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Abstract 
 

 

 

Non-melanoma skin cancer has been reported as the most common cancer worldwide with 

over 3 million diagnoses per year in the USA. Basal cell carcinoma (BCC) comprises about 80% 

of non-melanoma skin cancers. Current therapies based on surgery or chemotherapy still present 

unsatisfactory clinical outcomes or associated side effects, demanding alternative treatments. 

Phototherapy is a medical treatment based on light exposure and it has been studied as a 

promising approach for multiple diseases, including skin cancer. Photothermal therapy (PTT) is 

a minimally invasive phototherapy modality that uses agents capable of converting near-infrared 

(NIR) light into heat, ultimately inducing cancer cell death, with decreased harm to surrounding 

healthy tissues. Carbon nanomaterials (CNM) have been studied as phototherapeutic agents, as 

many of them present high NIR absorbance and high surface area. Among CNM, graphene-based 

materials (GBM) present exceptional optical and electronic properties, as well as good 

biocompatibility. The main goal of this dissertation is to apply GBM/anticancer drug-loaded 

hydrogels as photothermal therapy combined with chemotherapy for skin cancer treatment, 

namely BCC. To achieve that, specific objectives include: i) production and characterization of 

GBM, namely nanographene oxide (GOn) and partially reduced nanographene oxide (p-rGOn); 

ii) production and characterization of a hydrogel (Carbopol 974P NF) loaded with GBM and an 

anticancer drug, 5-Fluorouracil (5-FU); iii) assessment of their biocompatibility and 

phototherapeutic effect with and without NIR irradiation on a normal skin cell line and a skin 

cancer cell line. 

GOn was produced using the modified Hummers method (MHM), followed by recirculation 

through a custom-built high-power ultrasonication probe, while p-rGOn was partially photo-

reduced by UV irradiation. Physical characterization by TEM and Zetasizer revealed that 

graphene sheets with nanometric sizes were achieved, ideal for biomedical applications. Particle 

size measured by TEM image analysis was 107.0 ± 62.0 and 168.8 ± 149.0 nm for GOn and p-

rGOn, respectively. Both materials presented very good water stability for at least 4 months, 

having zeta potential values below -30 mV. Typical oxygen-containing functional groups were 

identified in GOn and the intensity of their bands decreased after UV reduction. Similarly, TGA 

revealed weight losses of 95.5% in GOn correspondent to oxygen-functionalities, which were 

lower in p-rGOn (68.9%), further confirming that an effective partial reduction took place. UV-

Vis spectroscopy demonstrated that p-rGOn presented a 4.4-fold NIR (810 nm) absorption 

increase, compared with GOn. NIR irradiation assays (810 nm, 150 mWcm-2, 30 min) revealed 

that p-rGOn presented a higher light to heat conversion, within temperatures of interest for 

phototherapy (> 50 °C), while GOn only achieved a maximum temperature of ≈ 38 °C when 

irradiated. After identification of p-rGOn increased photoproperties, and previous confirmation 



 

ii 

of its water stability, this material was selected for further assays envisioning the desired 

phototherapeutic application. The achievement of a material with such properties constitutes a 

complete novelty. The new GBM, p-rGOn, was further studied envisioning incorporation in a 

Carbopol 974P NF hydrogel together with 5-FU, to assess a potential combined PTT and 

chemotherapeutic effect. 

Regarding the biological assays, first, 5-FU was incubated with human skin fibroblasts (HFF-

1) to select a safe range that could be used in pharmaceutical formulations. Concentrations 

between 0.1 and 1 µg mL-1 were considered non-toxic after an exposure time of 72 h (> 70% cell 

viability, ISO 10993-5:2009(E)). Similarly, 5-FU concentrations that could induce cancer cell 

death were studied. It has been observed that a concentration of 0.1 µg mL-1 was enough to lead 

to 45% A-431 cancer cells death, after 72 h of incubation. 

The biocompatibility of p-rGOn was also evaluated envisioning assuring treatment 

selectivity. Concentrations below 100 µg mL-1 were considered non-toxic to HFF-1 cells after 72 

h of incubation. 5-FU was then incorporated in a Carbopol 974P NF hydrogel and incubated with 

the same cells in the same concentration range, to assess its efficacy when included in the 

hydrogel. The maximum non-toxic concentration was identified to be 0.5 µg mL-1. Regarding 

anti-cancer efficacy, a concentration of 0.25 µg mL-1 was found to be sufficient to kill 30% of A-

431 cells after 72 h. 

After ideal p-rGOn (100 µg mL-1) and 5-FU (0.25 µg mL-1) concentrations for incorporation 

in the Carbopol 974P NF being selected, both HFF-1 and A-431 cells were exposed to NIR 

irradiation (810 nm, 150 mWcm-2, 10 min) in presence of Carbopol 974P NF/p-rGOn/5-FU 

hydrogels. It has been observed that after 72 h, A-431 cell number reductions of about 78% were 

achieved. However, without irradiation, similar values were obtained. Moreover, no synergistic 

effect was observed between 5-FU and p-rGOn. However, all conditions tested were non-toxic 

for HFF-1 cells. 

Hence, a higher irradiation time of 30 minutes was tested, which resulted in almost complete 

eradication of the cancer cells (90%) after incubation for 72 h with Carbopol 974P NF/p-rGOn/5-

FU. However, the increased exposure to irradiation also caused a reduction of 80% on HFF-1 cell 

number. Therefore, this cancer phototherapy treatment could only be used with careful placement 

of the formulations at the tumour site and with NIR irradiation focused on it, to avoid damages in 

healthy cells. Future work will focus on optimizing the irradiation doses needed to achieve a 

selective treatment, and achieve synergy between p-rGOn and 5-FU effects if possible. 
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Resumo 
 

 

 

O cancro da pele não melanoma tem sido reportado como o cancro mais comum a nível 

mundial, com mais de 3 milhões de diagnósticos por ano nos EUA. O carcinoma basocelular 

(BCC) compõe cerca de 80% dos cancros de pele não melanoma. As terapias atuais baseadas em 

cirurgia ou quimioterapia ainda apresentam resultados clínicos insatisfatórios ou efeitos 

secundários associados, sendo necessários tratamentos alternativos. 

A fototerapia é um tratamento médico baseado na exposição à luz e tem sido estudada como 

uma abordagem promissora para múltiplas doenças, incluindo o cancro de pele. A fototerapia 

térmica (PTT) é uma modalidade de fototerapia minimamente invasiva que utiliza agentes 

capazes de converter luz de infravermelho próximo (NIR) em calor, que por sua vez pode induzir 

a morte de células cancerígenas, com reduzidos danos nos tecidos saudáveis circundantes. Os 

nanomateriais de carbono (CNM) têm sido estudados como agentes fototerapêuticos, uma vez 

que muitos deles apresentam uma elevada absorção NIR e elevada área de superfície. Entre os 

CNM, os materiais baseados em grafeno (GBM) salientam-se pelas suas propriedades óticas e 

eletrónicas excecionais, bem como pela sua biocompatibilidade. O principal objetivo da presente 

dissertação é aplicar hidrogéis contendo GBM/fármacos anticancerígenos em fototerapia 

combinada com quimioterapia para o tratamento do cancro da pele, nomeadamente o BCC. Para 

o conseguir, os objetivos específicos incluem: i) produção e caracterização dos GBM, 

nomeadamente o óxido de grafeno nanométrico (GOn) e o óxido de grafeno parcialmente 

reduzido nanométrico (p-rGOn); ii) produção e caracterização de um hidrogel (Carbopol 974P 

NF) com GBM e o fármaco anticancerígeno 5-Fluorouracil (5-FU); iii) avaliação da sua 

biocompatibilidade e efeito fototerapêutico com e sem irradiação NIR numa linha de células 

normais da pele e numa linha de células de cancro da pele. 

O GOn foi produzido através do método de Hummers modificado (MHM), seguido de 

recirculação através de uma sonda de ultrassons de alta potência de construção personalizada, 

enquanto o p-rGOn foi parcialmente foto-reduzido por irradiação com ultravioleta (UV). A 

caracterização física por TEM e Zetasizer revelou que os GBM eram constituídos por folhas com 

tamanhos nanométricos, ideais para aplicações biomédicas. O tamanho das partículas medidas 

pela análise de imagens de TEM foi de 107.0 ± 62.0 e 168.8 ± 149.0 nm para o GOn e o p-rGOn, 

respetivamente. Ambos os materiais apresentaram boa estabilidade em água durante pelo menos 

4 meses, tendo valores de potencial zeta inferiores a -30 mV. Os típicos grupos funcionais 

contendo oxigénio foram identificados no GOn e a intensidade das suas bandas diminuiu após a 

redução por UV. Da mesma forma, o TGA revelou perdas de peso de 95.5% para o GOn 

correspondentes às funcionalidades de oxigénio, que foram inferiores para o p-rGOn (68.9%), 

confirmando mais uma vez que se verificou uma redução parcial efetiva. A espectroscopia de 
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UV-Vis demonstrou que o p-rGOn apresentou um aumento de absorção NIR (810 nm) de 4.4 

vezes, em comparação com o GOn. Os ensaios de irradiação NIR (810 nm, 150 mWcm-2, 30 min) 

revelaram que o p-rGOn apresentou uma maior conversão da luz em calor, dentro das 

temperaturas com interesse para a fototerapia (> 50 °C), enquanto o GOn só atingiu uma 

temperatura máxima de ≈ 38 °C quando irradiado. Após a identificação de que o p-rGOn possuía 

fotopropriedades superiores e a confirmação prévia da sua estabilidade em água, este material foi 

selecionado para novos ensaios, tendo em vista a aplicação fototerapêutica desejada. A obtenção 

de um material com tais propriedades constitui uma completa novidade. O novo GBM, p-rGOn, 

continuou a ser estudado, tendo em vista a sua incorporação num hidrogel de Carbopol 974P NF 

juntamente com o 5-FU para avaliar um potencial efeito sinérgico entre PTT e quimioterapia. 

Relativamente aos ensaios biológicos, primeiro o 5-FU foi incubado com fibroblastos de pele 

humana para selecionar uma gama segura que pudesse ser utilizada nas formulações 

farmacêuticas. Concentrações entre 0.1 e 1 µg mL-1 foram consideradas não tóxicas após um 

tempo de exposição de 72 h (> 70% de viabilidade celular, (ISO 10993-5:2009(E))). Do mesmo 

modo, foram estudadas concentrações de 5-FU que poderiam induzir morte das células 

cancerígenas. Observou-se que uma concentração de 0.1 µg mL-1 era suficiente para levar à morte 

de 45% das células cancerígenas A-431, após 72 h de incubação. 

A biocompatibilidade do p-rGOn foi também avaliada de forma semelhante com o intuito de 

assegurar a seletividade do tratamento. Concentrações inferiores a 100 µg mL-1 foram 

consideradas não tóxicas para células HFF-1, após 72 h de incubação. O 5-FU foi então 

incorporado num hidrogel de Carbopol 974P NF e incubado com as mesmas células na mesma 

gama de concentrações para avaliar a sua eficácia quando incluído no hidrogel. A concentração 

máxima não tóxica foi identificada como sendo de 0.5 µg mL-1. Em relação à eficácia 

anticancerígena, uma concentração de 0.25 µg mL-1 foi considerada suficiente para matar 30% 

das células A-431, após 72 h. 

Após as concentrações ideais de p-rGOn (100 µg mL-1) e de 5-FU (0.25 µg mL-1) serem 

selecionadas para incorporar no Carbopol 974P NF, ambas as células HFF-1 e A-431 foram 

expostas a radiação NIR (810 nm, 150 mWcm-2, 10 min) na presença de hidrogéis de Carbopol 

974P NF/p-rGOn/5-FU. Observou-se que após 72 h, foram conseguidas reduções do número de 

células A-431 de cerca de 78%. No entanto, sem irradiação, foram obtidos valores semelhantes. 

Além disso, não foi observado qualquer efeito sinérgico entre o 5-FU e o p-rGOn. Contudo, todas 

as condições testadas foram não tóxicas para as células HFF-1. 

Assim, foi testado um tempo de irradiação mais elevado de 30 minutos que resultou na 

erradicação quase completa das células cancerígenas (90%) após incubação durante 72 h com o 

Carbopol 974P NF/p-rGOn/5-FU. Contudo, a maior exposição à irradiação também causou uma 

redução de 80% no número de células HFF-1. Por conseguinte, este tratamento de fototerapia do 

cancro só poderia ser utilizado com uma colocação cuidadosa das formulações no local do tumor 

e com irradiação localizada no mesmo, para evitar danos nas células saudáveis. O trabalho futuro 

irá consistir na otimização das doses de irradiação necessárias para se conseguir um tratamento 

seletivo e conseguir sinergias entre os efeitos do p-rGOn e do 5-FU, se possível. 
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Chapter 1 
 

 

Introduction 
 

 

 

1.1 - Context 
 

Non-melanoma skin cancer (NMSC) has been reported as the most frequent cancer worldwide 

with over 3 million diagnoses per year in the USA [1]. Basal cell carcinoma (BCC) compose 

about 80% of NMSC [2]. Despite the low mortality or metastasis, BCC may give rise to 

substantial morbidity because of its damaging local spread [3]. The main cause for this type of 

skin cancer is exposure to ultraviolet (UV) radiation, being the most common occurrences on 

body parts frequently unprotected from the sun [2]. The risk of recurrence is significant [3], 

especially in the first five years after the treatment [2]. Depending on the risk of recurrence or 

location of the lesion, different therapies are used such as electrodesiccation and curettage, 

surgery or topical creams for low-risk BCC and chemotherapy and radiotherapy for high-risk 

BCC. Multiple problems have been reported with these approaches, for instance, 

electrodesiccation and curettage are invasive, cause poor cosmetic outcomes and possible 

extended growth in the scar tissue may lead to significant destruction [3]. Besides, topical 

treatments are only applicable to superficial BCC and have been reported to cause cutaneous 

reactions [2]. Nowadays, these therapies are based on semi-solid formulations including 

anticancer drugs such as 5-Fluorouracil (5-FU), Diclofenac and Imiquimod [4]. These secondary 

effects increase the demand for alternative treatments. 

