorescence lifetime.  

 

3.2.1. Photothermal conversion study 

 

The photothermal conversion refers to the ability certain materials have to absorb photons and 

convert that energy into heat (124). To assess the temperature of the sample, a thermocouple was 

dipped on the cuvette, away from the laser’s incident point, to avoid a direct heating and incorrect 

measurements. This temperature assay method is based on Seebeck’s effect, which is focused on 

the measurement of heat by the contact between the thermocouple’s tip and the sample, 

converting it into electricity (75). The tip of the thermocouple is made of two metallic wires that 

convert the temperature into voltage, allowing the comparison of the voltage values with a 

temperature reference table, or automatically convert them with a digital thermometer, which is 

the method used and is visible on Figure 8.  

 

Experimental settings used: 

In frame of this project, a photothermal conversion set-up was upgraded by adding an acrylic 

holder designed to fit a small cuvette (provided by Filipe Camarneiro) and hold it in the 808 nm 

laser excitation beam (dst11-DILAS-50W-808nm-400µ-0.22NA-t19286-503 device (type 503) with 

M1F4S22-808.5-50C-SS5.2 laser assembled, OsTech Electro Optical Instruments), which 
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contained the nanohybrids at different concentrations (0; 50; 100; 200 and 500 µg/mL) dispersed 

in water. Both the sample with and without RhBITC were assessed, to understand if the RhBITC 

had any influence on the heating component. An 808 nm laser was used to irradiate the cuvette, 

in order to generate heat, and it was irradiated until the maximum temperature was achieved, at 

two different laser powers of 1.3 W and 1.8 W, as measured with a power meter (1917-R , Newport) 

at the output of the laser-coupled fiber, based on previous studies (46,125). Afterwards, the laser 

was turned off and the cooling down of the sample was also timed, as a mean to obtain a 

photothermal dependency curve on concentration, as well as the time it takes to reach the peak 

temperature and how long it takes to cool down the sample. The sample with the same 

concentration was re-heated, to verify the stability of the hybrid over multiple heatings. For the 

temperature recording, a thermocouple probe (type K) connected to a thermocouple data logger 

(421509, Extech Instruments) was used, and the results were compiled and represented using 

Excel. 

 

 

 

 

 

 

 

 

3.2.2. Thermal sensitivity of the nanohybrids 

 

The fluorescence lifetime will be calibrated in dependency of temperature (126), with the RhB’s 

fluorescence lifetime being expected to decrease with the increase of temperature (68), allowing 

the attainment of a calibration curve. Using this calibration curve, it is possible to convert the cell’s 

fluorescence lifetimes after exposure to the nanohybrids into a temperature measurement, thus 

Figure 8 – Photothermal conversion set-up. A – Thermocouple placement and data logger with 

general overview of the irradiation set-up; B – Close-up of sample irradiation with 808 nm laser.  
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developing an intracellular thermometer. To achieve this goal, fluorescence lifetime 

characterization will be performed. 

 

3.2.2.1. Time correlated single photon counting (TCSPC) based fluorescence 

lifetime microscopy 

 

The thermal sensitivity of the nanohybrids is measured using the time correlated single photon 

counting (TCSPC) technique, and the fluorescence lifetime of RhBITC (present in the nanohybrids 

in study) that differs with changes in the sample’s temperature. TCSPC is a type of fluorescence 

spectroscopy, based on time resolution. Since reconstructing a photon fluorescence decay from a 

single excitation cycle would not be achievable, TCSPC uses a periodic laser pulse as the source 

of excitation, occurring in several cycles in which photons may be detected and their fluorescence 

decay profiles reconstructed, taking into account the time resolution (127).   

Wahl (127) refers TCSPC as a “start-stop” measurement (Figure 9), from which the information 

for the photon-arrivals histogram is obtained. After a laser pulse, the time between excitation and 

emission of a photon is measured, and then sorted into a histogram with a range of time bins. As 

time passes, the counts will drop in an exponential matter, as the likelihood of finding a molecule 

that has yet to emit fluorescence lessens, as the population of excited molecules decreases over 

time.  

 

Figure 9 – Measurement of start-stop times in time-resolved fluorescence measurement with 

TCSPC. Adapted from Wahl (127). 
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Experimental settings used: 

In this experiment, a custom-built FLIM set-up developed at UBNP was used. This set-up (Figure 

10) is an inverted confocal microscope (RM21TM - MCL) comprised of a microstage (with a travel 

distance of 25 mm in X/Y and 50 mm in Z) and a nanostage (with a 200 µm travel distance in 

X/Y/Z), with a top-stage UnoStage Okolab incubator. This incubator allows to place a sample on 

the stages and control its temperature, CO2 levels and humidity, which is useful for cells live 

imaging, as it maintains cells ideal environment conditions. The laser used is a 561 nm picosecond 

pulsed laser (BDS-561 SMY Picosecond Diode Laser, Becker & Hickl), which was chosen due to 

its spectral properties fitting the RhB’s excitation spectrum. This laser enters the microscope 

through a periscope and a beam expander, which has two lenses with different focal lengths in 

order to match the objective back aperture. The laser is reflected on a dichroic mirror (Di02-R561, 

Semrock) to the 100x oil objective (N.A. 1.45, W.D. 0.13, PlanApo, Nikon) that focuses the laser 

on the sample placed inside of the incubator. After hitting the sample, the emitted fluorescence is 

captured by the objective and sent through the dichroic mirror, which is followed by a 561 nm long 

pass filter (561 Edge Basic Longpass Filter, AHF). This fluorescence is focused through a 50 µm 

pinhole, as in accordance to the microscope’s confocal properties, and is then focused into a single 

photon counting Avalanche Photodiode (APD) detector, which is used to record time-dependent 

distribution of emitted photons after each laser pulse (128) in combination with the Single Photon 

Counting (SPC) electronics module (SPC130, Becker & Hickl), to which the Sync signal of the 

picosecond pulsed laser source is attached to allow TCSPC. 
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To obtain said calibration curve (that related fluorescence lifetime information to temperature), 

Au@MSN-RhBITC hybrids dispersed in Dulbecco’s Modified Eagle Medium (DMEM) with no phenol 

red at a concentration of 200 µg/mL were placed in 70 µL wells on a Petri dish, and incubated on 

the top-stage incubator. Several set points were programmed at the incubator (25; 30; 35; 40; 45 

and 50ºC), stabilizing the temperatures for 10 minutes before measurement. FLIM images were 

recorded at those temperatures. Since the incubator is open on the bottom to fit the objective, a 

heating sleeve was placed around the objective to guarantee the least possible heat loss. 

Figure 10 – Diagram of the optics involved in the FLIM measurements (M represents mirrors, while 

L represents lenses). The 561 nm laser enters the microscope passing by two lenses with different 

focal lengths. The laser is reflected on a dichroic mirror, focusing it on the sample placed inside of 

the incubator. The emitted fluorescence from the sample is captured by the objective and sent 

through the dichroic mirror, which is followed by a 561 nm long pass filter. This fluorescence is 

focused through a 50 µm pinhole and later enters the APD detector after focusing through two 

lenses.  



32 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data analysis  

Each measurement was taken three times, and using the Nanophotonics Toolbox developed 

at UBNP for MATLAB, with main contributions of Ricardo Adão, they were converted into 

fluorescence lifetimes. The algorithm used was Enderlein, using the modelled IRF function and a 

fit offset of 175 time bins, selecting the peak in a Gaussian fit, in which the predominant 

fluorescence lifetime was selected, as well as the FWHM. The Enderlein algorithm used was 

Figure 11 – Schematic representation of the set-up for FLIM imaging of the nanohybrids. In A is 

observed the 561 nm laser irradiation entering the set-up. In B the 561 nm laser is seen irradiating 

the sample, inside the top-stage incubator, from where the signal exits through the objective (not 

visible in the pictures), to the dichroic mirror and the 561 nm LP filter, as seen in C, to reach the 

detectors, also partially visible in A. The detector records the time-dependent distribution of emitted 

photons after each laser pulse, and TCSPC is performed after synchronization with the SPC 

module. 
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developed by Enderlein and Erdmann (129), as a way to perform appropriate deconvolution and 

fitting curves to decay registered in the fluorescence lifetime in TCSPC. Besides taking into account 

the Instrument Response Function (IRF), that contains information about the time profile of the 

excitation and characteristics of the system, this algorithm also takes into account the statistical 

character of the measured data (129).   

The data is collected with a binning on the temporal axis of 1024 bins. The TCSPC card has a 

minimum time window of 50 ns, which can be reduced to increase time resolution by increasing 

the time to amplitude converter (TAC) gain of the card. In this experiment, the TAC gain used was 

set at 2, changing the time window to 25 ns over 1024 time bins. The laser repetition rate used 

was of 50 MHz, which means that for every 20 ns, a laser pulse occurs. In Figure 12, the raw data 

is shown with intensity (counts per 20 ms) per channel. For the fitting, the first 175 bins were 

excluded as indicated by the red line. The offset was chosen in order to allow for a better fit of the 

algorithm’s curve, as there would be fluctuating peaks after the maximum (where the fit would 

automatically start), that would hinder the curve fit, as it would include parts dominated by IRF. 

 

 

 

 

 

 

 

 

 

 

 

 

Each repetition from the same condition was averaged and represented in a graph, where is 

possible to obtain a linear equation that fits the decay, which will then be used to convert the 

fluorescence lifetimes of the cells into temperature. 

 

Figure 12 – Curve fit using Enderlein algorithm, with a red line indicating the start of offset at 175 

time bins (around 1 ns).  
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3.3.  In vitro studies 

 

In this study, two cancer cell lines were used for in vitro live cell testing, HeLa and A431 cells. 

HeLa cells belong to the first immortal cell line established, harvested from cancerous cervical 

tissue (130). These cells are known for their fast proliferation and for having an active version of 

telomerase during cell division. Shortening of telomeres is associated to cell aging and consequent 

death, which in the case of HeLa cells, does not happen since telomerase continues to act 

perpetually, leading to tumor growth (131). A431 cells belong to human epidermoid carcinoma, 

with a particular feature of having a great number of high affinity epidermal growth factor receptors 

(EGFR) in the cell membrane (132), which are responsible for tumor growth, invasion and 

metastasis (133). These factors are highly controlled in healthy cells, to maintain cell proliferation 

under homeostasis standards, while in cancer cells these factors are under continuous activation 

due to a mutation that causes an increase in EGFR ligands in the tumor microenvironment (133). 