Phototherapy has collected great interest in the scientific community due to its low 

invasiveness, negligible toxicity, reduced secondary effects, and avoidance of drug resistance. 

The first uses of light therapy date as far back as 3,500 years ago in the form of sunlight exposure 

to treat skin conditions (e.g., vitiligo) by ancient Indians and Egyptians [5]. Nowadays, modern 

phototherapy uses artificial light sources. Photodynamic therapy (PDT) and photothermal therapy 

(PTT) are the most used phototherapy modalities [6]. PDT is a therapeutic approach relying on 

photosensitizer (PS) agents to generate reactive oxygen species (ROS), such as singlet oxygen, to 

destroy tumour cells, under light irradiation [7]. The cytotoxic ROS can harm cells by oxidation 

of their components, including cellular membrane, proteins or DNA [8]. PDT is more selective 

than standard treatments because PS can accumulate in the tumours and irradiation can be limited 

to the lesion site [9]. Besides, this therapy allows multiple cycles of treatment with low 

invasiveness and minimal systemic effects [10]. PTT is a therapeutic approach that relies on 
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visible or NIR absorbing agents, which enable light energy conversion into heat, ultimately 

causing thermal ablation of cancer. Similar to PDT, PTT has increased specificity as the PTT 

agents preferably accumulate in the lesion site and the irradiation is focused on the tumour site, 

with no invasiveness [11]. In cancer, tumour tissues vasculature is very dissimilar from normal 

tissue blood vessels. Their lack of vasculature supporting tissues allows the development of leaky 

vessels presenting pores with diameters in the range of 100 to 2000 nm in the endothelial gaps. 

Besides, the ineffective lymphatic system leads to the non-filtering of external molecules as it 

happens in normal tissues. The small sizes of nanoparticles allow them to permeate and 

accumulate into tumours, a phenomenon that is known as the enhanced permeability and retention 

(EPR) effect [12]. An ideal agent for phototherapy should present high radiation absorbance in 

the desired wavelength and possess the ability to convert light into heat and/or ROS. The capacity 

of NIR light to penetrate tissues is superior to that of visible light and the biological tissues do not 

absorb in this range (750-1700 nm) [6]. 

In the clinics, PDT of cancer has been applied to precancerous keratosis skin lesions and few 

non-melanoma skin cancers [5]. Some PS are approved by the Food and Drug Administration 

(FDA, USA) and the European Medicines Agency (EMA, Europe) for cancer treatment. 

Photofrin® was the first despite its low tissue selectivity, decreased light absorption and it is 

activated in a wavelength where light has low tissue penetration. To achieve effective treatment, 

high concentrations of this PS are required, which result in long blood circulation periods. 

Foscan® was afterwards approved for the treatment of advanced head and neck squamous cell 

carcinomas and is capable of absorbing light in higher wavelengths. Besides, formulations of 

aminolaevulinic acid have been approved for dermatological diseases such as actinic keratoses or 

superficial basal cell carcinomas. Nevertheless, its application is restricted to superficial lesions 

due to its low tissue penetration [13]. Regarding PTT for cancer treatment, clinical therapies have 

been mostly focused on device-only approaches since the use of a PTT agent complicates 

regulatory frameworks and increases costs. Despite being reported as promising, the clinical 

development of PTT agents is significantly behind PDT ones [5]. 

Several nanomaterials that absorb light and produce ROS and/or heat have recently been 

reported in the literature for phototherapy. Nanoparticle-based approaches have been designed 

including liposomes, gold nanostructures, magnetic nanoparticles or palladium nanosheets, as 

reviewed elsewhere [14, 15]. However, CNM have been distinguished by their high absorption 

properties in NIR and visible light regions, meaning that small energy and laser strength is 

required for a phototherapeutic effect. Also, their suitable dimensions allow them to accumulate 

in the lesion site, and the high surface area allows their use as drug delivery systems, making them 

ideal platforms to enable new developments toward improving phototherapy efficiency [6, 16]. 

As previously mentioned, 5-FU is a US FDA approved anticancer drug used for topical 

treatments of skin cancers which mechanism of action is based on the inhibition of the enzyme 

thymidylate synthetase, consequently interfering with the DNA replication. It can be used as a 

cream or a solution and it has been reported to cause acute local inflammation which lowers 

patient compliance. Furthermore, the treatment with this anticancer drug is relatively prolonged 

and its skin penetration is limited [4]. 

Drug delivery systems such as nanoparticles, liposomes or hydrogels have been extensively 

studied for a controlled delivery with high cell availability for prolonged periods and specific 

locations and even using lower doses [17]. Carbopol is a cross-linked polyacrylic acid derivative 

with a hydrophilic behaviour [18] that has been reported to improve drug delivery to a specific 

location [19]. The use of these polymers as drug carriers has been significant in dermal 
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applications with many advantages such as high viscosity, drug compatibility, thermal stability 

and biocompatibility [20]. Carbopol-based hydrogels are approved (US FDA) for pharmaceutical 

use with different administration routes due to their long residue time at the lesion site, skin 

permeation and controlled release properties [21]. Carbopol 974P is widely applied in viscous 

gels, emulsions and mucoadhesive formulations with elevated treatment specificity to the lesion 

site [19]. 

 

1.2 - Motivation
 

The secondary effects or low efficiency of current treatments for non-melanoma skin cancer 

have potentiated the search for alternative approaches such as PTT. Graphene-based materials 

(GBM) unique properties such as high NIR absorption, nanometric size, large surface area, and 

biocompatibility justify the increasing number of studies on those materials for biomedical 

applications, including PTT. The objective of this dissertation was to study PTT combined with 

chemotherapy using GBM/anticancer drug-loaded hydrogels for transcutaneous delivery of both 

agents and treatment of dermatological conditions. The use of GBM hydrogels together with 

drugs used in BCC treatment and their combination with LED-based phototherapy systems 

constitutes a completely novel approach. The study of a non-invasive selective therapy such as 

PTT, with low drug doses and minimal or non-secondary effects, might result in an innovative 

treatment to fight the most common type of cancer. 

Multiple works have described GBM potential for cancer phototherapy applications [10]. 

Yang et al. developed PEGylated graphene sheets with nanometric sizes with high absorbance in 

the NIR region. An efficient in vivo PTT was achieved with tumour ablation after NIR laser 

irradiation [22]. Chang et al. used a hydrogel with spinach extract, rGO, gold nanocages and 5-

FU for a synergistic treatment that decreased HeLa cells viability to 1.2% after NIR irradiation 

[23]. These results motivated the use of GBM as efficient phototherapy systems for skin cancer. 

However, the literature lacks studies that show the selectivity of the treatment by using both 

cancer cells and healthy ones. Furthermore, there is currently no rGO described as water stable 

without any functionalization or the use of stabilizing agents. Hence, it would be of great 

importance to develop a production method to obtain a rGO without further surface modifications, 

that might lead to the decay of its optical and biological properties, important in the context of 

PTT. 

 

1.3 - Goals 
 

The main goal of this thesis is to develop GBM hydrogels conjugated with anticancer drugs 

for combined chemotherapy and photothermal therapy of skin cancer. To achieve this, the 

following specific aims were addressed: 

 

• Collection of information and organization of a literature review regarding state-of-the-art 

studies using carbon nanomaterials for application in cancer phototherapy. 

• Development of GBM with suitable physico-chemical properties and photothermal effect. 

• Production of Carbopol 974P NF hydrogels loaded with GBM and anticancer drugs, namely 

5-FU. 

• Understanding the effect of GBM/drug-loaded hydrogels on the behaviour of healthy human 

skin fibroblasts in the presence or absence of NIR irradiation. 
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• Understanding the phototherapeutic potential of GBM/drug-loaded hydrogels over skin 

cancer cells, in the presence or absence of NIR irradiation. 

 

1.4 - Structure 
 

This document is divided in six chapters. Besides this introduction, Chapter 2 reviews the 

state-of-the-art on CNM for phototherapy of cancer, presenting, also the main features of CNM, 

modifications of interest for desired applications, and biocompatibility and safety issues that 

should be considered. It is important to mention that this literature review is part of a review 

article with the title “Carbon nanomaterials for phototherapy of cancer and infections” that is 

currently being finalized for publication. Chapter 3 describes the materials and methods used in 

the experimental work performed and Chapter 4 presents the results obtained. Chapter 5 contains 

the discussion of the most important results, in the light of current literature. Chapter 6 presents 

the main conclusions withdrawn from the state-of-the-art and the work performed. 
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Chapter 2 
 

 

Carbon nanomaterials-based cancer 

phototherapy 
 

 

 

Carbon is a six electron atom with exceptional properties and high plasticity that allows the 

formation of covalent bonds with other carbon atoms or elements, growing their complexity. 

CNM unique physical and chemical properties have motivated multiple applications in the 

biomedical field from bioimaging, to tissue engineering, drug delivery and phototherapy [6, 24]. 

These materials have a wide range of dimensions, they can be zero-dimensional (0D) with all 

dimensions below 100 nm, for example, fullerenes, one-dimensional (1D) like CNT, two-

dimensional (2D), such as graphene, and three-dimensional (3D), like graphite [25]. Furthermore, 

crystallinity ranges from complete crystalline allotropic materials, for example, graphite, to 

complete amorphous such as carbon dots (CD). The hybridization state of the carbon atoms can 

also vary from sp2 hybridized carbon, like fullerenes, or sp3 hybridized atoms such as CD. In this 

chapter, the principal features of CNM with interest for phototherapy are highlighted and multiple 

surface modification strategies to enhance their effectiveness are addressed. Then, their multiple 

applications in cancer are presented and finally, key safety and biocompatibility concerns 

regarding these nanomaterials are discussed. 

 

2.1 - Structures and properties 
 

Fullerenes consist of 0D nanoparticles with sp2 hybridized atoms. These CNM are crystalline 

forms of carbon with most of them being closed hollow cages made of 12 pentagons and several 

hexagons depending on the total number of carbon atoms [25]. Diameters are in the range of 0.7 

to 1.0 nm, with the most commonly studied one, C60, also being considered the lowest size CNM 

(size ≈ 0.71 nm) [25]. Most fullerenes can produce ROS when irradiated by light, therefore having 

applications as PDT agents [6]. 

CD consist of 0D nanoparticles mostly composed by sp3 hybridized atoms. These CNM are 

quasispherical and amorphous forms of carbon, with diameters in the range of 2 to 10 nm [25]. 

Increased photoluminescence emission and stability in aqueous solutions are some of their most 

important characteristics. The first depends on the dimensions of the CD, excitation wavelength 

or functionalization, while the second is dependent on the number of hydrophilic groups at their 

surface [6]. 
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Graphene quantum dots (GQD) consist of 0D nanoparticles with sp2 hybridized atoms. These 

CNM are crystalline forms of carbon with diameters ranging from 2 to 20 nm [25]. GQD present 

a structure comparable to a disk and, similar to CD, high photoluminescence emission and water 

dispersibility [6]. 

CNT consist of 1D nanoparticles mostly composed by sp2 hybridized carbon atoms. These 

CNM are hollow cylinders and hexagonal lattice crystalline forms of carbon, with diameters 

ranging from 1 to 100 nm. Single-walled carbon nanotubes (SWCNT) have one graphene layer 

thick walls and usually present diameters between 0.2 and 2 nm, while multi-walled carbon 

nanotubes (MWCNT) have two or more layers of graphene walls and can be numerous 

micrometres long [25]. Due to their shape, amphiphilic surface (when functionalized) and size 

range, CNT can usually navigate through biological membranes or barriers [26]. 

Carbon nanohorns (CNH) consist of 1D nanoparticles mostly composed by sp2 hybridized 

atoms. These carbon materials are closed cages with a similar shape to a horn usually with 2 – 5 

nm in diameter and 40 – 50 nm in length. Their chemistry is very similar to that of CNT [27]. 

While CNT production methods include the deposition of metal as a catalyst causing some 

cytotoxicity issues, CNH preparation contains metal-free catalysts, reducing the biological 

toxicity [6]. 

Graphene consists of two-dimensional (2D) nanoparticles with sp2 hybridized atoms. This one 

atom thick sheet composed by hexagons is a crystalline form of carbon that is the base of carbon 

materials, including fullerenes and CNT. Its structure has a honeycomb lattice with six rings 

composed of a carbon atom connected to three other [25]. Graphene is the elementary structure 

of graphite and presents unique properties, such as large surface area, mechanical strength, and 

electrical and thermal conductivity [28]. However, this nanomaterial is hydrophobic and 

subsequently difficult to disperse in an aqueous medium, which constitutes a disadvantage 

regarding its application in the biological field [10]. Its derivatives, on the other hand, commonly 

named graphene-based materials (GBM) have been extensively used in biomedical applications. 