 

3.3.1. Cell culture  

 

For the cell culture task, the cells used were of HeLa and A431 cell lines. Both these cell lines 

are considered adherent, and their maintenance protocol is equivalent. The cells were kept in a 

growth flask of  10 mL volume, at 37.5 C, 5% CO2. The media used are DMEM High Glucose for 

A431 cells, Minimum Essential Medium (MEM) for HeLa cells, both from Biowest® and 

supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin. The cell’s 

medium is changed every time the confluence goes to a minimum of 80%. In the case of 

fluorescence-based experiments, the cells were placed in phenol-red-free DMEM, in order not to 

interfere with the gold nanorods’ fluorescence and increase the background noise.  

 

Experimental settings used: 

In each passage, consumed medium is discarded, the cells are washed three times with 5 mL 

of Phosphate Buffer Solution 1X (PBS) (Corning®) each time to remove debris, and 1 + 1 mL of 

trypsin-EDTA is applied after washing (2 mL are applied to make sure the whole flask is covered, 

and 1 mL is immediately discarded to avoid cellular death by excess trypsin exposure). After a few 



35 
 

minutes of incubation with trypsin, which are variable according to the confluence shown, 9 mL of 

medium are added to inactivate the trypsin and the cells are re-suspended. The cells are re-seeded 

at the proportion cell suspension/medium needed. The cell lines were previously established and 

maintained by the UBNP group at INL, and were maintained in liquid nitrogen ( -200 C) until 

they were required for experiments. 

 

 

 

 

 

 

 

 

3.3.2. Biocompatibility assay 

 

The biocompatibility assay was performed by Trypan Blue exclusion test cell viability assay. In 

this test, the cells are regarded as viable by having a clear cytoplasm, or nonviable by having blue 

cytoplasm (134). 

The procedure is started by seeding cells at a 10000 cells/well density, leaving them to 

incubate for 24 hours before incubation with the nanohybrid. This was done to ensure the cells 

would adhere to the 96-well microplate they were seeded on, and were on ideal growth conditions 

to internalize the nanohybrid. There were three plates seeded, one plate per incubation time (24; 

48 and 72 hours). After the initial incubation, each well is washed three times with PBS before 

applying the nanohybrid, which was applied at three different concentrations: 50; 100 and 200 

µg/mL, as well as maintaining a control well without Au@MSN-RhBITC exposure. Each 

concentration had three wells to serve as replicas, in every microplate. The nanohybrid was 

dispersed in medium without FBS, to avoid foam formation. 

Figure 13 – A – HeLa cells observed at 40x magnification; B – A431 cells observed at 10x 

magnification. Images obtained with Nikon Digital Sight DS-FI1. 
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After each incubation time, the medium with nanohybrid was taken out, and the wells were 

washed with PBS, discarding it and replacing with trypsin, to detach the cells and collect them into 

eppendorfs, to be centrifuged for 5 minutes, 6000 rpm. The supernatant is discarded and replaced 

with 100 µl of PBS to resuspend the pellet. From this solution, 10 µl are combined with 10 µl of 

Trypan Blue dye solution, and from this mix, 10 µl are used for cell counting at a hemocytometer. 

Two calculations were performed with the cell counting data using Equation 3 (calculating the total 

number of cells per well) and Equation 4 (calculating the percentage of alive cells per well). 

 

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠/𝑤𝑒𝑙𝑙 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 (𝑡𝑜𝑡𝑎𝑙)

4
 × 2 × 10000 ×

1

10
 

Equation 3 

 

 

𝐴𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 (𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒/𝑤𝑒𝑙𝑙) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
 × 100 

Equation 4 

 

These calculations were performed for each well, and then for the three replicas of the same 

conditions the results were averaged. The results were compiled and represented using Excel. 

 

3.3.3. Live cell confocal microscopy 

 

Conventional microscopy presents several pitfalls regarding live cell imaging, where the whole 

field of sample is illuminated and visualized. The method represents a minor optical section and 

does not allow for 3D imaging. Confocal microscopy focuses a light excitation beam through the 

microscope objective to a focal volume that is diffraction-limited.  Then, fluorescence emission is 

detected back through the same objective, and only the emission from that excitation volume 

reaches the detector, as a pinhole aperture is chosen to selectively and exclusively let light emitted 

from the focal volume to pass through, while blocking any other light outside of the focal plane. 

This allows to obtain very high quality images, with 3D optical sectioning. Besides only focusing on 
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an individual plane, confocal microscopy also allows to perform a “stack” of confocal image planes, 

scanning in different sample planes and reconstructing the scans in a 3D image, thereby 

representing a sample volume (135). 

 

Experimental settings used: 

In order to verify the internalization of the nanohybrids, confocal microscopy was performed6 

after 12 and 24 hours of exposure in both HeLa and A431 cell lines (7500 cells per well of total 

volume of 70 µL. Concentration of the nanohybrid was adjusted to 200 µg/mL). Thirty minutes 

before confocal imaging, LysoHunt Blue DND-22 was added at a concentration of 50 nM to each 

well, in order to stain lysosomes. After that period of incubation, the medium containing the 

nanohybrids and the LysoHunt was removed and replaced with fresh medium, which for the 

success of this experiment, had to be DMEM without phenol red, so it wouldn’t interfere with the 

sample’s fluorescence.  

 For multi-color imaging and co-localization studies, a confocal microscope (LSM780, Zeiss) 

was used, with images obtained with a 63x oil objective (Plan-Apochromat 63x/ N.A. 1.40 Oil DIC 

M27, Nikon). The excitation and detection channels were optimized for LysoHunt Blue DND-22 and 

RhBITC, irradiating the sample with 405 nm and 561 nm lasers, to excite each dye respectively, 

as LysoHunt Blue DND-22 has a peak emission at 422 nm while for RhBITC is at 568 nm (emission 

wavelengths presented for equivalent dyes of LysoTracker Blue and Rhodamine B respectively, 

consulted at AAT Bioquest Spectrum Viewer (136)). With the laser of 405 nm, the power was set 

at 100%, with a gain of 600 and a detection window set in the range of 411 to 530 nm. With the 

laser of 561 nm, the power was set at 100%, with a gain of 700 and a detection window set in the 

range of 612 nm to 740 nm.  

The results obtained were analyzed with ImageJ, with the data associated to spectral channels 

represented in different colors and merged for the discussion of internal localization. 

  

                                                           
6 Experiment was performed by Filipe Camarneiro and results analyzed by MSc candidate. 
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3.3.4. Live cell FLIM microscopy for intracellular thermometry 

 

In order to obtain an intracellular temperature sensing, cells were seeded in a 35mm glass µ-

dish (ref. 81158, ibidi), at a 7500 cells/mL density, with one pair of silicon wells (ref. 80209, ibidi) 

placed inside, with a volume of about 70 µl. The nanohybrids were added after 24 hours of cell 

incubation, at a concentration of 200 µg/mL, placed at an exposure time of 12 and 24 hours. This 

procedure was done for HeLa and A431 cells. 

For the intracellular heating process, an 808 nm laser was added to the FLIM set-up (described 

in 3.2.2.1). The laser output port was mounted on top of the inverted microscope, at approximately 

the same distance towards the sample, as the one used in the cuvette based experiments on 

photothermal conversion (3.2.1), which was about 13 cm, to irradiate the sample under the same 

conditions. 

 

Experimental settings used:  

The samples were irradiated at 808 nm, with 1.3 W and 1.8 W laser power, for several time 

intervals (3; 6; 9 and 15 minutes). The FLIM microscopy settings used were the same as used for 

calibration curve recordings (3.2.2.1).  

The results obtained were analyzed with MATLAB, using the Nanophotonics Toolbox developed 

at UBNP, while the images that refer to cell area selection and temperature underwent additional 

formatting using Inkscape. 
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Figure 15 – Close-up of inverted FLIM set-up with 808 nm laser coupled on top for irradiation of 

the sample. 

Figure 14 – Picture of the FLIM setup at INL’s laser laboratory, with relevant components of the 

inverted FLIM set-up highlighted, including:  the 808 nm laser added for photothermal experiments; 

the graphical user interface of a custom microscope control software and SPC module; the 

incubator controller; APD detectors alongside the inverted confocal microscope. 
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Chapter 4 - Results and discussion 

 

4.1.  Au@MSN and Au@MSN-RhBITC nanocharacterization 

 

In this sub-section will be presented the results obtained after assessing the physicochemical 

properties of the hybrid nanoparticles, composed of a light absorbing gold nanorod core and a 

mesoporous silica shell. The influence of the presence of RhBITC on the nanohybrid was also taken 

into account for the characterization experiments, in which relevant parameters such as 

morphology, size, as well as optical properties, absorption and fluorescence properties of the 

hybrids were studied to test their suitability for cellular uptake and in vitro studies 

 

4.1.1. Morphological characterization using TEM 

 

For the TEM microscopy, it was of interest to observe the nanohybrids’ size, as well as to 

understand their morphology, verifying the presence of an integer mesoporous silica shell with a 

nanorod core (Figure 16 and Figure 17).  

Figure 16 – TEM micrographs of Au@MSN particles. Sizes of the nanohybrids are noted to be 

around 100 nm, with pores visible around the nanoshell.  
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In Figure 16 are represented the TEM micrographs obtained from the Au@MSN nanorods, 

where it is possible to verify the lack of aggregates, meaning the particles were successfully 

dispersed. The size of the particles is consistent with the sizes obtained through DLS analysis, with 

about 100 nm for each nanorod (including its shell), and the pores in said shell are notably evident, 

which can be valuable in future experiments that may make use of these pores to load drugs for 

targeted delivery (as long as their size is well-defined and very precise (137)). This confirms not 

only the goal in enveloping the nanorods with a shell, but also the success in forming its pores. In 

Figure 17 are represented the nanohybrids modified with RhBITC, showing the same size and shell 

properties as the unmodified hybrids, although also presenting more aggregation.  

Something that is common to both samples is the presence of empty silica shells, which is 

explained by the shell formation process. After the formation of the gold nanorods, the silica is 

added and it envelops the particles in solution, as CTAB is added to provide a mold for the silica 

structure to be formed around the gold core. This structure is derived from TEOS, which is a silica 

based compound, and allows the formation of a shell with pores, whose size can be tuned by 

changing the concentration of both TEOS and surfactant (CTAB) (138), and by changing the 

process of formation, as per instance, the work of Jambhrunkar et al. (139), who developed a novel 

way based on vapor deposition to achieve angstrom-precise pore size.  The nanorods will be then 

Figure 17 – TEM micrographs of Au@MSN-RhBITC particles. Sizes of the nanohybrids are noted to 

be around 100 nm, with pores less visible around the nanoshell, due to concealing done by the 

RhBITC functionalization. 
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coated with CTAB and posteriorly TEOS, and the excess of these reagents will form hollow shells. 

However, this is an infrequent occurrence, as presented in the results obtained.  

Regarding the pores, both samples are considered to be mesoporous, although the pores are 

more easily seen in the sample without RhBITC, as the functionalization makes it harder to observe 

the mesoporous structure (140). Nonetheless, the structure is present in both formulations and 

may be used in future drug-loading applications. 

The results obtained by TEM show the presence of the intended mesoporous properties of the 

nanohybrids, as well as verifying the integrity of the silica shell and the successful synthesis, as it 

presents very little aggregates, few empty silica shells and a consistent and suitable size for cellular 

application. 

 

4.1.2. Hydrodynamic size characterization by DLS  

 

The aim of this analysis was to confirm the nanohybrids’ size, as DLS may also be used to 

assess their surface charge, useful to understand interaction of the cells with the nanohybrids 

(Figure 18). 

 

 

 

 

 

 

 

 

 

 

Figure 18 – Average size distribution of the Au@MSN and Au@MSN-RhBITC samples. Particle size 

is expected to be about 110 nm without RhBITC, and 127 nm with RhBITC. 

In Figure 18, it is shown the distribution of sizes by frequency of the nanohybrids, both with and 

without RhBITC on their surface. To determine the average size of the nanorods, the peak sizes of 
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each repetition were averaged, and as shown in the table that accompanies the graph, the particle 

is expected to be about 110 nm without RhBITC, and 127 nm with RhBITC. More detailed graphs 

with each of the repetitions (five per sample), and graphs done with a linear scale can be found in 

the Annexes – 1 section (Supplementary figure 2, Supplementary figure 3 and Supplementary 

figure 4). The DLS measurement demonstrated that the nanorods with RhBITC are slightly larger 

than the ones without RhBITC, and this variance is not believed to have repercussions in terms of 

cellular internalization, as studies by Zhu et al.  (141) suggest a maximum recommended 

nanoparticle diameter of 160 nm for HeLa cells specifically, while Rejman et al.  (142) verified that 

non-phagocytic eukaryotic cells can internalize nanoparticles up to 500 nm when using energy-

dependent processes. The sizes obtained by DLS measurement is consistent with the ones 

obtained in the TEM assay, thus appropriate for cellular application. 

 

4.1.3. UV-Vis-NIR absorption spectroscopy analysis 

 

To understand further the composition of the nanohybrids, their absorbance spectroscopy was 

studied (Figure 19), to confirm the presence of RhBITC attached, as it was not possible to do so in 

DLS or TEM measurements. The complete set of results can be found in Annexes - 3 section, in 

Supplementary table 1. 

The results for both conditions show a peak in absorbance at about 780 nm, which is the 

region for the NIR plasmon absorption band, and one around 520 nm, which fall on the 510 – 540 

nm range, characteristic for the surface plasmon of gold (140). The results from the sample 

containing RhBITC also show a third peak, in the 560-575 nm region, which is the same wavelength 

as the emission wavelength of rhodamine B. 
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Figure 19 – Absorbance spectra taken on the bare mesoporous silica particles with gold nanorod 

core (Au@MSN) and on the RhBITC-loaded nanohybrids (Au@MSN-RhBITC). Both conditions show 

a peak in absorbance at about 780 nm (NIR plasmon absorption band), and one around 520 nm 

which is a characteristic region for the surface plasmon of gold. In the sample with RhBITC there 

is a third peak of absorbance in the 560-575 nm region, which is the same wavelength as the 

emission wavelength of RhB. 

 

This allow the confirmation that RhBITC was successfully grafted to the nanoparticle’s 

surface, as the nanohybrids present an absorbance peak absent from the nanoparticles without 

RhBITC. 

 

4.1.4. Fluorescence spectroscopy 

 

To complement the UV-Vis-NIR results, the presence of RhBITC on the nanohybrids was also 

assessed by fluorescence spectroscopy (Figure 20). The complete set of results can be found in 

Annexes - 4 section, in Supplementary table 2. 

After excitation at 560 nm, which is within RhBITC’s excitation wavelengths range, the 

Au@MSN-RhBITC hybrids show fluorescence, also within RhBITC’s emission range (around 590 

nm), while the Au@MSN particles do not show any fluorescence in the entirety of wavelength’s 

range, which was expected, since they do not possess any intrinsic fluorescence by themselves. 
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This result proves the successful grafting of RhBITC to the Au@MSN particles’ surface, as 

nanohybrids present fluorescence, a characteristic entirely nonexistent from the nanoparticles 

without RhBITC.  

 

 

 

 

 

 

 

 

 

Figure 20 – Fluorescence emission spectra taken on the bare mesoporous silica particles with gold 

nanorod core (Au@MSN) and on the RhBITC-loaded nanohybrids (Au@MSN-RhBITC) upon 

excitation at 560 nm in aqueous solution at room temperature. Au@MSN-RhBITC hybrids show 

fluorescence within RhBITC’s emission range (around 590 nm), while Au@MSN particles do not 

show any fluorescence. 

 

In conclusion, the evaluated physicochemical properties of Au@MSN-RhBITC samples show 

an adequate size for cellular internalization, as well as optical properties that confirm the 

fluorescence and successful grafting of RhBITC to the nanohybrids’ surface. 
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4.2.  Functional characterization of the nanohybrids 

 

After characterization, the next challenge is to confirm the nanohybrids’ thermal heating 

aspect, owed to their light-absorbing gold core, and their temperature sensing characteristic, via 

RhBITC fluorescence lifetime dependence on temperature. In the following chapter, firstly will be 

discussed the results regarding the nanohybrids’ ability to generate heat by irradiation with a NIR 

laser, and afterwards their ability to sense temperature by their fluorescence lifetime in a relevant 

biological temperature window (25 to 50 ºC). 

 

4.2.1. Photothermal conversion study 

 

To understand the nanohybrids photothermal conversion, and its comparison between bare 

and dye-loaded particle, the sample was irradiated with a NIR laser until it reached a constant 

temperature, followed by blocking the laser path and allowing for the sample to cooldown. Several 

samples of different concentrations and irradiated at different laser powers were gathered. The 

time it took to reach peak temperature and cooldown points was also measured, and a 

representative graph of the results obtained can be found in Figure 21, while the results for every 

condition can be found in Annexes - 3 section (Supplementary figure 5 and Supplementary figure 

6). 

 

 

 

 

 

Figure 21 – Graph representing the data obtained on the photothermal conversion assay. The 

sample represented refers to Au@MSN-RhBITC nanohybrids at a concentration of 500 µg/mL, 

irradiated by two conditions of laser power (1.3 and 1.8 W). The sample reaches its highest 

temperatures at 1.8 W 808 nm laser power irradiation, taking around 20 minutes to reach their 

maximum temperature.  
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The results obtained in the photothermal conversion experiments depending on laser 

power, concentration and composition of the hybrid show a heat generation dependence’ on both 

the concentration of nanohybrid and the laser power chosen to irradiate the sample The control 

sample of H2O (which was irradiated at 1.8 W laser power) heated poorly, so it was proven that the 

heat as generated by nanohybrids. The samples at higher concentration of nanohybrid reached 

higher temperatures over a similar period of time when compared to lower concentration of 

nanohybrid, which proves the amount of nanohybrid is directly correlated with temperature. In a 

similar way, a higher laser power irradiation was also proved to have an effect on reaching higher 

temperatures. In order to better understand how these factors impact the temperature reached by 

the nanohybrids, the minimum temperature was subtracted to the maximum temperature reached 

by the sample, so as to get the ΔT. Such is graphically represented in Figure 22 and Figure 23, 

with detailed results in Table 1. It is also possible to notice extreme fluctuation of temperatures in 

some of the first temperature recordings, which were left out when calculating the ΔT, as they were 

some human experimental errors concerning the adjustment of the thermocouple’s position, as it 

incorrectly measured higher temperatures than the solution’s actual temperature since it was 

directly in the laser path, with its position being adjusted in the seconds that followed.  

 

 

 

 

 

 

 

 

 

 

Table 1 – Results for photothermal conversion ΔT in dependence of laser power, concentration of 

nanohybrid and nanohybrid composition. 

50 µg/mL 100 µg/mL 200 µg/mL 500 µg/mL

ΔT (ºC) 1.20 2.50 9.23 9.97

STDEV 0.432 1.25 2.17 1.00

ΔT (ºC) 1.77 5.23 11.1 14.6

STDEV 0.591 2.44 3.36 1.56

ΔT (ºC) 3.00 5.07 8.57 20.5

STDEV 0.990 1.51 1.94 4.07

ΔT (ºC) 5.17 8.80 12.0 26.2

STDEV 0.974 1.14 1.40 4.21
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The effect of laser power is assessed in Figure 22, in which is possible to understand that 

samples at the same concentration and with the same nanohybrid composition present a higher 

increase in temperature in every condition when irradiated at a higher laser power. Therefore, 

higher laser power is directly related with a temperature rise, since there is an increase in photons, 

thus increasing the energy available to be absorbed by the sample. 

  

Figure 22 – Comparison of ΔT depending on different sample’ concentrations and different laser 

power irradiation in A – Au@MSN nanohybrids and B – Au@MSN-RhBITC nanohybrids. In both 

samples, at higher laser power irradiation (1.8 W), higher ΔT is reached. 

Figure 23 – Comparison of ΔT depending on different sample’ concentrations and different 

nanohybrid composition in A – 1.3 W laser irradiation power and B – 1.8 W laser irradiation power. 

The samples containing RhBITC are shown to reach higher ΔT. 
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Regarding the influence of RhBITC on the temperature of the sample (Figure 23), both the bare 

(dark red) and RhBITC hybrids (red) are directly compared for 1.3 W of 808 nm illumination in 

Figure 23 - A and for 1.8 W in Figure 23 - B. 