Graphene oxide (GO) is analogous to graphene but possesses oxygen-containing functional 

groups, for example, carboxylate or hydroxyl groups [10]. The polarity and reactiveness of these 

groups diminish the thermal stability and optical absorption properties, but it might be relevant 

for promoting dispersibility in polar solvents [28]. Due to its hydrophilic character, GO presents 

stability in aqueous solutions and low cytotoxicity [10]. Reduced graphene oxide (rGO) is a GO 

derivative with decreased oxygen-containing groups content, as a consequence of a chemical, 

thermal or electrochemical reduction procedure. This process partially restores the optical 

absorbance and the electrical and thermal conductivity, which is relevant regarding uses in PTT. 

However, it becomes more hydrophobic, decreasing aqueous stability, when compared with GO 

[10], with further surface functionalization or use of stabilizing agents being a common procedure. 

 

2.2 - Surface modification strategies 
 

Water stability and biocompatibility are key features of nanomaterials when considering 

biomedical applications. The majority of pristine CNM usually aggregate and precipitate in 

aqueous solutions because of their strong hydrophobic and π–π interactions. To overcome this 

disadvantage, covalent and non-covalent surface functionalization and other modifications can be 

performed, such as element doping [6, 7]. To use these nanomaterials in a phototherapy approach, 

a balanced functionalization is essential where the stability and integrity of the key properties of 

the materials are preserved. Details of surface modification strategies used for specific 
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applications will be presented and discussed in the next sections of this work, therefore only a 

short introduction is presented in this part. Figure 2.1 depicts representative examples of relevant 

surface modification approaches for enhancing CNM properties for phototherapeutic 

applications. 

Covalent functionalization is based on chemical reactions with compounds that allow 

introducing new chemical features of interest at CNM surface to tune desired properties [14]. It 

can be achieved through chemical oxidation to introduce reactive oxygen-containing functional 

groups at the CNM surface, such as hydroxyls (-OH) and carboxyls (-COOH). Those groups allow 

further chemical reactions to form covalent bonds with other molecules, including hydrophilic 

polymers, drugs/genes or targeting ligands. Both chemical oxidation and the introduction of the 

previously mentioned molecules can increase water stability and biocompatibility. Fullerenes 

modification with trimalonic acid increases the carboxylate groups on their cages and allows 

further conjugation with targeting molecules, such as aptamers, through amide linkage, toward 

increasing target specificity [29]. GO has been reported multiple times as an effective 

phototherapy agent when its biocompatibility is increased by PEGylation. An example of this 

reaction involves the carboxylation of GO and further reaction between the -COOH groups and 

the -NH2 groups of aminated poly(ethylene glycol) (PEG) [30]. However, even if the nanomaterial 

becomes more dispersible and stable in water, covalent functionalization may change its structure, 

by disrupting the delocalized π-π systems. This can lead to a decrease in CNM key characteristics, 

such as the photothermal conversion capacities, hindering the phototherapy performance, 

therefore, covalent functionalization might not always be the ideal solution for enhancing CNM 

properties [6, 31].  

Non-covalent functionalization is based in the coating of CNM with different molecules using 

several strategies such as electrostatic forces, π–π stacking, van der Waals forces, hydrogen 

bonding, or hydrophobic and hydrophilic interactions. In the case of amphiphilic molecules, the 

hydrophobic part is non-covalently anchored to the surface of the nanomaterials and the 

hydrophilic end extends into the solution providing some stability. Non-biological molecules as 

pyrene, porphyrin or phthalocyanine derivatives have a high capacity to form π–π stacking at 

CNM surface, but can be conjugated through the other noncovalent interactions, such as 

hydrophobic interactions. Nevertheless, biomacromolecules, for example, DNA, RNA or proteins 

can also stabilize these materials [6, 14, 31]. Although non-covalent functionalization does not 

disrupt the π-π systems as the covalent modification does, it originates conjugates with weaker 

stability [6, 31]. In the literature, several studies explore this type of functionalization. CD have 

been derived from manganese (II) phthalocyanine and conjugated with a PEG derivative through 

hydrophobic interactions to improve water stability and biocompatibility [32]. CNT can non-

covalently bind PS at their surface, as it is the case of chlorine e6 (Ce6) that has been adsorbed at 

SWCNT surface by π–π interaction [33]. rGO non-covalent functionalization with amphiphilic 

molecules (grafted hyaluronic acid (HAc) to a poly(maleic anhydride-alt-1-octadecene)), has 

been shown to improve its stability, biocompatibility and targeting capability [34]. Surface 

adsorption of PEG onto GO surface has been also demonstrated to improve the extent of GO 

thermal reduction in a single-step protocol, rendering a nanomaterial (rGO-PEG) that is stable in 

an aqueous environment and possesses high NIR absorption [35, 36]. Additionally, conjugation 

with PS is usually accomplished through π–π stacking [37-40]. 

Besides functionalization, other modifications can be done to CNM to enhance their 

phototherapy characteristics. Element doping is one of them, for example, sulphur-doped CD 

have been prepared with increased singlet-oxygen quantum yield [41]. Also, GO nanosheets have 
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been doped with manganese dioxide that catalysed abundant tumour H2O2 into O2, diminishing 

tumour hypoxia, among other advantages [42]. 

 

 

Figure 2.1 – Representative CNM surface modifications for enhancing their biological, drug delivery and 

phototherapeutic properties. Conjugation with photosensitizers is performed to induce ROS generation and lead to 

targeted cytotoxic effects. Surface functionalization using proteins, as well as polymers can increase biocompatibility 

and water stability of CNM in aqueous dispersions. Conjugation of CNM with anticancer drugs enables combined 

chemotherapy and phototherapy, increasing therapeutic efficiency. Targeting moieties, which may include peptides or 

other biomolecules are used to increase the specificity of the treatment. CNM can be conjugated with other 

nanomaterials with properties of interest for target applications, such as NIR absorption for increased photothermal 

effect. Doping can be used to directly introduce specific elements at CNM surface to alter its optical properties. Created 

with Biorender.com. Abbreviations: Ag NP, silver nanoparticles; Au NP, gold nanoparticles; BSA, bovine serum 

albumin; Ce6, chlorine e6; CNM, carbon nanomaterials; CREKA, Cysteinyl-arginyl-glutamyl-lysyl-alanyl peptide; 

DOX, doxorubicin; Fe3O4, iron oxide; HPPH, 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-alpha; IO NP, iron 

oxide nanoparticles; NGR, Asparagine-glycine-arginine peptide; NIR, near-infrared radiation; PAH, poly(allylamine 

hydrochloride); PEG, poly(ethylene glycol); PEI, polyethylenimine; PPIX, protoporphyrin IX; PVP, 

polyvinylpyrrolidone; RGD, Arg-Gly-Asp peptide; ROS, reactive oxygen species; SN-38, 7-ethyl-10-

hydroxycamptothecin. 

 

2.3 - Cancer Phototherapy using CNM
 

Cancer phototherapy can be a highly selective treatment as tumour cells are targeted by nano-

agents and the irradiation can be directed to the tumour site, minimizing consequences to 

surrounding normal tissues [43]. As discussed above, CNM are ideal for phototherapy 

applications due to their unique characteristics, such as suitable nanodimensions and large surface 

areas. Besides, their extensive ability to absorb light while being stable makes these materials 

promising phototherapy agents [25]. Different approaches can be used for cancer treatment using 

light therapy, including PDT, PTT or a combination of both. Such modalities can be used as a 

stand-alone treatment having minimal side effects in comparison to other cancer treatments 

(surgery, chemotherapy, radiotherapy), or they can be used as part of combination therapy, as for 

example, to augment chemotherapy effects and reduce necessary doses. This chapter explores the 

contribution of CNM or their drug conjugates toward advancing cancer phototherapy. 

 

2.3.1 - Photodynamic therapy

 

PDT is based on the use of PS, which are capable of producing ROS when irradiated with the 

appropriate wavelength. Singlet oxygen (1O2), superoxide (•O−
2) and hydroxyl radical (•OH), are 

examples of ROS, molecules with high cytotoxicity that might be generated to destroy cancer 
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cells as they uptake the PS [6]. In this approach, irradiation is usually performed in the visible 

range, from 350 to 700 nm, however, some studies also use NIR (750-1700 nm). Among other 

advantages, PDT shows insignificant harmful effects to surrounding healthy tissues and low-

invasiveness [15]. There are numerous PS, most containing porphyrin molecules that selectively 

accumulate and persist in tumours, enabling a targeted therapy after light irradiation. Multiple 

nanomaterials have been conjugated with PS, including CNM, to increase their phototherapeutic 

efficiency. Also, some CNM such as fullerenes, CD and GQD can act as PS themselves without 

the need for additional PS molecules [7]. Table 2.1 summarizes the state-of-the-art literature 

regarding the use of CNM in PDT, including their main characteristics and biological effects. In 

the literature, promising results were reported using fullerenes, CD, GQD, CNT, GO and rGO, 

being fullerenes the most extensively studied. 

Fullerenes have been widely studied as photodynamic agents due to their capacity of 

producing high amounts of ROS, under light irradiation [6]. The pristine form of fullerenes is 

hydrophobic so surface modification is necessary to increase water stability, which can be done 

with malonic acid [29, 44, 45], block copolymer micelles [46], liposomes [47-49], PEG [45, 50-

52], amongst others. Fullerene-based PS might show reduced specificity to tumour cells, thus 

targeting molecules, such as aptamers [29], or asparagine-glycine-arginine (NGR) peptides [53], 

can be conjugated to overcome selectivity issues. For example, NGR peptides can recognize 

tumour vascular antigens. Hence, conjugating nanoparticles with this peptide allows a selective 

distribution and accumulation in tumour tissues, ultimately enhancing PDT effectiveness [53]. In 

vitro, concentrations commonly used for this nanomaterial vary from 0.45 to 100 µM, while 

incubation times range between 0.25 to 24 h. Irradiations are usually performed with lamps or 

lasers with wavelengths between 350-800 nm, and irradiances from 2.12 to 300 mWcm-2, during 

0.5 to 120 minutes. Fullerenes usually induce between 51 to 100% cancer cell death after PDT 

treatment. In vivo, materials are often injected intratumorously or intravenously, and 

concentrations used range between 0.424 and 10 mg kg-1. Irradiations are performed with light 

probes or lasers with a wavelength between 400-700 nm, with irradiances between 89.2 to 100 

mWcm-2, during 5 to 20 minutes. This range of wavelengths corresponds to visible light as 

fullerenes are not capable of absorbing in higher wavelengths, such as the NIR region. Even 

though visible light has low tissue penetration, there are effective phototherapeutic treatments 

based on irradiation performed on those wavelengths. In the absence of light, fullerenes appear to 

induce no toxicity as there is no ROS generation. Fullerenes usually induce between 55 to 100% 

tumour reduction, 9 to 15 days after treatment [50, 51, 54]. Some authors have reported fullerenes 

to accumulate in the liver and kidney [45, 54], however, they usually end up clearing out of the 

body [45, 52]. Liu and Tabata used a fullerene (C60) modified with pullulan for PDT using HepG2 

hepatoma cell line. The goal was to increase the selectivity for hepatoma cells once pullulan is a 

water-soluble polysaccharide with high affinity for asialoglycoprotein receptors, expressed at 

hepatocytes surface. Cells were incubated with the modified fullerenes at a concentration of 1 µM 

and irradiated with a lamp (400-700 nm, 8 W) for 5 minutes after 6 h of culture, resulting in 60% 

cancer cell death. Besides, mice were subcutaneously inoculated with the same cell line to induce 

tumour formation. Modified fullerenes were intravenously injected at a concentration of 300 µM 

and after 6 h irradiated with a light probe (400-505 nm, 89.2 mWcm-2) for 10 minutes. The 

treatment resulted in over 55% tumour reduction after 15 days, comparing with untreated control 

[55]. Fullerenes conjugated with drugs have been also explored, namely using 2-methoxyestradiol 

(2-ME) [53], hematoporphyrin monomethyl ether [54] and doxorubicin (DOX) [56]. For example, 

Shi et al. modified fullerenes with malonic acid and NGR peptide (DMA-C60-NGR) to act as a 
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delivery system for 2-ME. The selective effect of this drug allows to cause apoptosis of certain 

tumour cell lines, while not having similar effect in normal cells; however, its cell internalization 

is limited. The combination of 2-ME with a tumour-targeting drug delivery system, such as DMA-

C60-NGR allows easier drug internalization, which was further combined with the ROS 

generation. A breast cancer cell line incubated with DMA-C60-NGR-2ME at a concentration of 5 

µg mL-1 and irradiated with a laser (400-700 nm, 60 mWcm-2) for 60 minutes after 24 h of culture, 

has presented a cell death ratio of 100% [53]. Figure 3, illustrates a representative example of 

CNM applications in cancer PDT. Guan et al. conjugated fullerene (C70) with trimalonic acid and 