The nanohybrid sample containing RhBITC was shown to generate more heat, which is 

especially noticeable at its highest concentration (500 µg/mL), with a difference between samples 

of 10.53 ºC and 11.6 ºC for 1.3 W and 1.8 W conditions respectively. This difference can be 

explained by the fact that RhBITC is very soluble (111), which makes the nanohybrids easier to 

disperse in water (as was done for preparation of this solution) and slowing down particle 

aggregation. It was noticed that some deposition of the nanohybrids occurs at the bottom of the 

cuvette as the measurement progresses, which signifies that in more prolonged experiments there 

would be less nanohybrids in solution that would contribute to heat generation, as they are no 

longer exposed to the 808 nm laser, which was lined up to the middle part of the cuvette (Figure 

8 – B). Since the photothermal conversion experiments were prolonged, this aspect may be 

deflected if the sample undergoes simultaneous stirring, although this movement may have other 

effects on sample temperature unrelated with laser irradiation. While this was not to be considered 

in the scope of this project, it may be studied in future experiments.  

In conclusion, Au@MSN-RhBITC should be suitable to carry out photothermal therapy, since 

they were capable of increasing the temperature of the medium they are dispersed in when 

irradiated with a NIR laser. The extent of the heating obtained was proven to be directly dependent 

on laser power and concentration, and secondarily related to the nanohybrid composition. Although 

high ΔT’s were obtained, for the final aim of this project, the temperature rise should not exceed 

10 ºC, as it will surpass the level of hyperthermia wanted and enter levels of temperature already 

known to cause irreversible injury (over 48 ºC, as the irradiated tissue is normally at 37.5ºC) (33). 

Accordingly, at the concentration of 500 µg/mL the generated heat is already exceeding what the 

tissue could handle before irreversible injury, while at 50 µg/mL and 100 µg/mL the heat that was 

generated may not be enough to enter a hyperthermia desired stage. With these results, it was 

then determined to use a 200 µg/mL concentration for the next experiments, as it was proven to 

generate the ideal amount heat for the purpose aimed in this project. 
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4.2.2. Thermal sensitivity of the nanohybrids 

 

The following step of the experiment was to understand how the fluorescence lifetime of the 

nanohybrids depended on temperature, in the same concentration used for the in vitro assays, by 

using an incubator to set the sample’s temperature, while the image was taken by FLIM. To assess 

the fluorescence lifetimes, an analysis was performed on MATLAB using the Nanophotonics 

Toolbox. The algorithm used was Enderlein, with modelled IRF and a fit offset of 175 time bins. 

The image was ran through the FLIM Image command, and the result obtained would divide the 

counts by time bins, in which a Gaussian curve was fitted. The software fits the model to all pixels 

of the recorded image and the most occurring fluorescence lifetime was the one determined for 

the whole sample and placed in the graph as the fluorescence lifetime, in order to get the calibration 

curve, with three fluorescence lifetime points for each condition. These were averaged and the 

standard deviation calculated to serve as the error for each condition tested.  

 

 

 

 

 

 

 

In Figure 24, the shift in occurrences of fluorescence lifetime depending on temperature is 

noticeable, as the fluorescence lifetime decreases with an increase in temperature. However, the 

temperature conditions’ are not confined to a small distribution of fluorescence lifetimes, since 

there are fluorescence lifetimes that are occurring in more than one condition, although in different 

frequencies.  

Figure 24 – Frequency of fluorescence lifetimes recorded for each temperature condition, in 

percentage. The lower temperatures show higher occurrences’ percentage in higher fluorescence 

lifetimes values, while at higher temperatures, the occurrences befall in lower fluorescence lifetime 

values. 
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After selecting the most pertinent temperature points for in vitro and hyperthermia 

consideration (≥ 35 ºC), the calibration curve was obtained, which shows a fluorescence lifetime 

decrease as the temperature of the sample increases (Figure 25). This decrease was expected, as 

per explained by Mercadé-Prieto et al. (68), who verified the same dependency for RhB. Each 

sample presents itself as heterogeneous due to absence of region selection and inclusion of 

nanohybrids’ aggregates, as well as regions where the nanohybrids weren’t present, causing the 

denoted error bars in Figure 25, as well as the big fluorescence lifetime distributions seen in Figure 

24. However, since the imaging was always taken in the same area, the repetitions were 

homogeneous when in comparison, allowing for very little disparity in the sample’s most occurring 

fluorescence lifetime. Along with the results obtained, a dotted curve was plotted, showing the 

results expected for higher temperatures up to 100 ºC. The full display of FLIM images is found in 

Annexes - 6 section, Supplementary figure 7 to Supplementary figure 10, with Supplementary table 

3 showing the fluorescence lifetime values used to obtain the calibration curve. 

Besides assessing fluorescence lifetime, since the nanohybrids’ sample was the same for every 

measurement, it suggests that the nanohybrids may be used for repeated experiments, as they 

continue exhibiting fluorescence throughout the increase in temperature. 

Equation 5 represents the linear fit obtained of the calibration curve: 

𝑦 =  −0.0351𝑥 + 3.7207 

Equation 5 

Figure 25 – Calibration curve of the Au@MSN-RhBITC nanohybrids. In red is represented the 

measured points and in blue the predicted fluorescence lifetimes when considering the calibration 

curve presented. The fluorescence lifetimes of the sample decrease as the temperature increases. 



52 
 

After adjusting to the temperature converting function, where z is the temperature in ºC and 

tau the fluorescence lifetime (in ns), the equation for the fluorescence lifetime conversion into 

temperature is denoted by Equation 6: 

𝑧 =
(𝑡𝑎𝑢 − 3.7207)

−0.0351
 

Equation 6 

 

One aspect that could influence this calibration curve is the pH of the sample. We have found 

that alterations in pH induce differences in fluorescence lifetime of the nanohybrids (results that 

can be found in the Annexes – section 6, Supplementary figure 11), which may be interesting to 

analyze further, as intracellular environment also present different pHs in the various organelles 

(143). Expanding into this subject could show how the pH causes artifacts and changes in the 

fluorescence lifetime throughout the cell, and perhaps lead to different calibration curves for each 

organelle. This would require testing the nanohybrids fluorescence lifetime’ dependence on the pH 

by using extremely precise pH measuring tools, as well as organelle-specific staining, to find the 

areas in which to apply each calibration curve. 

To calculate the nanohybrids’ relative sensitivity, which is defined by Equation 7 (62), where Q 

represents the quenching of fluorescence and T corresponds to temperature. The calculated 

sensitivity between 35 and 50 ºC was around 0.23% ºC-1.  

𝑆 =  
( 𝜕𝑄

𝜕𝑇
)

𝑄
 

Equation 7 

 

Coppeta and Rogers (144) have assessed several fluorescent dyes’ sensitivity, including that 

of RhB, in which the fluorescence intensity was assessed in the range of 20 to 60 ºC, reporting a 

change of -1.54 ± 0.03% per degree ºC, while Estrada-Pérez (145) mention a higher sensitivity (of 

2.0% ºC-1) when using a conjugate of RhB with Rhodamine 110.  

A novel nanohybrid established for intracellular temperature has previously been developed at 

UBNP, by Silva et al. (146), making use of the temperature-sensitive fluorescence lifetime of GFPs, 
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and incorporating them into the actin filaments of HeLa cells, thus reporting their temperature 

increase after undergoing magnetic hyperthermia treatment via incubation with magnetic 

nanoparticles. This nanohybrid showed a maximum sensitivity at 29ºC, with a value of 0.23% ºC-1. 

Arai et al. (147) have studied mitochondria temperatures by fluorescence thermometry using a dye 

called MitoThermo Yellow, reporting up to 2.8% ºC-1 in sensitivity. Savchuk et al. (64) have also 

established a mitochondrial thermometer with a sensitivity of 2.2% ºC-1 based on the peak shift 

parameters.  

These results suggest that the sensitivity obtained was lower than what is usually employed as 

a intracellular fluorescent thermometer, but changes in pH that influence the degradation and 

affects affinity of the RhBITC to acidic organelles (lysosomes, endosomes, protein pumps, Golgi 

complex, among others (148,149)) may have influenced the success on using RhBITC as a 

temperature sensor in this project. A pH-controlled environment would be the key in the next testing 

steps of this experiment, to ensure the best outcome in using RhBITC as a temperature sensor.  
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4.3.  In vitro studies 

 

In order to evaluate the interaction between the Au@MSN-RhBITC nanohybrids and the in vitro 

cell models, as well as the intracellular thermometry measurements, several assays were 

performed. The biocompatibility test allowed to understand if the nanohybrids could be used while 

maintaining cell viability, while live confocal microscopy was used to understand their intracellular 

localization. Lastly, live cell FLIM microscopy allowed for cellular imaging dependent on its 

fluorescence lifetime, allowing for simultaneous intracellular thermometry. 

 

4.3.1. Biocompatibility assay 

 

After characterizing the nanoparticles and demonstrating their functionality for local heating 

and temperature sensing, it is of interest to assess their biocompatibility, to guarantee their success 

on future in vitro live cell applications. 

It’s noticeable in Figure 26 – A that all the conditions for HeLa cells experienced cell growth, 

as they all increased the number of cells in each well. However, the large variability in the 

measurement, possibly related to the seeding process, prevents the drawing of conclusions 

regarding the effect of the nanoparticles on cell proliferation. In any case, since the main goal of 

this experiment was to evaluate the effect of the nanoparticles on cellular viability (which is a relative 

measurement and will not be affected by this issue), it was performed an analysis on the results 

related to the percentage of cells dead and alive after treatment. Figure 26 - B shows the 

percentage of cellular viability after nanoparticle incubation with cells. All of the tested conditions 

show a cell viability percentage above 89%, which indicates that the nanoparticles are well tolerated 

by the cells even at 200 µg/mL and up to at least 72 h.  
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Contrary to what was observed on HeLa cells, A431 cells showed a noteworthy difference in 

growth at different time periods, considering that all wells started with a density of about 10000 

cells per well, a growth of 193%, 700% and 1500% correspond to 24, 48 and 72 hours respectively 

(Figure 27 – A). For HeLa cells, the growth was 88%, 145% and 97% for the same conditions 

respectively. This may be due to differences in each cell lines’ properties, as HeLa cells have a 

doubling time of about 40 to 48 hours (150) , which means after that period they may have reached 

their maximum growth and confluency and may start to die, whilst A431 cells take 80 to 100 hours 

to double (151), meaning that at 72 hours, the cells are still in doubling process, showing a higher 

growth in the end. In terms of biocompatibility with the nanohybrids, the results obtained showed 

slightly better results to the ones attained from HeLa cells, with every condition showing a cellular 

viability of over 94% (Figure 27 - B). 

  

Figure 27 – A – Number of A431 cells per condition; B – Cell viability (percentage of alive cells). 

The cells retain cellular viability up to at least 72 hours, as they present percentages of living cells 

over 94 % for every condition of exposure time and concentration of Au@MSN-RhBITC nanohybrids 

tested. 