Ce6, producing nanovesicles (FCNVs) for PDT in a human lung adenocarcinoma cell line. The 

nanovesicles were used to surpass Ce6 limitations, such as lack of water solubility and tumour 

specificity, enhancing fullerenes NIR absorption. Cells were incubated with FCNVs at a 

concentration of 200 µg mL-1 and irradiated with a laser (660 nm, 20 mWcm-2) for 10 minutes 

after 3 h of culture, leading to 95% cancer cell death. Also, mice were subcutaneously inoculated 

with a modified murine breast cancer cell line to induce tumour formation. FCNVs were 

intravenously injected at a concentration of 10 mg kg-1 and after 4 h irradiated with a laser (660 

nm, 100 mWcm-2) for 10 minutes. The treatment resulted in 100% tumour reduction after 14 days, 

comparing with untreated control. Furthermore, histology revealed no significant damage in the 

main organs [45]. Besides being applied as the core nanomaterial, fullerenes have been used to 

decorate other nanomaterials and enhance their potential for PDT. Liu et al. used fullerenes (C60) 

conjugated with malonic acid, a PEG derivative, and folic acid (FA) to decorate upconversion 

nanoparticles (UCNP). Human cervical cancer cells were then incubated with C60-decorated 

UCNP at a concentration of 800 µg mL-1 and after 24 h irradiated with a laser (980 nm, 1.37 Wcm-

2) for 10 minutes, resulting in 75% cancer cell death [57]. 
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Figure 2.2 – Representative example of CNM use for cancer photodynamic therapy. (A) Production of 

fullerene/chlorine e6 nanovesicles (FCNVs) as phototherapeutic agent for PDT, by modifying the fullerene (C70) with 

malonic acid and covalently linking with Ce6. (B) A549 cells viability after incubation with FCNVs at a range of 

concentrations, with or without laser irradiation (660 nm, 20 mWcm-2). (C) A549 cells viability after incubation with 

FCNVs, free Ce6 and TFC70 alone (200 µg mL-1), respectively, with or without laser irradiation (660 nm, 20 mV cm-

2). (D) Images of hematoxylin-eosin stained tumour tissue after PDT with FCNVs and respective control. (E) 

Normalized tumour volumes for the three groups under PDT treatment and control. Adapted from [45]. Abbreviations: 

A549 cells, human lung adenocarcinoma cell line; Ce6, chlorine e6; CNM, carbon nanomaterial; PDT, photodynamic 

therapy; TFC70, tri-malonic acid modified fullerene. 

 

CD are another type of CNM with potential to achieve effective PDT effects, as demonstrated 

in many successful studies [32, 41, 58]. These nanomaterials can either act as PS by directly 

producing ROS under irradiation or be conjugated with PS in case their ROS generation capacity 

is low or to further increase the PDT effect. PS usually applied together with CD are zinc 

phthalocyanine (ZnPc) [59] and boron dipyrromethene (BODIPY)-based PS [60]. In vitro studies 

use CD concentrations varying from 7.5 to 250 µg mL-1, and incubation times ranging between 

0.25 to 24 h. Irradiations are usually performed with lamps or lasers with wavelengths between 

400-700 nm, and irradiances from 6.5 to 40 mWcm-2, during 10 to 30 minutes. Studies often 

report between 50 to 99% cancer cell death after PDT treatment. In vivo, CD-based materials are 

often injected intratumorously or intravenously, and concentrations range between 0.5 and 10 mg 

kg-1. Irradiations are performed with light probes or lasers with a wavelength between 540-660 

nm, with irradiances between 10 to 300 mWcm-2, during 10 to 30 minutes. Studies with these 

CNM usually result in 60 to 100% tumour reduction, 10 to 15 days after treatment [32, 59-62]. 

CD can be cleared through the renal route without causing necrosis or damage in the main organs 

[32, 58, 60, 61]. In a study by Liu et al., manganese phthalocyanine derived CD (Mn-CD) were 

incubated at a concentration of 20 µg mL-1 with a human cervical cancer cell line. The objective 
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of the Mn-CD was to catalyse H2O2 and generate oxygen to overcome tumour hypoxia, enhancing 

the PDT effect. After 4 h of culture, laser (635 nm) irradiation was performed for 10 minutes, 

leading to 99% cancer cell death. Besides, mice were subcutaneously inoculated with a murine 

breast cancer cell line to induce tumour formation. Modified CD were injected at a concentration 

of 200 µg mL-1 and irradiated using the same setting from in vitro experiments. The treatment 

resulted in 100% tumour reduction after 14 days, comparing with untreated control [32]. Similar 

to fullerenes, efficient PDT treatment has been reported using CD decorating other nanomaterials. 

Zheng et al. used CD doped carbon nitride nanoparticles (PCCN) in a murine breast cancer cell 

line. Cells were incubated with PCCN at a concentration of 10 µg mL-1 and irradiated with a laser 

(630 nm, 40 mWcm-2) for 5 minutes, resulting in approximately 40% cancer cell death [63]. 

GQD also have PS capabilities, being able to produce ROS after irradiation. These CNM can 

be further conjugated with PS, like Ce6 [64], when their effect is insufficient. In vitro, 

concentrations commonly used for this nanomaterial vary from 0.25 to 200 µg mL-1, while 

incubation times range between 4 to 24 h. Irradiations are usually performed with lamps or lasers 

with wavelengths between 365-650 nm, and irradiances from 1.03 to 100 mWcm-2, during 5 to 

20 minutes. Studies with GQD usually result in 60 to 99.9% cancer cell death after PDT treatment. 

In vivo, they are often injected intratumorously or intravenously, and concentrations used range 

between 2.5 and 4 mg kg-1. Irradiations are performed with light probes or lasers with a 

wavelength between 400-800 nm, with irradiances between 80 to 200 mWcm-2, during 10 to 30 

minutes. GQD PDT usually results in 80 to 100% tumour reduction, 14 to 25 days after treatment 

[58, 64-67]. Liver accumulation has been reported and justified once the reticuloendothelial 

system (RES) organs uptake graphene derivatives. However, after a few hours, the materials are 

cleared from the body [64]. Kuo et al. conjugated GQD with Ce6 through a disulfide linker (GQD-

SS-Ce6) for PDT in a human cervical cancer cell line. The authors expected that the GQD-SS-

Ce6 would selectively affect tumour cells, once the high glutathione concentration present in 

tumour tissues would cleave the disulfide linker and release the Ce6, that after irradiated by light 

would destroy the tumour. Cells were incubated with the GQD/Ce6 conjugate using a PS 

concentration of 2 µM and irradiated with a laser (650 nm, 20 mWcm-2) for 5 minutes after 24 h 

of incubation, which induced 70% cancer cell death. In vivo studies were performed using mice 

with tumour xenografts through cancer cell inoculation. Modified GQD were intravenously 

administered at a PS concentration of 2.5 mg kg-1 and after 2 h irradiated with a laser (650 nm, 

200 mWcm-2) for 30 minutes. The treatment resulted in over 80% tumour reduction after 14 days, 

comparing with untreated control. Some liver accumulation was observed, however, after 4 hours, 

the materials were cleared from the body [64]. As a strategy to enhance treatment effectiveness, 

GQD have been conjugated with anticancer drugs. Ju et al. produced nanosized GQD modified 

with a charge-reversal agent (3-Aminopropyl)triethoxysilane (APTES). This nanoparticle acted 

as a drug carrier for DOX (N-GQD-DOX-APTES) leading to increased drug uptake in cancer 

cells, as seen by an intense fluorescence in the nuclei of breast cancer cells treated with N-GQD-

DOX-APTES, as opposed to free DOX. Combining this drug carrier with PDT allowed enhanced 

treatment (80% cell death) when comparing with free DOX (70% cell death) [68]. Furthermore, 

effective PDT treatments have been described with GQD decorating other materials such as 

UCNP [65, 67, 69]. Zhang et al. doped UCNP with GQD and conjugated it with a rhodamine 

derivative, TRITC for PDT in a murine breast cancer cell line. Cells were incubated with 

conjugated nanoparticles at a concentration of 160 µg mL-1 and irradiated with a laser (980 nm, 

1.5 Wcm-2) for 8 minutes, resulting in approximately 75% cancer cell death [65]. 
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CNT can load PS at their surface by covalent or non-covalent methods, such as 5-

aminolevulinic acid (5-ALA) [70] and Ce6 [33, 71]. These CNM require further functionalization 

to improve their biocompatibility [70], dispersibility [33, 71, 72] or selectivity [72]. In vitro, 

concentrations commonly used for this nanomaterial vary from 10 to 100 µM, while incubation 

times range between 1 to 24 h. Irradiations are usually performed using lasers with wavelengths 

between 300-2600 nm, and irradiances from 98 to 150 mWcm-2, during 10 to 120 minutes. As 

CNT usually present high NIR absorption, the use of such agents enables the treatment of deeper 

located tumours, given the penetration capacity of NIR radiation. Studies with CNT usually 

present a cancer cell death between 63 and 90% after PDT treatment. An in vivo study with CNT 

resulted in a 45% tumour reduction, 10 days after treatment with lamp irradiation (300-2600 nm, 

500 W) [73]. In a study by Huang et al., MWCNT were functionalized with a polyamidoamine 

dendrimer to act as a delivery vehicle to the PS 5-ALA for PDT of a human gastric cancer cell 

line. Cells were incubated with modified CNT at a concentration of 100 µM and irradiated with 

a laser (632.8 nm, 4.35 J cm-2) for 10 minutes after 24 h of culture. The treatment resulted in 90% 

cancer cell death [70]. In the majority of the studies found in literature, CNT are combined with 

PS loaded at their surface to be used as PDT agents. However, a study was found where SWCNT 

covalently functionalized with polyethylenimine (SWCNT-PEI) were able to act as a PS by 

themselves. Wang et al. incubated a mice melanoma cell line with SWCNT-PEI at a concentration 

of 50 µg mL-1 and performed irradiation with a halogen lamp (300-2600 nm, 500 W, 120 min) 

after 6 h of culture. The treatment resulted in 65% cancer cell death. Furthermore, the PDT effect 

was also evaluated in vivo in female C57 mice subcutaneously injected with the same cell line. 

SWCNT-PEI were administered by intratumoral injection at a concentration of 50 µg mL-1 and 

irradiated as mentioned above. The treatment resulted in 45% tumour reduction after 9 days, 

comparing with untreated control [73]. 

GO can also load PS and be internalized into tumour cells, being able to be used to achieve 

effective PDT. Nonetheless, surface modifications can be used to increase targetability [39, 40, 

74] and biocompatibility [39]. Some PS that were used with this nanomaterial include hypocrellin 

A (HA) [75], Ce6 [40, 76, 77], hypocrellin B [78] and ZnPc [79], among others. In vitro, 

concentrations commonly used for this nanomaterial vary from 0.49 to 100 µg mL-1, while 

incubation times range between 1 to 24 h. Irradiations are usually performed using lasers with 

wavelengths between 400-1100 nm, and irradiances from 8 to 200 mWcm-2, during 0.75 to 30 

minutes. Studies with GO usually report between 40 to 92.4% cancer cell death after PDT 

treatment. In vivo, materials are often injected intratumorously or intravenously, and 

concentrations used between 0.5 and 1 mg kg-1. Irradiations are performed using lasers with a 

wavelength between 660-671 nm and irradiances between 75 to 100 mWcm-2, during 1 to 30 

minutes. Studies with these CNM usually result in between 73 to 100% tumour reduction, 14 to 

28 days after treatment [42, 80, 81]. Some studies reveal no damage or toxicity to be found in the 

main organs after treatment with GO [42, 80]. Huang et al. used GO conjugated with FA, as a 

targeted delivery system, for the PS Ce6 to perform PDT in a MGC803 cell line. Cells were 

incubated with modified GO at a concentration of 100 µM and irradiated with a laser (632.8 nm, 

30 mWcm-2) for 10 minutes after 24 h of culture, resulting in a cancer cell death of 90% [40]. 

Effective outcomes have been also obtained combining PDT with chemotherapeutics, for 

example, DOX [81], 7-ethyl-10-hydroxycamptothecin [38] or cisplatin (Pt) [42]. 

The reduced form of GO has also demonstrated potential as a PDT agent. The large surface 

area of this CNM allows the loading of PS, such as Ce6 [82] and protoporphyrin IX (PPIX) [83] 

or anticancer drugs, such as camptothecin (CPT) [84]. In vitro, concentrations commonly used 
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for this nanomaterial vary from 1 to 500 µg mL-1, while incubation times are around 24 h. 

Irradiations are usually performed with lasers with wavelengths between 365-671 nm, and 

irradiances from 3.7 to 30 mWcm-2, during 3 to 40 minutes. PDT treatment with rGO resulted in 

between 59.6 and 90% cancer cell death. In vivo studies were not found with this CNM, therefore, 

further research is required on this topic. A study by Huang et al. reported a rGO model that 

conjugates biocompatibility and receptor-targeted drug delivery. Authors coated rGO with 

polyvinylpyrrolidone (PVP) and functionalized it with arginine-glycine-aspartate (RGD) peptide 

and Ce6 for PDT assays using a human gastric cancer cell line. Cells were incubated with 

modified rGO at a PS concentration of 50 µM and irradiated with a laser (671 nm, 30 mWcm-2) 

for 3 minutes after 24 h incubation. The treatment resulted in over 90% cell cancer death [82]. 