Figure 26 – A – Number of HeLa cells per condition; B – Cell viability (percentage of live cells). 

The cells retain cellular viability up to at least 72 hours, as they present percentages of living cells 

over 89 % for every condition of exposure time and concentration of Au@MSN-RhBITC nanohybrids 

tested. 
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While for both cell lines cytotoxicity seems to be very low, as per the ISO10993-5 standard that 

indicates that biocompatibility is achieved with a cell viability of over 70% (152), there are some 

issues associated with the method in which the results are obtained from. The cell viability test 

used, known as the Trypan Blue exclusion test of cell viability, relies on membrane integrity that 

prevents the dye from entering on living cells (134), and has been used for evaluating 

nanoparticles’ cytotoxicity in numerous articles (153,154). However, many additional factors other 

than nanoparticle-caused damage may destroy the membrane or disrupt its integrity, as well as 

other kinds of toxicity may happen and go undetected, which makes this assay fairly unreliable. 

Unfortunately, there were many incompatibilities with other tests available, which made this the 

only solution obtainable. For instance, using the MTT test meant that there could be an 

enhancement of exocytosis of the formazan crystals by the presence of the mesoporous silica shell 

(155), leading to incorrect results, while MTS test absorbs in the same wavelength as gold (at 490-

500 nm) (156,157), as well as Alamar Blue®, which has the same absorption wavelength as RhB 

(158,159) and resazurin whose absorption spectrum coincides with the emission spectra of RhB 

(160). In Annexes - 7 section is presented Supplementary table 4 and Supplementary table 5, that 

contain the full results for the biocompatibility assays. 

In summary, these results prove that these nanohybrids are biocompatible and well-suited for 

in vitro assays at concentrations of up to 200 µg/mL. 

 

4.3.2. Live cell confocal microscopy  

 

To further understand nanohybrids’ internalization, cells were incubated with nanohybrids at 

200 µg/mL, as well with a lysosomes-specific dye, to visualize the location of the nanohybrids after 

internalization, which was done at 12 and 24 hours for each cell line (Figure 28 and Figure 29). 

Figure 28 and Figure 29 show the results obtained from confocal imaging, in which both cell 

lines were incubated with LysoHunt Blue DND-22. The dye was excited at 405 nm laser irradiation, 

while laser irradiation at 561 nm was used to excite the RhBITC in the Au@MSN-RhBITC 

nanohybrids. The goal was to see places where the fluorescence would appear in both conditions, 

in order to confirm if the nanohybrids were internalized and if they were still present and maintained 

some integrity after 24 hours of exposure. The images shown already merge both wavelengths of 

irradiation, and in red are shown the results obtained by irradiation of the LysoHunt, while in blue 
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are the Au@MSN-RhBITC nanohybrids. The individual images, as well as camera images, may be 

found in the Annexes – 8 section (Supplementary figure 12 to Supplementary figure 15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29 – A431 cells with Au@MSN-RhBITC nanohybrids at 200 µg/mL, exposed in A – 12 

hours and B – 24 hours. In red is represented LysoHunt Blue DND-22 dye, while in blue are 

represented Au@MSN-RhBITC nanohybrids. 

Figure 28 – HeLa cells with Au@MSN-RhBITC nanohybrids at 200 µg/mL, exposed in A – 12 

hours and B – 24 hours. In red is represented LysoHunt Blue DND-22 dye, while in blue are 

represented Au@MSN-RhBITC nanohybrids. 



58 
 

The use of the dye allowed to stain lysosomes, which are organelles responsible for receiving 

and degrading macromolecules that enter the cell, due to their acid hydrolases within (161). If 

internalization of the nanohybrids occurred, lysosomal activity would in the same area of the 

nanoparticles, meaning their fluorescence would overlap. The lysosomes can be seen in red in full 

extension of the cell area. In Figure 28 and Figure 29 it is possible to see the fluorescence of the 

nanohybrids inside of the cell, as they are within the area marked in red by the lysosomes, meaning 

that they don’t remain exclusively in the extracellular environment. The location of the nanohybrids 

is also more substantial in proximity to the nucleus, but not inside of it, which suggests that while 

the nanohybrids penetrate the cellular membrane, they cannot penetrate the nuclear membrane.  

Comparing between cell lines, HeLa cells show high fluorescence surrounding the nucleus in 

both time conditions, while the same is not observed for A431 cells, which seem to have more 

concentration of nanohybrids next to the nucleus at 12 hours, and very little at 24 hours (although 

still present). In the HeLa cells however, the fluorescence of the Au@MSN-RhBITC seems to be 

higher than the lysosomes’ fluorescence, which may be likely due to a change in focal plane.  

In conclusion, the cells from both cell lines were confirmed to uptake the nanorods, as there 

are many overlapping fluorescence areas, staying inside the cell for at least 24 hours, although 

they seem to have their fluorescent properties heightened at 12 hours, as the particles have been 

less exposed to silica shell-degrading factors, when in comparison with 24 hours exposure. Further 

assays will be beneficial to assess uptake dynamics, Au@MSN-RhBITC intracellular stability and 

expulsion. This could be studied by comparing cellular membranes’ labelling, which can be labelled 

by free-diffusion RhBITC that has detached from the nanohybrid surface due to degradation, in 

comparison with localized intensity spots that correspond to intact nanohybrids inside of 

lysosomes. Since this degradation can take days to occur (Figure 5), it would be of interest to 

gather images at time points at a span of different days, to pin-point the exact time at which this 

degradation starts to occur intracellularly. Beyond degradation, cellular expulsion could also be 

tested after cellular uptake, by performing exosome labelling. 
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4.3.3. Live cell FLIM microscopy for intracellular thermometry 

 

After determining the Au@MSN-RhBITC nanohybrids heating efficacy and knowing the 

concentrations at which they are biocompatible with the selected cell lines, it is of interest to explore 

how their heating capacity and intracellular temperature reporting capability evolves upon 808 nm 

laser irradiation. Previously it was obtained a calibration curve (Equation 6) that will allow to convert 

the fluorescence lifetime into temperature, by the process illustrated in Figure 30. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30 – General scheme on how the FLIM results were processed. In A is represented the 

intensity image, obtained directly from the APD detector. In B is shown the curve fitting, to 

understand if the algorithm used was adequate for the sample, obtaining C, which represents the 

distribution of fluorescence lifetimes. After obtaining the FLIM image, two analysis could be done: 

the first is visible in C, which is selecting the cell region (in black), and in D is the image obtained 

by converting the FLIM image into temperature by using the calibration curve. Example represented 

by HeLa cells without 808 nm laser irradiation at 12 hours exposure time to nanohybrids. 
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The process represented in Figure 30 was done for each condition, with at least three 

measurements for each one. However, due to such plentiful results, a representative sample of the 

cell model prior to heating, and another after heating 3 minutes at 1.3 W was chosen (while the 

remaining conditions may be found at the Annexes - 8 section, comprising of measurements for 

both cell lines at 12 and 24 hours of exposure to the Au@MSN-RhBITC, with irradiation with an 

808 nm laser at either 1.3 W or 1.8 W, for 3, 6, 9 or 15 minutes).  

 

4.3.3.1. Fluorescence lifetime measurements 

 

Prior to irradiation with the 808 nm laser, the cells’ fluorescence lifetime was measured only 

in dependence of the top-stage incubator’s temperature, as a way to initially understand how the 

RhBITC could report the intracellular temperature before initiating the gold nanorod mediated 

heating. 

In Figure 31 – Condition 1 are shown HeLa cells that were incubated for 12 hours with 

Au@MSN-RhBITC prior to 808 nm laser irradiation. The FLIM image presents fluorescence lifetime 

values mostly in the range of 1 to 2.5 ns, while in the selected region (which is outlined by what is 

seen on the intensity image), the most-occurring fluorescence lifetime value is at 2.17 ns, which 

using the calibration curve mentioned in Equation 6 translates into 44 ºC. Other peak values of 

fluorescence lifetime occur at 1.68 ns (translating into 58 ºC) and 1.28 ns (translating into 70 ºC). 

In Figure 31 – Condition 2 are shown HeLa cells that were incubated for 12 hours with 

Au@MSN-RhBITC, after undergoing 808 nm laser irradiation, at 1.3 W laser power for 3 minutes. 

The FLIM image presents fluorescence lifetime values mostly in the range of 1 to 2.2 ns, while in 

the selected region, the most-occurring fluorescence lifetime value is at 2.26 ns, which using 

aforementioned calibration curve translates into 42 ºC, while the other peak value of fluorescence 

lifetime occurs at 1.88 ns (translating into 52 ºC). After laser irradiation, the fluorescence lifetime 

has increased in the overall FLIM image, and consequently on the peak fluorescence lifetime values 

that occur within the selected areas. It is possible to see on both images a concentration of 

nanohybrids (presenting higher intensity values) around a structure, which correlating with confocal 

images previously shown, is believed to be the cell nucleus, as in these images there is a 

concentration of nanohybrids around it as well. This structure presents a shorter lifetime than the 

rest of the selected area, which can be considered as the cell’s cytoplasm. 



61 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 32 – Condition 1 are shown HeLa cells that were incubated for 24 hours with 

Au@MSN-RhBITC prior to 808 nm laser irradiation. The FLIM image presents a wide variety of 

fluorescence lifetime values, with higher fluorescence lifetime in the background (around 2.5 ns), 

while lower lifetime values are encountered in somewhat circular structures spread throughout the 

image. In the selected region (0 – 2 ns), the occurrences are insufficient to present a robust 

Gaussian fit, meaning that the structures selected do not present a prevalent fluorescence lifetime. 