In the literature, PS and drug loading have been achieved through different methods. The most 

common strategies used include covalent functionalization through linkers [45, 64], non-covalent 

functionalization through π-π stacking [33, 75] or physical adsorption [53, 76]. Drug loading has 

been quantified in two main ways. As loading capacity (LC), also named loading amount which 

represents the weight of drug loaded per weight of the nanoparticle (often shown as mg of 

drug/mg of CNM); or as loading efficiency (LE), which represents the weight of the drug loaded 

in the nanomaterial divided by the total weight of drug initially available (often reported as a 

percentage). Several studies report loading values without describing the calculations presented, 

therefore Tables 2.1, 2.2, and 2.3 present LC or LE as described in the articles. Few studies report 

the combination of fullerenes with PS or anticancer drugs, obtaining extremely variable outcomes 

(LC of 140% [53] and LE between 57-125%). No loading quantification was found in studies 

reporting the use of CD and only one study quantified GQD LC with Ce6 which was of about 

40% [64]. On the other hand, CNT, GO and rGO large surface area usually allows effective 

loading of PS. Studies have described the use of CNT in conjugation with PS, reporting a LE of 

70% and a LC of 130%. In the case of GO, values reported are also quite variable (LC values are 

in the range of 3 to 115% and LE varies from 50-130%). Furthermore, rGO studies were found 

with LE values of 7% for the PS Ce6 [82] and LC values of 21 and 22% for the PS 4-hydroxy 

coumarin and the anticancer drug CPT [84]. Drug loading outcomes are strongly dependent on 

the method used, as well as on CNM properties, including size, surface chemistry and available 

surface area. Studies reporting PS or drug loading at CNM surface have been described above 

and further details can be found in Table 2.1. 

For each nanomaterial, surface modification, concentration, and irradiation wavelength are 

only some of the many parameters that can influence the results. The lack of information in some 

studies, such as the concentration of the nanomaterial only or the duration of the incubation, for 

example, makes comparison and withdrawing of conclusions difficult. Taking this into 

consideration, the comparison between the presented studies was performed whenever possible 

and main conclusions are presented next. 

In general, CNM can be divided into two groups. On one hand, fullerenes, CD and GQD are 

able of photo-induced ROS production by themselves, bypassing the need to incorporate any other 

photoactive agents. Among these three nanomaterials, fullerenes are the most well-studied in the 

literature, and their application in PDT usually resulted in cancer cell death ratios superior to 50%, 

even at low concentrations (below 10 µM), while in vivo studies have shown tumour reductions 

of over 55% after 9 to 15 days. Furthermore, fullerenes conjugated with trimalonic acid and Ce6 

have been reported to be excreted without damaging other tissues [45] and fullerenes conjugated 

with PEG derivatives have been stated to be eliminated from blood circulation [51]. These 

modifications are examples of ways to minimize the potential toxicity of fullerenes, which is a 
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general concern regarding the biomedical use of nanomaterials, being therefore further discussed 

in detail in Section 5. CD usually resulted in over 50% cancer cell death ratios in concentrations 

up to 250 µg mL-1 in vitro, whereas in vivo studies often report tumour reductions of over 60% 

after 10 to 15 days of treatment. GQD have been showing promising results, inducing cancer cell 

death ratios over 60% after in vitro treatment using concentrations ranging between 0.25 and 200 

µg mL-1. In vivo studies with this CNM usually result in over 80% tumour reduction, 14 to 25 

days after treatment. As seen above, the unique photoproperties of fullerenes, CD and GQD have 

contributed for the application of these CNM as active photosensitizing agents. Furthermore, 

decorating other core nanomaterials with these materials have also resulted in efficient therapies. 

On the other hand, researchers have taken advantage of CNT, GO and rGO large surface area to 

load different PS molecules, allowing the exploitation of these CNM for PDT. CNT have been 

studied using concentrations ranging between 10 and 100 µM that resulted in in vitro cancer cell 

deaths between 60 and 90%. An in vivo study has shown a tumour growth inhibition of 45% after 

9 days with irradiation of 300-2600 nm and 500 W. As for GO and rGO, in vitro studies report 

the use of concentrations in the range of 0.5 to 500 µg mL-1 resulting in over 40% cancer cell 

death ratios. In vivo studies using GO usually report over 73% tumour reduction, 14 to 28 days 

after treatment. No in vivo studies were found using rGO for PDT. 

Overall, cancer CNM-based PDT has been extensively studied in the literature. The first CNM 

group comprises fullerenes, CD and GQD, with excellent PS activity through ROS generation. 

The second group includes CNT and GBM, which exhibit poor PDT performance if unmodified, 

but can be improved with the loading of PS. By altering the nanomaterial surface or conjugating 

it with PS, CNM limitations can be surpassed, resulting in potential PDT approaches. The results 

already present in the literature potentiate the use of these materials in cancer PDT in the future, 

but more comprehensive studies regarding toxicity and CNM fate in vivo are needed. 

 
Table 2.1 - Selected recent studies on carbon nanomaterials for cancer photodynamic therapy. 

CNM 
Particle 

size 

Surface 

modification 

Conjugated 

drug/PS 

Biological studies in vitro Biological studies in vivo 

Ref. 
Parameters 

Cell 

death 
Parameters 

Tumour 

reduction 

Fullerenes 

s ≈ 150 

nm 

Trimalonic 

acid 

Aptamer R13 

N/A 

A549 cells 

[TF70-R13] = 10 µM 

Incubation: 3 h 

I: 400–700 nm, 20 

mWcm-2, 30 min 

≈ 99.9% N/A N/A [29] 

N/S Porphyrin N/A 

Hep-2 cells 

[P-C60] = 1 µM 

Incubation: 24 h 

I: 350–800 nm, 60 

mWcm-2 

≈ 80% N/A N/A [85] 

N/S 

One 

quarternary 

pyrrolidiniu

m group 

(BF4) 

N/A 

1J774 cells, 2LLC cells 

and 3CT26 cells 

[BF4] = 2 μM 

Incubation: 24 h 

I: 400–700 nm, 150 

mWcm-2 

≈ 195, 
294 and 
380% 

N/A N/A [86] 

s ≈ 92 

nm 

Block 

copolymer 

micelle-

incorporated 

N/A 

HeLa cells 

[C60] = 2.5 μM 

Incubation: 24 h 

I: 350–500 nm, 19 

mWcm-2, 120 min 

≈ 98.7% N/A N/A [46] 

N/S 

Diphenylami

nofluorene 

modified 

with 1,1-

dicyanoethyl

enyl 

(>CPAF-Cn) 

N/A 

HeLa cells 

[C60(>CPAFC-2M)] = 

5.0 μM 

Incubation: 3 h 

I: 400–700 nm, 100 

mWcm−2, 33 min 

≈ 60% N/A N/A [87] 

N/S 
Dimalonic 

acid (DMA) 
N/A 

HeLa cells 

[DMA C60] = 40 μM 

I: Halogen lamp, 300 

W, 30 min, 3x 

≈ 63% N/A N/A [44] 

N/S 
Pyropheopho

rbide a 
N/A 

Jurkat cells 

[Pyro] = 2 μM 
≈ 58% N/A N/A [88] 
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(Pyro) 

derivative: 

Hexa-adduct 

Incubation: 24 h 

I: 668 nm, 2.12 mWcm-

2, 0.5 min 

Fullerenes 

s ≈ 80 ± 

27 nm 

Lipid-

membrane-

incorporated 

(LMI) 

N/A 

HeLa cells 

[C70] = 5 μM 

Incubation: 24 h 

I: 400–740 nm, 57 

mWcm-2, 60 min 

≈ 89% N/A N/A [47] 

s ≈ 170 

± 15 nm 

Cerasome-

incorporated 

(CI) 

N/A 

HeLa cells 

[CIC70] = 5 μM 

Incubation: 24 h 

I: 400–740 nm, 57 

mWcm-2, 60 min 

≈ 100% N/A N/A [48] 

s ≈ 111 

± 27 nm 
LMI N/A 

HeLa cells 

[LMI] = 50 μM 

Incubation: 24 h 

I: 350–500 nm, 19 

mWcm−2, 120 min 

≈ 84.8% N/A N/A [49] 

N/S 
γ -

cyclodextrin 
N/A 

HeLa cells 

[C70] = 3.0 µM 

Incubation: 15 min 

I: 400–740 nm, 54 

mWcm-2, 30 min 

≈ > 90% N/A N/A [89] 

N/S 

N-

methylpyrroli

dinium 

(BB4) 

N/A 

CT26Luc cells 

[BB4] = 2 μM 

Incubation: 24 h 

I: 400–700 nm, 150 

mWcm-2 

≈ > 99% 

BALB/c mice 

inoculated with 

CT26Luc cells 

[BB4] = 5 mg kg-1 

I: 400–700 nm, 100 

mWcm-2 

10 days 

survival 

advantage 

[90] 

N/S Pullulan N/A 

HepG2 cells 

[C60] = 1 μM 

Incubation: 6 h 

I: 400–700 nm, 8 W, 5 

min 

≈ 60% 

Nude mice 

inoculated with 

HepG2 cells 

[C60-pullulan] = 300 

µM 

I: 400–505 nm, 89.2 

mWcm-2, 10 min 

t: 15 days 

≈ > 55% [55] 

s ≈ 31 

nm 

tn ≈ 9 

nm 

Trimalonic 

acid 

Chlorin e6 

(Ce6) 

Loading 

efficiency 

(LE): ≈ 57 wt 

% 

A549 cells 

[FCNVs] = 200 µg mL-

1 

Incubation: 3 h 

I: 660 nm, 20 mWcm-2, 

10 min 

≈ 95% 

Female Balb/c mice 

injected with 4T1-

luc cells 

[FCNVs] = 10 mg 

kg-1 

I: 660 nm, 100 

mWcm-2, 10 min 

t: 14 days 

≈ 100% [45] 

N/S 

Poly(ethylen

e glycol) 

(PEG) 

Gadolinium 

(Gd) 

N/A 

Meth AR1 cells 

[C60-PEG-Gd] = 100 

µM 

I: 400-700 nm, 8 W, 40 

min 

≈ 80% 

CF1 mice inoculated 

with Meth AR1 cells 

[C60-PEG-Gd] = 

2780 µM 

I: 400–505 nm, 89.2 

mWcm-2, 10 min 

t: 10 days 

≈ > 75% [50] 

d ≈ 14–

42 nm 
PEG N/A 

Meth AR1 cells 

[C60–PEG] = 10 µM 

I: 400–700 nm, 8 W, 40 

min 

≈ 80% 

CF1 mice inoculated 

with Meth AR1 cells 

[C60–PEG] = 0.3 

mM 

I: 400–505 nm, 89.2 

mWcm-2, 10 min 

t: 10 days 

≈ > 70% [51] 

N/S PEG N/A N/A N/A 

Female CDF1
 mice 

inoculated with 

Meth A cells 

[C60–PEG] = 0.424 

mg kg-1 

I: 400–505 nm, 89.2 

mWcm-2, 20 min 

t: 11 days 

≈ > 95% [52] 

s ≈ 

169.7 ± 

2.9 nm 

DMA 

Asparagine-

glycine-

arginine 

(NGR) 

peptide 

DSPE-

PEG2000-

maleimide 

2-

Methoxyestra

diol (2ME) 

Loading 

capacity 

(LC): 140.1 

wt% 

MCF-7 cells 

[2ME] = 5 µg mL-1 

Incubation: 24 h 

I: 400–700 nm, 60 

mWcm-2, 60 min 

≈ 100% N/A N/A [53] 

s ≈ 

163.8 ± 

3.7 nm 

d ≈ 5–10 

nm 

Iron oxide 

nanoparticles 

(IO NP) 

PEG 

Hematoporph

yrin 

monomethyl 

ether 

(HMME) 

LE: 125.3% 

B16-F10 cells 

[HMME] = 10 µg mL-1, 

[C60-IO NP-PEG] = 

7.98 µg mL-1 

Incubation: 24 h 

I: 532 nm, 300 mWcm-

2, 5 min 

≈ 95% 

Female C57 mice 

injected with B16-

F10 cells 

[HMME] = 5 mg kg-

1, [C60-IO NP-PEG] 

= 4 mg kg-1 

I: 532 nm, 100 

mWcm-2, 5 min 

t: 9 days 

≈ > 70% [54] 
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Fullerenes 
s ≈ 100 

nm 
N/A 

Doxorubicin 

(DOX) 

Release (R): 

≈ 20% 

CCRF-CEM cells 

[C60-DOX] = 0.45 µM 

Incubation: 24 h 

I: 405 nm, 10 J cm-2 

≈ 51% N/A N/A [56] 

CD 

d ≈ 110 

nm 

HD ≈ 

162 nm 

Precursor: 

Manganese(I

I) 

phthalocyani

ne 

DSPE-mPEG 

N/A 

HeLa cells 

[Mn-CD] = 20 µg mL-1 

Incubation: 4 h 

I: 635 nm, 10 min 

≈ 99% 

4T1-tumour-bearing 

mice 

[Mn-CD] = 200 µg 

mL-1 

I: 635 nm, 10 min 

t: 14 days 

≈ 100% [32] 

d ≈ 4.5 

± 0.2 

nm 

Folic acid 

(FA) 

PEG 

Zinc 

phthalocyani

ne 

(ZnPc) 

HeLa cells 

[CD-PEG-FA/ZnPc] = 

100 µg mL-1 

Incubation: 12 h 

I: 660 nm, 30 mWcm-2, 

10 min 

≈ 91.8% 

Balb nude mice 

injected with HeLa 

cells 

[ZnPc] = 0.5 mg kg-1 

I: 660 nm, 300 

mWcm-2, 20 min 

t: 10 days 

≈ > 60% [59] 

d ≈ 2.8 

nm 

Copper (Cu) 

doped 
N/A 

HeLa cells 

[Cu-CD] = 250 µg mL-

1 

Incubation: 24 h 

I: 400−700 nm, 40 

mWcm−2, 12 min 

≈ 50% N/A N/A [91] 

d ≈ 3.72 

± 0.67 

nm 

Precursors: 

Diketopyrrol

opyrrole 

(DPP) 

Chitosan 

N/A 

HepG2 cells 

[DPP CD] = 200 μg 

mL-1 

Incubation: 12 h 

I: 540 nm, 15 mWcm-2, 

10 min 

≈ 70% 

Female Kunming 

mice injected with 

H22 cells 

I: 540 nm, 15 

mWcm-2, 10 min 

t: 12 days 

≈ > 80% [61] 

d ≈ 3–6 

nm 

Precursor: 

Ruthenium 

(II) (Ru (II)) 

N/A 

HeLa cells 

[Ru-CD] = 250 μg mL-1 

Incubation: 4 h 

I: White light, 6.5 

mWcm-2, 30 min 

≈ 82.5% N/A N/A [92] 

d ≈ 3.6 

± 0.6 

nm 

Selenium and 

Nitrogen 

(Se/N) doped 

N/A 

MCF-7 cells 

[Se/N-CD] = 7.5 µg 

mL-1 

Incubation: 15 min 

I: 550 nm, 10 mWcm-2, 

10 min 

> ≈ 85% 

Male BALB/c mice 

injected with 4T1 

cells 

[Se/N-CD] = 2.5 mg 

kg-1 

I: 550 nm, 10 

mWcm-2, 20 min 

t: 15 days 

≈ > 60% [62] 

d ≈ 

22.26 

nm 

h ≈ 4.28 

nm 

Sulphur (S) 

doped 
N/A 

UM1 cells 

[S-CD] = 100 nmol L-1 

Incubation: 24 h 

I: 420 nm, 2.8125 W 

≈ 95% N/A N/A [41] 

s ≈ 218 

nm 
PEG 

Boron 

dipyrromethe

ne 

(BODIPY) 

HeLa cells 

[CCOF-2@PEG] = 50 

μg mL−1 

≈ 85% 

U14 cells injected in 

mice 

[CCOF-2@PEG] = 

10 mg kg-1 

I: LED, 30 min 

t: 12 days 

≈ > 85% [60] 

s ≈ 5 nm 

HD ≈ 

11.7 nm 

Gd N/A 

SCC7 cells 

[Gd@GCNs] = 50 µg 

mL−1 

Incubation: 2 h 

I: LED, 15 mWcm–2, 

20 min 

≈ 85% 

SCC7 tumour-

bearing nude mice 

[Gd] = 0.1 mmol 

kg−1 

I: LED, 100 

mWcm−2, 30 min 

t: 12 days 

≈ 90% [58] 

GQD 

d ≈ 56.6 

± 8.7 

nm 

h ≈ 1.9 

± 0.8 

nm 

N/A N/A 

U251 cells 

[GQD] = 200 µg mL-1 

I: 465−475 nm, 1 W, 

10 min 

≈ 60% N/A N/A [93] 

d ≈ 2–6 

nm 
N/A N/A 

HeLa cells 

[GQD] = 1.8 μM 

Incubation: 4 h 

I: 6.5 mWcm-2, 10 min 

≈ 80% 

Female BALB/nu 

mice injected with 

MDA MB-231 cells 

[GQD] = 4 mg kg-1 

I: 400–800 nm, 80 

mWcm-2, 10 min 

t: 25 days 

≈ 100% [66] 

s ≈ 1.5–

5.5 nm 
N/A N/A 

1B16-F10 cells and 
2MCF-7 cells 

[GQD] = 0.23 μM 

Incubation: 4 h 

I: 365 nm, 1.03 mWcm-

2, 5 min 

≈ 199.9 

and 
293% 

N/A N/A [94] 

s ≈ 1.2–

2.5 nm 

tn ≈ 

1.7–2.5 

nm 

N/A N/A 

HeLa cells 

[GOQDs] = 0.25 µg 

mL-1 

Incubation: 24 h 

I: white light, 100 

mWcm-2, 10 min 

≈ 80% N/A N/A [95] 
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GQD 

d ≈< 10 

nm 

Disulfide 

bond (SS) 

Ce6 

LC: 42.54% 

HeLa cells 

[Ce6] = 2 μM 

Irradiation: 24 h 

I: 650 nm, 20 mWcm-2, 

5 min 

≈ 70% 

Mice injected with 

HeLa cells 

[Ce6] = 2.5 mg kg-1 

I: 650 nm, 200 

mWcm-2, 30 min 

t: 14 days 

≈ > 80% [64] 

d ≈ 4 

nm 

Nitrogen (N) 

doped 

3-

(aminopropyl

) 

triethoxysilan

e (APTES) 

DOX 

R: 36.0% 

MDA-MB-231 cells 

[DOX] = 10 μg mL-1 

Incubation: 12 h 

I: 622 nm, 6.8 mWcm-

2, 20 min 

≈ 80% N/A N/A [68] 

CNT 

N/S 
Polyethyleni

mine (PEI) 
N/A 

B16-F10 cells 

[SWNT] = 50 μg mL-1 

Incubation: 6 h 

I: 300−2600 nm, 500 

W, 120 min 

≈ 65% 

Female C57 mice 

injected with B16-

F10 cells 

[SWNT] = 50 μg 

mL-1 

I: 300−2600 nm, 500 

W 

t: 9 days 

≈ 45% [73] 

N/S 

Polyamidoa

mine 

dendrimer 

5-

aminolevulin

ic acid (5-

ALA) 

MGC803 cells 

[5-ALA-dMNT] = 100 

μM 

Incubation: 24 h 

I: 632.8 nm, 4.35 J cm-

2, 10 min 

≈ 90% N/A N/A [70] 

s ≈ 203 

± 6.6 

nm 

Hyaluronic 

acid (HAc) 

Ce6 

LE: 70% 

Caco-2 cells 

I: 660 nm, 10 J cm-2, 14 

min 

≈ 84.9% N/A N/A [33] 

d ≈ 1–5 

nm 

l ≈ 1–5 

µm 

FA 

Zinc 

monoamino 

phthalocyani

ne 

(ZnMAPc) 

A375 cells 

[ZnMAPc-FA-

SWCNT] = 10 µM 

Incubation: 24 h 

I: 676 nm, 98 mWcm-2 

≈ 63% N/A N/A [72] 

tn ≈ 1–2 

nm 
Chitosan 

Ce6 

LC: 128% 

HeLa cells 

[Chitosan–Ce6–

SWCNT] = 50 µg mL-1 

Incubation: 1 h 

I: 630 nm, 150 mWcm-

2, 10 min 

≈ 90% N/A N/A [71] 

GO 

s ≈ 20 

nm 

tn ≈ 

0.77 nm 

FA 
Zinc oxide 

(ZnO) 

HeLa cells 

[GO–FA–ZnO] = 100 

µg mL-1 

Incubation: 1 h 

I: 400–1100 nm, 48.6 J 

cm-2, 20 min 

≈ 90% N/A N/A [74] 

Th ≈ 0.9 

nm 
N/A 

Titanium 

dioxide 

(TiO2) 

HeLa cells 

[GOT] = 100 µg mL-1 

Incubation: 1 h 

I: > 400 nm, 54 

mWcm-2, 20 min 

≈ 90% N/A N/A [96] 

s ≈ 200–

400 nm 
N/A 

Hypocrellin 

A (HA) 

LC: 1 mg 

mg-1 

HeLa cells 

[HA] = 2.75 µg mL-1 

I: 1 min 

≈ 70% N/A N/A [75] 

s ≈< 100 

nm 
HAc 

Ce6 

LC: 115% 

R: 30% 

HeLa cells 

[Ce6] = 1 µg mL-1 

Incubation: 6 h 

I: 670 nm, 1.8 J cm-2 

≈ 80% N/A N/A [76] 

tn ≈ 1 

nm 

PEG 

FA 

Cationic 

porphyrin 

derivative 

(MitoTPP) 

LC: 37.2 

wt% 

1HeLa cells and 2L929 

cells 

[MitoTPP] = 5 µM 

Incubation: 8 h 

I: 650 nm, 10 mWcm-2, 

30 min 

≈ 180 

and 
260% 

N/A N/A [39] 

N/S N/A 

Hypocrellin 

B (HB) 

LC: 2 mg 

mg-1 

1HeLa cells, 2SMMC-

7721 cells, 3SGC-7901 

cells, 4A549 cells 

[HB] = 5 µM 

Incubation: 4 h 

I: 470 nm, 0.75 min 

≈ > 180, 

> 290, 
375 and 
480% 

N/A N/A [78] 

tn ≈ 1.2 

nm 
FA 

Ce6 

LE: 80% 

MGC803 cells 

[FA-GO-Ce6] = 100 

μM 

Incubation: 24 h 

I: 632.8 nm, 30 mWcm-

2, 10 min 

≈ 90% N/A N/A [40] 

s ≈< 200 

nm 

tn ≈ 2-3 

nm 

Methoxy-

poly(ethylene 

glycol) 

(mPEG) 

ZnPc 

LE: 94% 

MCF-7 cells 

[NGO-mPEG/ ZnPc] = 

30 μg mL-1 

Incubation: 24 h 

I: 400 nm, 200 mWcm-

2, 10 min 

≈ 40% N/A N/A [79] 
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GO 

tn ≈ 1–2 

nm 

HD ≈ 

102.4 ± 

15.2 nm 

SS Ce6 

A549 cells 

[Ce6] = 1.5 μM 

Incubation: 24 h 

I: 670 nm, 20 J cm-2 

≈ 80% N/A N/A [77] 

HD ≈ 

112 ± 40 

nm 

h ≈ 10–

30 nm 

Bovine 

serum 

albumin 

(BSA) 

Ce6 

LC: 5.5% 

(w/w) 

HeLa cells 

[Ce6] = 10 µg mL-1 

Incubation: 24 h 

I: 635 nm, 200 mWcm-

2, 1 min 

≈ 

91.05% 
N/A N/A [97] 

s ≈< 50 

nm 

tn ≈ 2 

nm 

PEG 

2-(1-

hexyloxyethy

l)-2-devinyl 

pyropheopho

rbide-alpha 

(HPPH) 

LE: 131% 

4T1 cells 

[HPPH] = 1 µM, [GO-

PEG] = 0.49 µg mL-1 

Incubation: 24 h 

I: 671 nm, 8 mWcm-2, 

3 min 

≈ 

85.78% 

Mice bearing 4T1 

tumours 

[HPPH] = 1 mg kg-1 

I: 671 nm, 75 

mWcm-2, 20 min 

t: 14 days 

≈ 100% [80] 

h ≈ 17 

nm 

l ≈ 200 

nm 

w ≈ 79 

nm 

N/A 

5,10,15,20-

tetrakis(1-

methyl4-

pyridinio) 

porphyrin 

tetra(p-

toluensulfona

te) (TMPyP) 

HeLa cells 

[GO/TMPyP] = 5.2275 

µM 

Incubation: 24 h 

I: 740 nm, 33 mWcm-2, 

15 min and 414 nm, 10 

mWcm-2, 1.7 min 

≈ 50% N/A N/A [98] 

s ≈ 100–

400 nm 

Integrin αvβ3 

monoclonal 

antibody 

(mAb) 

Pyro 

U87-MG cells 

[Pyro-NGO-mAb] = 

1.5 µg mL-1 

Incubation: 5 h 

I: 633 nm, 30 J cm-2, 5 

min 

≈ 70% N/A N/A [99] 

s ≈ 

148.0 ± 

18.0 nm 

tn ≈ 1 

nm 

PEG 

Ce6 

LE: 51.9 ± 

5.1% 

 

DOX 

LE: 61.7 ± 

4.4% 

SCC7 cells 

[DOX] = 2.5 μM, 

[Ce6] = 5.0 μM 

Incubation: 24 h 

I: 660 nm, 30 min 

≈ 80% 

SCC7-bearing 

C3H/HeN mice 

[Ce6] = 10 mg kg-1, 

[DOX] = 5 mg kg-1 

I: 660 nm, 30 min 

t: 28 days 

≈ 73% [81] 

N/S N/A 

HA 

LC: 26.7% 

 

7-ethyl-10-

hydroxycamp

tothecin 

LC: 16.7% 

A549 cells 

[HA-GO] = 6.00 µM 

Incubation: 4 h 

I: 470 nm, 25 mW, 5 

min 

≈ 92.4% N/A N/A [38] 

s ≈ 380 

nm 

tn ≈ 50 

nm 

Manganese 

dioxide 

(MnO2) 

HAc 

Cisplatin (Pt) 

LC: 7.7% 

R: 60% 

 