In Figure 32 – Condition 2 are shown HeLa cells that were incubated for 24 hours with Au@MSN-

RhBITC, after 808 nm laser irradiation, at 1.3 W laser power for 3 minutes. The FLIM image 

presents fluorescence lifetime values mostly in the range of 0.5 to 1.5 ns, dominated by the 

selected region, with a small part of fluorescence lifetime values between 2 to 3 ns in the 

background. In the selected region, the most-occurring fluorescence lifetime value is at 0.90 ns, 

Figure 31 – Fluorescence intensity and FLIM characterization of Au@MSN-RhBITC nanohybrids: A 

– Intensity image, B - FLIM image that represents fluorescence lifetimes found in the measurement 

as well as cell region selection, C - Histogram of fluorescence lifetime values in highlighted region, 

which matches the extension of a cells - in accordance with the intensity distributions observed in 

A). The samples are both 12 h nanohybrid incubation with HeLa cells, and in Condition 1 (top 

row) is represented the absence of 808 nm laser irradiation, while Condition 2 (bottom row) 

undergoes 808 nm laser irradiation, 1.3 W for 3 minutes. 
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which using the calibration curve translates into 80 ºC, while the other peak value of fluorescence 

lifetime occurs at 1.19 ns (reporting 72 ºC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For A431 cells measurement that were incubated for 12 hours with Au@MSN-RhBITC prior to 

808 nm laser irradiation (Figure 33 – Condition 1), the most occurring lifetimes in the background 

range between 2 to 2.5 ns, which is within the same range as reported for HeLa cells in the same 

zone. Inside of the selected region, three fluorescence lifetimes are most prevalent, being the most 

occurring 0.69 ns (translating into 86 ºC), followed by 1.05 ns (translating into 76 ºC) and finally 

by 1.66 ns (translating into 59 ºC). In Figure 33 – Condition 2 are shown A431 cells that were 

incubated for 12 hours with Au@MSN-RhBITC after 808 nm laser irradiation, at 1.3 W laser power 

for 3 minutes. The FLIM image presents a higher fluorescence lifetime in the background (around 

Figure 32 – Fluorescence intensity and FLIM characterization of Au@MSN-RhBITC nanohybrids: A 

– Intensity image, B - FLIM image that represents fluorescence lifetimes found in the measurement 

as well as cell region selection, C - Histogram of fluorescence lifetime values in highlighted region, 

which matches the extension of a cells - in accordance with the intensity distributions observed in 

A). The samples are both 24 h nanohybrid incubation with HeLa cells, and in Condition 1 (top 

row) is represented the absence of 808 nm laser irradiation, while Condition 2 (bottom row) 

undergoes 808 nm laser irradiation, 1.3 W for 3 minutes. 
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2 ns), while lower lifetime values are encountered within the selected region (0.5 – 1.5 ns). From 

the Gaussian fit in the fluorescence lifetimes in that region, the most occurring fluorescence lifetime 

is at 1.06 ns (corresponding to 76 ºC), while two more peaks are observed (1.23 ns reporting 71 

ºC and 1.47 ns reporting 64 ºC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For A431 cells measurement that were incubated for 24 hours with Au@MSN-RhBITC prior to 

808 nm laser irradiation (Figure 34 – Condition 1), the fluorescence lifetimes are more 

homogenous than on previously shown samples, with the full image having fluorescence lifetime 

values predominantly between 2 to 2.5 ns. The selected region presents a uniform fluorescence 

lifetime distribution as well, with a peak at 2.27 ns that reports 41 ºC. In Figure 34 – Condition 

2 are shown A431 cells that were incubated for 24 hours with Au@MSN-RhBITC after 808 nm 

laser irradiation, at 1.3 W laser power for 3 minutes. The background presents itself as having 

Figure 33 – Fluorescence intensity and FLIM characterization of Au@MSN-RhBITC nanohybrids: A 

– Intensity image, B - FLIM image that represents fluorescence lifetimes found in the measurement 

as well as cell region selection, C - Histogram of fluorescence lifetime values in highlighted region, 

which matches the extension of a cells - in accordance with the intensity distributions observed in 

A). The samples are both 12 h nanohybrid incubation with A431 cells, and in Condition 1 (top 

row) is represented the absence of 808 nm laser irradiation, while Condition 2 (bottom row) 

undergoes 808 nm laser irradiation, 1.3 W for 3 minutes. 
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homogenous fluorescence lifetime, within the range of 2 to 2.5 ns. For the selected region, two 

different cellular locations may be distinguished. The first, which is believed to be the nucleus due 

to higher concentration of nanohybrids around it (also visible in confocal images presented as 

Figure 29), reports a shorter fluorescence lifetime, at 0.89 ns (translating into 81 ºC). The other 

region, the cytoplasm, reports a higher fluorescence lifetime, at 2.29 ns (translating into 41 ºC). 

Lastly, from the Gaussian fit one more peak is shown, which corresponds to background that was 

included during cell selection, which reports 1.88 ns (translating into 52 ºC). 

In summary, the fluorescence lifetime reported in the different cell conditions for the 

background seem to be fairly consistent, which indicates that the FLIM analysis has been correctly 

collected. Some cellular heterogeneity has also been shown, indicating that the nanohybrids’ 

intracellular distribution is not uniform, concentrating mostly in the surroundings of the nucleus, 

as per shown in Figure 28 and Figure 29 as well. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34 – Fluorescence intensity and FLIM characterization of Au@MSN-RhBITC nanohybrids: A 

– Intensity image, B - FLIM image that represents fluorescence lifetimes found in the measurement 

as well as cell region selection, C - Histogram of fluorescence lifetime values in highlighted region, 

which matches the extension of a cells - in accordance with the intensity distributions observed in 

A). The samples are both 24 h nanohybrid incubation with A431 cells, and in Condition 1 (top 

row) is represented the absence of 808 nm laser irradiation, while Condition 2 (bottom row) 

undergoes 808 nm laser irradiation, 1.3 W for 3 minutes. 
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However, regarding cellular selection some issues were encountered, mainly due to the fact 

that fluorescence lifetime has increased after 808 nm laser irradiation, which was unexpected, 

since it has been established that RhB’s fluorescence lifetime decreases as the temperature 

increases (68), and it was established in 4.2.1 that 808 nm laser irradiation increased the 

temperature of the solution.  

To guarantee success on this experiment there is a need to gather results before and after laser 

irradiation on the same cell, which has yet to be achieved since with changes in temperature and 

possible over-irradiation, the cells detach from the bottom of the well and were verified to change 

location in between measurements.   

 

4.3.3.2. Temperature conversion from fluorescence lifetime imaging 

 

Another type of analysis performed beyond the fluorescence lifetime obtained and its 

distribution from the FLIM imaging, was the conversion of said fluorescence lifetime into 

temperature, by using Equation 6 in order to do so. In this analysis, the full FLIM image has been 

converted into temperature values, with a discussion focused on the overall representation.  

In Figure 35, the temperature maps of different conditions regarding the HeLa cell line 

(exposure time to Au@MSN-RhBITC nanohybrids and presence or absence of 808 nm laser 

irradiation) are shown. In all of the figures it is possible to see a predominant background in the 

range of 40 to 60 ºC, which indicates a higher temperature than the one set at the incubator where 

the cells were kept throughout the measurement (37.5 ºC). As this is seen at both the images with 

and without 808 nm laser irradiation, indicating that the calibration curve is reporting higher 

temperatures than it was expected. Nevertheless, in the regions that concentrate further 

nanohybrids (in the surroundings of what is believed to be the cell’s nucleus as per seen in confocal 

imaging), the temperature was measured as higher than the one verified on the background 

(around 60 ºC), and in the structure that is regarded as the nucleus, the temperature reaches its 

peak, in the ranges of 60 to 80 ºC.  

Comparing between exposure times to nanohybrids, the temperature seems to reach higher 

values in the 24 h exposure time, which could be expected due to the cells further internalizing the 

nanohybrids over time. Regarding laser irradiation, the images that reference HeLa cells prior to 
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laser irradiation show a broad range of temperatures other than the background, with regions 

reaching up to 80 ºC in 12 h nanohybrid exposure and > 90 ºC in 24 h nanohybrid exposure. After 

808 nm laser irradiation, the temperature seems to be lower throughout the sample, as the 

temperatures do not exceed 70 ºC in 12 h nanohybrid exposure, and are < 90 ºC in 24 h 

nanohybrid exposure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 36, the temperature maps of different conditions regarding the A431 cell line 

(exposure time to Au@MSN-RhBITC nanohybrids and presence or absence of 808 nm laser 

irradiation) are shown. In all of the figures it is possible to see a predominant background in the 

range of 40 to 60 ºC as well, staying in accordance to what was observed for HeLa cells at this 

location. in the regions next to what is believed to be the cell’s nucleus the temperature was 

measured as higher than the one verified on the background (around 70 ºC), and in the structure 

that is regarded as the nucleus, the temperature reaches its peak, in the ranges of 80 to 90 ºC. 

Figure 35 – Temperature maps resulting from converting FLIM images using the calibration curve 

determined in Equation 6 for Au@MSN-RhBITC nanohybrids incubated for A - 12 h with HeLa cells, 

without 808 nm laser irradiation; B - 12 h with HeLa cells, with 808 nm laser irradiation for 3 

minutes at 1.3 W laser power; C - 24 h with HeLa cells, without 808 nm laser irradiation, D - 24 

h with HeLa cells, with 808 nm laser irradiation for 3 minutes at 1.3 W laser power. 
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After 808 nm laser irradiation, the temperature seems to be lower, from what is observed in 

the 12 h measurements, as the image regarding cells prior to laser irradiation depicts temperatures 

up to 90 ºC, while the measurement taken after laser irradiation does not exceed 80 ºC. The same 

cannot be correlated for 24 hours images, as the temperature before laser irradiation is fairly 

homogenous, and the area where the measurement took place differs greatly from the area 

gathered after 808 nm laser irradiation. This difference in measurement location is better observed 

in the intensity images presented in Figure 33 and Figure 34.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For both HeLa and A431 cells, their starting temperature was measured to be around 35 ºC, 

and ideally shouldn’t reach over 48 ºC after laser irradiation, as to not enter irreversible tissue 

damage temperatures. However, even in the samples prior to 808 nm laser irradiation and 

therefore deprived of further heat generation, the temperature had far exceed such values, which 

Figure 36 – Temperature maps resulting from converting FLIM images using the calibration curve 

determined in Equation 6 for Au@MSN-RhBITC nanohybrids incubated for A - 12 h with A431 cells, 

without 808 nm laser irradiation; B - 12 h with A431 cells, with 808 nm laser irradiation for 3 

minutes at 1.3 W laser power; C - 24 h with A431 cells, without 808 nm laser irradiation, D - 24 

h with A431 cells, with 808 nm laser irradiation for 3 minutes at 1.3 W laser power. 
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is an indicator of issues most likely regarding the method of conversion of fluorescence lifetime 

into temperature.  