Ce6 

LC: 3.1% 

R: 40% 

MDA-MB-231 cells 

[Ce6] = 8 µg mL-1 

Incubation: 24 h 

I: 0.1 Wcm-2, 1 min 

≈ 70% 

BALB/c nude mice 

injected with MDA-

MB-231 cells 

[GO/Pt/Ce6@MH] = 

0.5 mg kg-1 

I: 0.1 Wcm-2, 1 min 

t: 14 days 

≈ 80% [42] 

rGO 

tn ≈ 

2.81 ± 

0.18 nm 

Polyvinylpyr

rolidone 

(PVP) 

Tripeptide L-

arginyl-

glycyl-

Laspartic 

(RGD) 

Ce6 

LE: 7.41 

wt% 

MGC803 cells 

[Ce6] = 50 μM 

Incubation: 24 h 

I: 671 nm, 30 mWcm−2, 

3 min 

≈ > 90% N/A N/A [82] 

s ≈ 430 

nm 
N/A 

Protoporphyr

in IX (PPIX) 

HeLa cells 

[rGO+PPIX] = 1 µg 

mL-1 

Incubation: 24 h 

I: 635 nm, 5 min 

≈ 59.6% N/A N/A [83] 

s ≈ 

14.88 

nm 

N/A TiO2 

HepG2 cells 

[RGO-TiO2] = 500 μg 

mL-1 

I: 365 nm, 3.7 mWcm-

2, 40 min 

≈ 65% N/A N/A [100] 

s ≈ 54.8 

nm 

HD ≈ 

280 nm 

Magnetic 

nanoparticles 

Allylamine 

Camptotheci

n (CPT) 

LC: 22.5% 

R: 91.2% 

 

4-hydroxy 

coumarin (4-

HC) 

LC: 21.3% 

R: 72.32% 

MCF-7 cells 

[CPTMrGO-AA-g-4-

HC] = 100 µg mL-1 

Incubation: 24 h 

I: 365 nm, 20 mWcm-2, 

3 min 

≈ 62% N/A N/A [84] 

>CPAF-Cn, Diphenylaminofluorene modified with 1,1-dicyanoethylenyl; 2-ME, 2-Methoxyestradiol; 4-HC, 4-hydroxy coumarin; 4T1 cells, 4T1 murine 

breast cancer cell line; 4T1-luc-cells, Luciferase expressing breast cancer cell line; 5-ALA, 5-aminolevulinic acid; A375 cells, Human skin melanoma 

(A375) cell line; A549 cells, Human lung adenocarcinoma cell line; APTES, 3-(aminopropyl) triethoxysilane; B16-F10 cells, B16-F10 mice melanoma 

cell line; BB4, N-methylpyrrolidinium; BF6, Quarternary pyrrolidinium groups; BODIPY, Boron dipyrromethene; BSA, Bovine serum albumin; Caco-

2 cells, Human epithelial colorectal adenocarcinoma cell line; CCRF-CEM cells, Human leukemic CCRF-CEM cell line; CD, Carbon dots; Ce6, Chlorine 



 
20  Carbon nanomaterials-based cancer phototherapy 

e6; CI, Cerasome-incorporated; CNM, Carbon nanomaterial; CNT, Carbon nanotubes; CPT, Camptothecin; CT26 cells, Colon adenocarcinoma cell line; 

CT26Luc cells, CT26 cells genetically modified to express luciferase; Cu, Copper; d, diameter; DMA, Dimalonic acid; DOX, Doxorubicin; DPM, 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxyPEG-2000]-maleimide; DPP Diketopyrrolopyrrole; DSPE-mPEG, 1,2-distearoyl-

phosphatidylethanolamine-methyl-poly(ethylene glycol); DSPE-PEG2000-maleimide, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000]-maleimide; FA, Folic acid; Gd, Gadolinium; GO, Graphene oxide; GQD, Graphene quantum dots; h, height; H22 

cells, H22 hepatocellular carcinoma cell line; HA, Hypocrellin A; HAc, Hyaluronic acid; HB, Hypocrellin B; HD, hydrodynamic size; HeLa cells, Human 

cervical cancer cell line; Hep-2 cells, Hep-2 human larynx-carcinoma cell line; HepG2 cells, Human hepatocellular carcinoma cell line; HMME, 

Hematoporphyrin monomethyl ether; HPPH, 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-alpha; I, Irradiation; IO NP, Iron oxide nanoparticles; 

J774 cells, J774 reticulum sarcoma cell line; Jurkat cells, Human leukemia T-lymphocytes; l, length; L929 cells, Murine aneuploid fibrosarcoma cell 

line; LC, loading capacity; LE, loading efficiency; LLC cells, Lewis lung carcinoma cell line; LMI, Lipid-membrane-incorporated; mAB, Integrin αvβ3 

monoclonal antibody; MCF-7 cells, Human breast cancer cell line; MDA-MB-231 cells, Human breast cancer cell line; Meth A cells, Meth A 

fibrosarcoma cell line; Meth AR1 cells, Meth AR1 fibrosarcoma cell line; MGC803 cells, Human gastric cancer cell line; MitoTPP, Cationic porphyrin 

derivative; MnO2, Manganese dioxide; mPEG, Methoxy-poly(ethylene glycol); N/A, not applicable; N/S, not studied; NGR, Asparagine-glycine-

arginine; N, Nitrogen; PEG, Poly(ethylene glycol); PEI, Polyethylenimine; PPIX, Protoporphyrin IX; PS, Photosensitizer; Pt, Cisplatin; PVP, 

Polyvinylpyrrolidone; Pyro, Pyropheophorbide a; R, release; RGD, Tripeptide L-arginyl-glycyl-Laspartic; rGO, Reduced graphene oxide; Ru (II), 

Ruthenium (II); s, size; S, Sulphur; SCC7 cells, Murine SCC7 squamous carcinoma cell line; Se/N, Selenium and Nitrogen; SGC-7901 cells, Human 

gastric cancer cell line; SMMC-7721 cells, Human hepatocellular carcinoma cell line; SS, Disulfide bond; tn, thickness; t, treatment time; Th, topographic 

height; TiO2, Titanium dioxide; TMPyP, 5,10,15,20-tetrakis(1-methyl4-pyridinio) porphyrin tetra(p-toluensulfonate); U14 cells, Murine 

hepatocarcinoma U14 cell line; U251 cells, Human glioblastoma cell line U251; U87-MG cells, Adherent human glioblastoma (U87-MG) cell line; UM1 

cells, Human tongue squamous carcinoma cell line; w, width; ZnMAPc, Zinc monoamino phthalocyanine; ZnO, Zinc oxide; ZnPc, Zinc phthalocyanine. 

 

2.3.2 - Photothermal therapy

 

Temperature control is essential for the coordination of the growth and correct functioning of 

cells, tissues and organs. Often, an increase in the normal temperature of the human body (≈ 37 

°C) is an indicator of disease. Nonetheless, if this increase is locally controlled it can have 

therapeutic advantages, especially in cancer treatment [6]. PTT has generated interest due to its 

ability to destroy cancer cells using photothermal agents, which create heat with minimal harm to 

the surrounding healthy tissues. An ideal photothermal agent, when irradiated by visible or NIR 

light, should be capable of absorbing and converting it to heat, thereby generating hyperthermia 

at the tumour site [15]. The NIR window (750-1700 nm) coincides with the optical tissue 

penetration where biological tissues do not absorb light, making it ideal for phototherapy [6]. PTT 

can be divided into two approaches. One of them is mild phototherapy, where the temperature 

can be usually increased in the range between 40 to 50 °C, interfering with the standard 

functioning of cells. Hyperthermia increases the permeability of the cellular membrane and 

cellular uptake and disrupts metabolic signalling. This allows a selective treatment as cancer cells 

are more sensitive to heat, also their membrane permeability is increased with temperature, 

enhancing nanomaterials/drug internalization. The second approach is photothermal ablation, 

where temperatures above 50 °C are most commonly used, leading to cellular membrane 

destruction and necrosis [10]. CNM are good candidates for being used as photothermal agents 

for this application, due to usually presenting suitable light absorption and thermal stability [25]. 

Table 2.2 summarizes the state-of-the-art literature regarding the use of CNM in PTT, including 

their main characteristics and biological effects. In the literature, promising results were reported 

using fullerenes, CD, GQD, CNT, CNH, graphene, GO and rGO being CNT, GO and rGO the 

most extensively studied. 

Despite the lack of NIR absorption of pristine forms of fullerenes, Krishna et al. used 

polyhydroxy fullerenes for PTT in mice subcutaneously inoculated with a human breast cancer 

cell line. Polyhydroxy fullerenes were intratumorously injected at a concentration of 0.45 mg mL-

1 and irradiated with a NIR laser (785 nm, 500 mW) for 10 min. The treatment resulted in a tumour 

volume reduction of 72%, comparing with untreated control [101]. Authors attributed the optical 

heating of these modified fullerenes to the effect caused by the NIR laser that breaks their 

balanced cage structure and releases heat [102]. 

CD have been reported as effective PTT agents with low toxicity and good water 

dispersibility, yet presenting low NIR absorption. This disadvantage can be surpassed by element 

doping [103, 104] or specific production methods, for example, regulating the pH or using 

formamide as the solvent [105, 106]. In vitro, concentrations commonly used for these 
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nanomaterials vary from 200 to 500 µg mL-1, while incubation times range between 4 to 24 h. 

Irradiations are usually performed using lasers with wavelengths between 671-808 nm, and 

irradiances from 0.8 to 4 Wcm-2, during 5 to 10 minutes. Studies using CD-based cancer PTT, 

usually result in between 57 to 100% cancer cell death. In vivo, materials are often injected 

intratumorously or intravenously, and concentrations used range between 200-1000 µg mL-1. 

Irradiations are performed with lasers with a wavelength range of 655-808 nm, with irradiances 

between 0.8 to 1 Wcm-2, during 5 to 10 minutes. Studies with CD usually report tumour volume 

reductions between 85 and 100%, 6 to 18 days after treatment [103, 104, 107]. CD usually present 

renal clearance and cause no significant organ damage or inflammation [104, 107]. After 

irradiation, these materials can achieve temperatures in the range between 30 to 80 °C. Bao et al. 

demonstrated that CD doped with both sulphur and nitrogen were non-cytotoxic in vitro when 

used in high concentrations, up to 1000 µg mL-1. It has been also observed that such CD could be 

excreted through the renal route in vivo. Mice with hepatocellular carcinoma xenografts were 

treated by intravenous administration of doped CD at a concentration of 1000 µg mL-1 and 

irradiated with a laser (655 nm, 1 Wcm-2) for 5 minutes. The treatment resulted in 100% tumour 

reduction after 14 days, comparing with the untreated control [104]. A study by Phan et al. 

reported the use of polydopamine-folate CD (PFCD) for PTT in a prostate cancer cell line. The 

authors expected FA to act as a recognition strategy for the prostate-specific membrane antigen 

receptor in the cancer cell line, increasing selectivity. Cells were incubated with PFCD at a 

concentration of 250 µg mL-1 and irradiated with a NIR laser (808 nm, 1.5 Wcm-2) for 10 minutes 

after 4 h of culture. The treatment resulted in a cancer cell death of 90.1% [108]. Besides PTT 

application as the core nanomaterial, CD have been reported as effective phototherapy agents 

when decorating gold nanorods (GNR). Pandey et al. conjugated CD in GNR (C-dots@GNRs) 

for the controlled release of DOX. Human breast cancer cell lines were incubated with the C-

dots@GNR-DOX and irradiated with a laser (800 nm, 120 mW) for 5 minutes after 48 h of 

culture. The treatment resulted in a IC50 of 0.01 mM, demonstrating enhanced efficacy in 

comparison to pure GNR (IC50 0.02 mM) [109]. 

GQD have been proved effective in PTT. Some of their advantages include low toxicity and 

good dispersibility in aqueous solutions. The main disadvantage of this CNM is the weak 

absorption in the NIR region, therefore conjugation with NIR absorbing nanoparticles has been 

studied, for example, with iron oxide nanoparticles (IO NP) [110]. Other modifications have been 

reported such as the introduction of targeting moieties that increase the specificity of the 

treatment, for instance, aptamer [111], FA [112, 113] and mitochondria-targeting peptides [105]. 

In vitro, concentrations commonly used for these nanomaterials vary from 30 to 200 µg mL-1, and 

incubation times range between 4 to 24 h. Irradiations are usually performed using lasers at 808 

nm wavelength, and irradiances from 0.6 to 2.5 Wcm-2, during 3 to 30 minutes. GQD-based PTT 

studies, usually report cancer cell death values between 59 and 97.9%. In vivo, materials are often 

injected intratumorously or intravenously, and concentrations used range between 2 and 4 mg kg-

1. Irradiations are performed with lasers with 808 nm wavelength, with irradiances between 1 to 

1.5 Wcm-2, during 5 to 10 minutes. GQD-based PTT usually results in between 85 to 95% tumour 

reduction, evaluated 14 to 25 days after the treatment [113-115]. Some studies have reported no 

tissue damage in normal tissues after treatment. Also, liver, kidney and spleen accumulation has 

been stated, but with excretion happening after 96 h [113, 114]. After irradiation, these materials 

can achieve temperatures in the range between 40 to 70 °C. Wang et al. reported the use of GQD 

dual-doped with nitrogen and boron (N-B-GQD), with potential for NIR imaging and NIR to heat 

conversion. N-B-GQD were incubated at a concentration of 100 µg mL-1 using a human 
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glioblastoma cell line and irradiated with a NIR laser (808 nm, 1.5 Wcm-2) for 5 minutes after 24 

h of culture. The treatment resulted in a cancer cell death of 96%. In vivo studies were performed 

using mice glioblastoma xenografts. N-B-GQD were intravenously injected at a concentration of 

1 mg mL-1 and after 1 week irradiated using the same settings from the in vitro experiments. The 

treatment resulted in a tumour volume reduction of over 85% after 14 days, comparing with 

untreated control [114]. 