The main goal of this experiment was to understand if the nanohybrids could generate heat 

intracellularly, as well as report the temperature they could reach by their fluorescence lifetime, 

which was achieved. While the results presented seem promising, there are still many pitfalls that 

should be taken into account to get more optimized and accurate results. One aspect that could 

have contributed for such varying and unexpected temperatures could be the fact that the same 

sample was overly irradiated, as this process occurred always in the same place of the same well, 

in consecutive measurements. Not only had this meant that the cells were exposed to non-sterile 

surroundings for a long time, this irradiation caused evaporation of the medium on some 

conditions, which meant the temperature reached was much different than predicted, drying the 

cells and making them prone to cellular death from reasons that would not be considered for in 

vivo conditions. The images in annex (Supplementary figure 16 to Supplementary figure 41) have 

most likely suffered over irradiation and the results obtained may be compromised, as many figures 

depict cells with a round shape (which in A431 and HeLa cell lines is a dead cell’s characteristic), 

as well as showing changes in cell location in consecutive measurements, due to detaching of the 

cell from the dishes’ surface, which is another indication of poor cellular viability.  

To overcome this pitfall, ideally there would be one prepared silicon well with nanohybrids-

incubated cells for each condition of exposure and laser irradiation, to avoid accumulation of 

damaging factors throughout the experiment. Beyond this change in preparation, the sample may 

be over irradiated from the experiment’s own settings, as 1.3 W or even 3 minutes may be too 

intense for cellular survival. While at photothermal conversion experiment these seem suited 

parameters, the differences between higher sample volume and presence of cells may be crucial 

factors that were not accounted for previously, meaning that a wider range of conditions must be 

tested to ensure a robust profile of laser power/irradiation time dependency. 

While the calibration curve decays in a manner that was expected from previous works, some 

problems have arisen from its use as well, which means that its optimization is a crucial step for 

this experiment’s future success. An aspect that could have influenced the calibration curve 

success in temperature conversion were the changes in the environmental setting that have taken 

place during different exposure times. 
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One of the aspects that was considered was the pH of the solution used for calibration. This 

factor has an influence on the fluorescence lifetime, as a change in pH influences the degradation 

of RhBITC molecules, which was analogously observed by Chang et al. (162) with RhB molecules, 

hindering a correct assessment of fluorescence lifetime. Besides degrading RhBITC molecules, pH 

also has an effect on gold nanorods’ shape during synthesis, as per verified by Cheng  et al. (163), 

that mention basic solutions change the rod shape, meaning that the ability of heating 

(characteristic of the rod shape), is severely compromised. A pH-dependent experiment regarding 

Au@MSN-RhBITC’s fluorescence lifetime dependence on temperature was done by adding drops 

of acetic acid until pH had changed (measured by Universal Indicator Paper - pH 1-11), in 

nanohybrids at a starting pH of 8. In Supplementary figure 11, a graph describing the results from 

this experiment is shown. While the decrease in fluorescence lifetime with the rise of temperature 

is confirmed in most conditions, at pH 6 the slope seems to have an opposite tendency, increasing 

as temperature increases. It was also verified that the fluorescence lifetime presented different 

values as the pH changed within the same temperature mark. This indicates that these nanohybrids 

fluorescence lifetime’s dependency on pH should be tested much further, in order to build a 

complete profile on this dependency, as cell environment pH changes over time and this should 

be accounted for when measuring intracellular temperature. Another point that could be of interest 

would be the use of multiple calibration curves, as to understand the temperature of each 

intracellular organelle, as they differ in pH and could report different temperatures throughout the 

measurement.  

Another aspect that can be considered is the ionic strength, as per mentioned to have influence 

in the fluorescence parameter by Savchuk et al. (64) as well as photobleaching, inhomogeneous 

concentration and excitation power instability variations in the surrounding medium. As the 

measurement takes place, the variations in the cellular medium will accumulate over time, which 

can also be determinant of the calibration curve’s success. To overcome such pitfalls, these 

parameters must be equivalent throughout all of the measurements, including those of cellular and 

of calibration nature.  

Concerning the intrinsic cellular temperature, Lervik et al. (164) have studied the thermal 

properties of proteins, and verified that proteins can sustain large thermal gradients throughout 

their structure, due to their low heat conductivity when compared to water. This may explain heat 

spots in the cell vicinity, as a higher presence of proteins could sustain the heat longer, than when 

in comparison with the medium. Here there is also some presence of proteins included in the cell 
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medium (due to FBS), and it would be of interest to perform an experiment in which the cells would 

be cultured in FBS-free medium or even PBS, as to get a higher denotation of such heat spots 

caused by cell’s intrinsic proteins. Besides proteins, the cell as a whole also presents thermal 

conductivity, which allowed Park et al. (148) to use as a differentiating parameter between live and 

dead cells, as the former presented a lower thermal conductivity than the latter. In terms of 

intracellular gradients, the information available is still very limited, and a recent study by Howard 

et al. (165)  simulated what could be the intracellular fluids motion and transportation caused by 

differences in organelles’ intrinsic temperature, by convection currents instead of random diffusive 

motion. In the occurrence that these simulations get verified in vitro, it may be an important factor 

to take into account in the scope of this experiment, as it will allow to understand better how the 

temperature influences intracellular transport, which is useful in terms of nanoparticle cellular 

distribution for drug delivery. 

In conclusion, while the nanohybrids in study have reported temperature based on 

fluorescence lifetime measurements, the result shown differ from what was expected in terms of 

cellular survival, indicating problems that could be due to wrongful temperature conversion, for 

which further factors that may influence the calibration curve used must be studied. 
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Chapter 5 - Conclusion and future perspectives 

 

The nanohybrids in study were successfully synthetized and characterized, and their size was 

shown to be appropriate for cellular application. They were verified to be biocompatible on HeLa 

and A431 cell lines, with viabilities over 89 % in every condition tested, which may also pave way 

for possible future in vivo studies.  

The nanohybrids were also proved to have heating properties after irradiation with an 808 nm 

laser, as their photothermal conversion results show heat generation dependent on laser power 

and nanohybrid concentration. The highest temperature increase was obtained was at the highest 

concentration and laser power irradiation (500 µg/mL of Au@MSN-RhBITC at 1.8 W 808 nm laser 

irradiation), reaching 26.23 ºC. 

Following the nanohybrids’ characterization and demonstration of their biocompatibility, a 

calibration curve of their fluorescence lifetime in dependency of temperature was obtained at 

relevant in vitro temperatures, in both typical and hyperthermia circumstances (from 35 to 50 ºC). 

Finally, after proving their internalization by fluorescence imaging, the cells were irradiated with 

an 808 nm laser at different laser powers and exposure times, obtaining intensity and FLIM images, 

as well as an intracellular temperature map, reported by resorting to the calibration curve previously 

obtained. The results obtained show a successful uptake of the nanohybrids by both cell lines, 

although the derived temperature maps report temperature values incompatible with cellular 

survival.  

This incorrect temperature reporting may have been caused by the usage of a calibration curve 

that has not been perfected for this application, as well as sample over-irradiation, which should 

be a priority for advancement when repeating this experiment. For this purpose, a more extensive 

research on the nanohybrids’ temperature dependence on factors other than the ones tested 

should be done (such as ionic strength or pH), as it is likely a key source of error in this conversion, 

making use of optical characterization to perfect the calibration curve as well. Additionally, the 

experiment should ideally be repeated in independent wells for each condition, as over-irradiation 

has caused cell drying and possible death that could be avoided. While fresh medium could be 

added throughout the experiment to replace what is evaporated, it may hinder the reliability on the 
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concentration used, which has already been proven to be an important factor for the heating 

obtained. 

Nevertheless, the results obtained in both biocompatibility and photothermal conversion 

experiments are encouraging, as they prove that further in vitro tests may take place using the 

heating properties shown by this work, and while challenges were encountered with the 

temperature sensing unit results, in this work is also possible to already understand some of the 

pitfalls and use the proposed strategies to circumvent these issues in future experiments.    

Furthermore, the mesoporous hybrid nanostructures proposed in this work could be used in 

the future to additionally deliver a chemotherapeutic agent, by drug-loading the pores of the 

mesoporous silica shell, combining hyperthermia with chemotherapy in one nanohybrid, which will 

not only increase the sensitivity of tumor cells to treatment with the heating component, it could 

simultaneously target-delivery the most adequate drug, increasing the chances of survival by 

reducing the side effects from generalized treatment application.  
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Annexes 

 

1. Luminescence properties of Rhodamine B  

 

 

Supplementary figure 1 – Absorption spectrum of RhB (Adapted from Houde et al. (158)). 
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2. DLS results 

  

Supplementary figure 2 – Detailed distribution of sizes for each sample of Au@MSN in A – Linear 

and B – Logarithmic scale. 
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Supplementary figure 3 – Detailed distribution of sizes for each sample of Au@MSN-RhBITC in A 

– Linear and B – Logarithmic scale. 

Supplementary figure 4 – Average frequency of sizes of Au@MSN and Au@MSN-RhBITC particles 

in linear scale. 
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3. UV-Vis-NIR absorption spectroscopy analysis 

  

Au@MSN Au@MSN-RhBITC

400 0.686 0.519

405 0.68 0.513

410 0.673 0.506

415 0.665 0.499

420 0.659 0.493

425 0.654 0.488

430 0.648 0.482

435 0.642 0.475

440 0.636 0.466

445 0.63 0.459

450 0.626 0.453

455 0.621 0.448

460 0.616 0.444

465 0.612 0.441

470 0.609 0.441

475 0.606 0.443

480 0.606 0.447

485 0.608 0.456

490 0.614 0.466

495 0.623 0.48

Wavelength
Absorbance (A.U.)

Au@MSN Au@MSN-RhBITC

500 0.634 0.498

505 0.648 0.525

510 0.658 0.558

515 0.661 0.59

520 0.659 0.612

525 0.652 0.629

530 0.644 0.634

535 0.633 0.632

540 0.622 0.643

545 0.614 0.667

550 0.603 0.705

555 0.591 0.743

560 0.578 0.761

565 0.566 0.749

570 0.556 0.718

575 0.544 0.663

580 0.531 0.59

585 0.519 0.523

590 0.51 0.479

595 0.501 0.442

Absorbance (A.U.)
Wavelength

Au@MSN Au@MSN-RhBITC

600 0.492 0.415

605 0.485 0.396

610 0.48 0.385

615 0.477 0.379

620 0.475 0.375

625 0.474 0.373

630 0.475 0.374

635 0.477 0.377

640 0.481 0.381

645 0.487 0.388

650 0.495 0.396

655 0.504 0.407

660 0.514 0.417

665 0.526 0.429

670 0.541 0.444

675 0.561 0.464

680 0.579 0.482

685 0.596 0.498

690 0.617 0.519

695 0.641 0.541

Wavelength
Absorbance (A.U.)

Au@MSN Au@MSN-RhBITC

700 0.664 0.563

705 0.683 0.58

710 0.704 0.598

715 0.725 0.616

720 0.749 0.634

725 0.767 0.648

730 0.785 0.66

735 0.803 0.671

740 0.82 0.68

745 0.835 0.688

750 0.845 0.691

755 0.855 0.694

760 0.865 0.695

765 0.873 0.694

770 0.879 0.691

775 0.883 0.688

780 0.886 0.683

785 0.889 0.676

790 0.889 0.67

795 0.888 0.663

Wavelength
Absorbance (A.U.)

Supplementary table 1 – Measured absorbance in the 400-900 nm range, for Au@MSN and 

Au@MSN-RhBITC (subdivided into 5 tables). 
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Au@MSN Au@MSN-RhBITC

800 0.887 0.654

805 0.884 0.645

810 0.88 0.635

815 0.876 0.626

820 0.87 0.616

825 0.865 0.607

830 0.86 0.597

835 0.853 0.588

840 0.846 0.578

845 0.838 0.568

850 0.827 0.556

855 0.818 0.547

860 0.809 0.538

865 0.8 0.529

870 0.79 0.519

875 0.781 0.511

880 0.769 0.501

885 0.76 0.492

890 0.746 0.48

895 0.734 0.47

900 0.725 0.463

Wavelength
Absorbance (A.U.)
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4. Fluorescence spectroscopy 

 

  
Au@MSN Au@MSN-RhBITC

590 5 32228

595 4 29372

600 4 25115

605 3 20887

610 6 17776

615 7 15618

620 9 13711

625 3 12223

630 6 11021

635 7 10279

640 12 9511

645 4 8442

650 14 7325

655 10 6356

660 6 5917

665 10 5013

670 18 4159

675 0 3763

680 36 3333

685 0 3209

690 9 2620

695 0 1466

700 18 1704

Fluorescence Intensity (A.U.)
Wavelength

Supplementary table 2 – Measured fluorescence intensity for Au@MSN and Au@MSN-RhBITC. 
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5. Photothermal conversion study 

 

  

Supplementary figure 5 – Photothermal conversion over time in dependence of nanohybrids’ 

concentration at 1.3 W laser power irradiation in A – Au@MSN nanohybrids and B – Au@MSN-

RhBITC nanohybrids. 
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Supplementary figure 6 – Photothermal conversion over time in dependence of nanohybrids’ 

concentration at 1.8 W laser power irradiation in A – Au@MSN nanohybrids and B – Au@MSN-

RhBITC nanohybrids. 
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6. Thermal sensitivity of the nanohybrids 

 

 

Supplementary figure 7 – FLIM and histogram image acquired in nanohybrids samples used to 

obtain the calibration curve. Sample at 35 ºC. 

35 2.42 1.33

35 2.52 1.17

35 2.52 1.08

40 2.47 0.98

40 2.33 1.06

40 2.24 1.00

45 2.22 1.03

45 2.08 0.94

45 1.97 1.00

50 2.09 0.91

50 1.98 0.93

50 1.89 0.90

Temperature 

(ºC)

Fluorescence 

Lifetime (ns)
FWHM

Fluorescence 

Lifetime (ns) - 

Averaged

Standard 

Deviation

2.4867 0.4291

2.3467 0.3162

2.0900 0.3323

1.9867 0.2936

Supplementary table 3 – Fluorescence lifetime of the nanohybrids in dependence of temperature, 

used for obtaining the calibration curve. 



93 
 

  

Supplementary figure 8 – FLIM and histogram image acquired in nanohybrids samples used to 

obtain the calibration curve. Sample at 40 ºC. 

Supplementary figure 9 – FLIM and histogram image acquired in nanohybrids samples used to 

obtain the calibration curve. Sample at 45 ºC. 
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Supplementary figure 10 – FLIM and histogram image acquired in nanohybrids samples used to 

obtain the calibration curve. Sample at 50 ºC. 

Supplementary figure 11 – Au@MSN-RhBITC nanohybrids fluorescence lifetime’ dependence on 

pH. 



95 
 

7. Biocompatibility 

 

 

     

0 µg/mL 50 µg/mL 100 µg/mL 200 µg/mL

Average 15833 18667 20000 20833

STDEV 2718.25107 3880.14891 3894.44048 1840.8935

Average 22750 28333 26167 20667

STDEV 2750 6355.22532 6599.66329 5632.24842

Average 17250 23000 23667 14667

STDEV 3250 7648.52927 4496.91252 4496.91252

Average 95.30 93.21 89.36 95.31

STDEV 4.94694 2.81317 3.52095 5.17621

Average 99.02 96.33 93.42 94.83

STDEV 0.98039 2.57759 3.31525 1.23165

Average 92.77 96.60 97.02 97.62

STDEV 0.08711 0.81682 1.30772 3.36718

HeLa cells

72 hoursC
el

l v
ia

bi
lit

y 
(%

)
N

r.
 o

f 
C

el
ls

24 hours

48 hours

72 hours

24 hours

48 hours

Supplementary table 4 – Results regarding the number of cells and the percentage of cell viability 

of HeLa cells. 

0 µg/mL 50 µg/mL 100 µg/mL 200 µg/mL

Average 28500 30000 26333 32667

STDEV 7937.25393 4822 9292 6007

Average 86500 82167 80833 66833

STDEV 23302 10324 13475 13137

Average 157167 184500 159500 137667

STDEV 43038.7422 67506 30327 37464

Average 99.56 95.96 94.64 96.60

STDEV 0.7698 5.8221 2.1218 2.9985

Average 98.91 99.35 95.36 98.53

STDEV 1.29281 1.1175 2.9711 1.1605

Average 98.59 97.62 97.76 96.90

STDEV 0.41489 0.7504 0.7857 0.8823

A431 cells

24 hours

48 hours

N
r.

 o
f 

C
el

ls
C

el
l v

ia
bi

lit
y 

(%
) 24 hours

72 hours

48 hours

72 hours

Supplementary table 5 – Results regarding the number of cells and the percentage of cell viability 

of A431 cells. 
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8. Confocal imaging 

  

Supplementary figure 12 – HeLa cells with Au@MSN-RhBITC nanohybrids at 200 µg/mL 

concentration – 63x Objective. A – Camera view at 12 hours exposure to Au@MSN-RhBITC 

nanohybrids; B – 405 nm laser irradiation at 12 hours exposure to Au@MSN-RhBITC nanohybrids; 

C – 561 nm laser irradiation at 12 hours exposure to Au@MSN-RhBITC nanohybrids. 
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B) C) 

Supplementary figure 13 – HeLa cells with Au@MSN-RhBITC nanohybrids at 200 µg/mL 

concentration – 63x Objective. A – Camera view at 24 hours exposure to Au@MSN-RhBITC 

nanohybrids;  B – 405 nm laser irradiation at 24 hours exposure to Au@MSN-RhBITC nanohybrids; 

C – 561 nm laser irradiation at 24 hours exposure to Au@MSN-RhBITC nanohybrids. 
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Supplementary figure 14 – A431 cells with Au@MSN-RhBITC nanohybrids at 200 µg/mL 

concentration – 63x Objective. A – Camera view at 12 hours exposure to Au@MSN-RhBITC 

nanohybrids; B – 405 nm laser irradiation at 12 hours exposure to Au@MSN-RhBITC nanohybrids; 

C – 561 nm laser irradiation at 12 hours exposure to Au@MSN-RhBITC nanohybrids. 
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Supplementary figure 15 – A431 cells with Au@MSN-RhBITC nanohybrids at 200 µg/mL 

concentration – 63x Objective.; A – Camera view at 24 hours exposure to Au@MSN-RhBITC 

nanohybrids; B – 405 nm laser irradiation at 24 hours exposure to Au@MSN-RhBITC nanohybrids; 

C – 561 nm laser irradiation at 24 hours exposure to Au@MSN-RhBITC nanohybrids. 
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9. Live cell FLIM microscopy for intracellular thermometry 

  

Supplementary figure 16 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.3 W, 6 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map derived from 

calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 

Supplementary figure 17 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.3 W, 9 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 
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Supplementary figure 19 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 3 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 

Supplementary figure 18 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.3 W, 15 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map derived from 

calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 
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Supplementary figure 20 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 6 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 

Supplementary figure 21 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 9 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 
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Supplementary figure 22 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 15 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 

Supplementary figure 23 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.3 W, 6 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 
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Supplementary figure 24 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.3 W, 9 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 

Supplementary figure 25 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.3 W, 15 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 
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Supplementary figure 26 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 3 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 

Supplementary figure 27 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 6 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 
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Supplementary figure 29 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 15 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 

Supplementary figure 28 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with HeLa cells, 808 nm laser irradiation, 1.8 W, 9 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 
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Supplementary figure 30 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with A431 cells, 808 nm laser irradiation, 1.3 W, 6 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 

Supplementary figure 31 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with A431 cells, 808 nm laser irradiation, 1.3 W, 9 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 
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Supplementary figure 32 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with A431 cells, 808 nm laser irradiation, 1.3 W, 15 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve (* indicates the existence of an outlier pixel reporting a temperature below 

0 degrees, with a fluorescence lifetime above 5 ns), D – Histogram of fluorescence lifetime values 

in cell region selected. 

Supplementary figure 33 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with A431 cells, 808 nm laser irradiation, 1.8 W, 3 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 
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Supplementary figure 34 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with A431 cells, 808 nm laser irradiation, 1.8 W, 6 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 

Supplementary figure 35 – Temperature map study on FLIM characterization of Au@MSN-RhBITC 

nanohybrids incubated 12 h with A431 cells, 808 nm laser irradiation, 1.8 W, 9 minutes. A – 

Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 
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Supplementary figure 36 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 12 h with A431 cells, 808 nm laser irradiation, 1.8 W, 15 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 

Supplementary figure 37 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with A431 cells, 808 nm laser irradiation, 1.3 W, 6 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 
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Supplementary figure 38 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with A431 cells, 808 nm laser irradiation, 1.3 W, 9 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 

Supplementary figure 39 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with A431 cells, 808 nm laser irradiation, 1.3 W, 15 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 
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Supplementary figure 40 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with A431 cells, 808 nm laser irradiation, 1.8 W, 3 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 

Supplementary figure 41 – Temperature map study based on FLIM characterization of Au@MSN-

RhBITC nanohybrids incubated 24 h with A431 cells, 808 nm laser irradiation, 1.8 W, 9 minutes. 

A – Intensity image, B - FLIM image with cell region selection, C – Temperature map study derived 

from calibration curve, D – Histogram of fluorescence lifetime values in cell region selected. 