CNT were the first nanomaterials to be used in PTT [116] due to their high NIR absorption 

properties. However, CNT require functionalization toward improving water dispersibility and 

biocompatibility. Several molecules have been conjugated with CNT, such as polymers like PEG 

[116-124] or Pluronic F-127 [125, 126]. Other modifications have been done to improve treatment 

efficiency, for instance, adding targeting moieties such as FA [116, 117, 127], cysteinyl-arginyl-

glutamyl-lysyl-alanyl (CREKA) [119] and NGR peptides [128]. In vitro, concentrations 

commonly used for this nanomaterial vary from 3.5 to 100 µg mL-1, and incubation times range 

between 0.5 to 72 h. Irradiations are usually performed using lasers at wavelengths between 780-

1400 nm (NIR region), and irradiances from 0.7 to 153 Wcm-2, during 0.75 to 20 minutes. Studies 

using CNT for PTT usually report between 64.8 to 100% cancer cell death values. In vivo, CNT 

are often injected intratumorously or intravenously, and concentrations used range between 0.2 

and 4.3 mg kg-1. Irradiations are performed using lasers with a wavelength between 785-1064 nm, 

with irradiances between 0.2 to 76 Wcm-2, during 0.5 to 20 minutes. Studies usually report 

between 75 to 100% tumour reduction, 10 to 38 days after treatment [118, 119, 129]. Some studies 

have reported CNT muscle, spleen, blood, liver and spleen, and skin accumulation [118, 119, 

130]. However, some authors describe CNT to be excreted without causing significant 

abnormality or organ damage [120, 122, 126, 129, 131]. After irradiation, these materials can 

achieve temperatures in the range between 40 to 73 °C. In a study by Moon, Lee and Choi, 

SWCNT conjugated with PEG were used for PTT in mice subcutaneously inoculated with a 

human carcinoma cell line to induce tumour formation. SWCNT-PEG were intratumorously 

injected at a concentration of 120 µg mL-1 and immediately irradiated with a NIR laser (808 nm, 

76 Wcm-2) for 3 minutes. The treatment resulted in 100% tumour reduction after 25 days, 

comparing with untreated control [118]. Combined chemo-photothermal studies have been also 

performed. For example, Dong et al. functionalized MWCNT with a transactivator of 

transcription peptide and chitosan as a drug delivery system for the anticancer drug DOX. A DOX 

LC of 50% was reported and the PTT was applied in a Bel-7402 hepatoma cell line. Cells were 

incubated with MWCNT/DOX/TC at a concentration of 10 µg mL-1 and irradiated with a NIR 

laser (808 nm, 1 Wcm-2) for 5 minutes after 72 h of culture, which led to 80% cancer cell death. 

Besides, mice were inoculated with the same cancer cell line to induce tumour formation. 

Functionalized CNT were intratumorously injected at a concentration of 4 mg mL-1 and irradiated 

with the same NIR laser. The treatment resulted in a tumour reduction of over 90% after 25 days, 

comparing with untreated control [132]. 

CNH have been less studied compared to other CNM, but some promising results have been 

reported using those. Some studies report effective PTT using this material, without significant 

toxicity being observed [133, 134]. After irradiation, CNH-based materials can achieve 

temperatures in the range between 43 to 85 °C. A study by Whitney et al. used single-walled 

carbon nanohorns (SWCNH) conjugated with pluronic for PTT applied to a murine kidney cancer 

cell line. Cells were incubated with the modified SWCNH at a concentration of 85 µg mL-1 and 

irradiated with a NIR laser (1064 nm, 40 Wcm-2) for 6 minutes after 24 h of culture. The treatment 

resulted in 100% cancer cell death [135]. 
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Graphene, in turn, is an example of a photothermal agent presenting high NIR absorption. As 

mentioned before, graphene is hydrophobic, requiring further surface modification. Markovic et 

al. used PVP functionalized graphene (GPVP) produced by graphite exfoliation for PTT in a human 

glioblastoma cell line. Cells were incubated with GPVP at a concentration of 5 µg mL-1 and 

irradiated with a NIR laser (808 nm, 2 Wcm-2) for 5 minutes. The treatment resulted in over 90% 

cancer cell death. These results were compared to a CNT functionalized with DNA that after the 

same treatment needed 10 µg mL-1 to achieve the same cell death value. Authors attributed 

graphene nanoparticles superior effectiveness to their higher dispersibility and smaller size [136]. 

Alternatively to pristine graphene, other GBM present suitable properties for PTT, such as 

GO, due to its good dispersibility in aqueous solutions and versatility for surface 

functionalization. Different covalent and non-covalent approaches have been tested with this 

nanomaterial, for example, the addition of targeting moieties to increase treatment selectivity, like 

FA [137-141], RGD peptide [142] and aptamers [143, 144]. To improve biocompatibility several 

polymers such as PEG [22, 30, 145-153], PVP [137], Poloxamer 188 [154] and HAc [155, 156] 

have also been used. Furthermore, other nanomaterials have been conjugated to enhance the 

photothermal effect, for instance, IO NP [146, 147], gold nanoparticles (Au NP) [143, 144, 146], 

silver nanoparticles (Ag NP) [138] and manganese dioxide nanoparticles [139]. In vitro, 

concentrations vary from 1 to 1000 µg mL-1, and incubation times ranging between 1 to 48 h have 

been used. Irradiations are usually performed using lasers with wavelengths between 785-980 nm, 

and irradiances from 0.5 to 6 Wcm-2, during 2 to 15 minutes. PTT with GO usually results in 

between 60 to 100% cancer cell death. In vivo, materials are often injected intratumorously or 

intravenously, and concentrations used range between 10 to 20 mg kg-1. Irradiations are performed 

using lasers with a wavelength between 785-980 nm, with irradiances between 0.75 to 2.5 Wcm-

2, during 1 to 15 minutes. Studies with GO usually result in between 55 to 100% tumour reduction, 

6 to 30 days after treatment [22, 30, 138, 145, 146, 155]. Multiple studies report GO as presenting 

low toxicity, with no significant organ damage being observed after treatment [22, 138, 142, 147, 

150, 156]. However, kidney accumulation and heart denaturation have been stated [30, 145]. After 

irradiation, these materials can achieve temperatures in the range between 45 to 85 °C. Guo et al. 

conjugated GO with PEG and cypate (GO-PEG-cypate) for PTT in a 4T1 murine breast cancer 

cell line. Cells were incubated with GO-PEG-cypate at a cypate concentration of 100 µg mL-1 and 

irradiated with a NIR laser (785 nm, 1.5 Wcm-2) for 3 minutes after 24 h of culture. The treatment 

led to 90% cancer cell death. Besides, mice were subcutaneously implanted with the same cancer 

cell line to induce tumour formation. GO-PEG-cypate were intravenously injected at a cypate 

concentration of 7.5 mg kg-1 and after 24 h, irradiated at the tumour site with a NIR laser (785 

nm, 1.0 Wcm-2) for 3 minutes. The treatment resulted in 100% tumour reduction after 22 days, 

comparing with untreated control [145]. Yang et al. used PEGylated GO nanosheets (NGS-PEG) 

labelled with Cyanine7 for PTT in mice subcutaneously inoculated with a murine breast cancer 

cell line. NGS-PEG were intravenously injected at a concentration of 20 mg kg-1 and irradiated at 

the tumour site with a NIR laser (808 nm, 2 Wcm-2) for 5 minutes. The treatment led to 100% 

tumour reduction after 1 day with no regrowth for 22 days [22]. Several anticancer drugs have 

been combined with GO to improve treatment efficiency. Wang et al. used GO conjugated with 

an aptamer, Au NP and DOX (GO-Au-Apt-DOX) for PTT using human lung adenocarcinoma 

and human breast cancer cell lines. Cells were incubated with GO-Au-Apt-DOX at a 

concentration of 8 µg mL-1 and irradiated with NIR light for 15 minutes after 12 h of culture. The 

treatment resulted in 90 and 80% cancer cell death, respectively [143]. In a study by Hou et al. 

HAc was conjugated with GO for PTT and drug delivery of mitoxantrone. Human breast cancer 
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cells were incubated with the modified GO conjugated with 51.2 µg mL-1 of drug and irradiated 

with NIR laser (808 nm, 2 Wcm-2) for 3 minutes. The treatment led to a cancer cell death of 95%. 

Besides, mice were subcutaneously inoculated with the same cancer cell line to induce tumour 

formation. Drug loaded modified GO was intravenously injected at a drug concentration of 4 mg 

kg-1 and irradiated with NIR laser (808 nm) for 1 minute. The treatment led to 93.52% tumour 

reduction after 6 days, comparing with untreated control [156]. Besides, GO has been effectively 

deposited around other molecules, such as poly(lactic acid) microcapsules or gold nanorods [157], 

with efficient PTT outcomes being reported [158]. Figure 2.3 illustrates a representative example 

of CNM application in cancer PTT. Bai, Liu and Jiang conjugated GO with PEG, copper sulfide 

and DOX (PEG-GO/CuS/DOX) for PTT in a human cervical cancer cell line. Cells were 

incubated with PEG-GO/CuS/DOX at a concentration of 500 µg mL-1 and irradiated with a NIR 

laser (980 nm, 1 Wcm-2) for 10 minutes after 24 h of culture, which resulted in 75% cancer cell 

death. Also, mice were subcutaneously inoculated with the same cancer cell line to induce tumour 

formation. PEG-GO/CuS/DOX were intratumorously injected at a concentration of 500 µg mL-1 

and after 2 h irradiated using the same conditions. The treatment led to over 95% tumour reduction 

after 21 days, comparing with the untreated control [149]. 

 

 

Figure 2.3 – Representative example of CNM use for cancer photothermal therapy. (A) Production of PEG-GO/CuS 

nanocomposites. GO was PEGylated through amide formation. Then, copper(II) iron was added and treated with 

sodium sulfide leading to the formation of PEG-GO/CuS. (B) In vitro HeLa cells viability after incubation for 24 h 

with increasing concentrations of PEG-GO/CuS nanocomposites; (C) In vitro HeLa cells viability after incubation with 

free Dox (10 µg mL-1), PEG-GO/CuS nanocomposites (500 µg mL-1) and PEG-GO/CuS/Dox nanocomposites (500 µg 

mL-1), with and without NIR irradiation (980 nm, 1 Wcm-2, 10 min). (D) Photographs of the tumour bearing mice and 

excised tumours from mice euthanized after the 21st day of treatment: (a) saline solution as control (0.9%), (b) free Dox 

(10.0 µg mL-1), (c) PEG-GO/CuS nanocomposites (500 µg mL-1) and (d) PEG-GO/CuS/Dox nanocomposites (500 µg 

mL-1) at an injection volume of 0.1 mL/animal without (a, b) and with (c, d) NIR irradiation (980 nm, 1 Wcm-2, 5 min); 

(E) Relative tumour volume for animal models exposed to the different conditions (F) TUNEL assay photographs of 
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tumour tissue, 21 days after treatment, from the different groups: (a) control group, (b) free Dox without irradiation, 

(c) PEG-GO/CuS nanocomposites with irradiation (980 nm, 1 Wcm-2, 10 min) and (d) Dox-loaded PEG-GO/CuS 

nanocomposites with irradiation (980 nm, 1 Wcm-2, 10 min). Adapted from [149]. Abbreviations: CuS, copper sulfide; 

DOX, doxorubicin; GO, graphene oxide; HeLa cells, human cervical cancer cell line; NIR, near-infrared irradiation; 

PEG, poly(ethylene glycol); TUNEL, terminal deoxynucleotidyl transferase-mediated nick-end-labelling. 

 

Despite the advantages of GO, such as good water stability and biocompatibility, the 

introduction of oxygen-containing functional groups originates structural defects, consequently 

diminishing its NIR absorption capability. Hence, the reduction of this nanomaterial toward rGO 

translates into higher photothermal efficacy, however, at the same time it decreases water 

dispersibility. In terms of surface modifications, multiple approaches have been reported to 

improve rGO water stability, for example, using polymers such as PEG [35, 36, 159-162], PEI 

[162], and polydopamine (pDA) [163, 164]. Also, other molecules have been used to modify rGO 

surface, for instance, proteins like bovine serum albumin [165, 166], peptides such as RGD [159] 

or antiarrhythmic peptide 10 [164], polysaccharides such as HAc [34, 163, 167], polyphenols 

[168, 169], and other nanomaterials, for example, iron oxide (Fe3O4) [160, 170]. In vitro, 

concentrations commonly used for this nanomaterial vary from 3 to 1000 µg mL-1, and incubation 

times range between 0.5 to 72 h. Irradiations are usually performed using lasers with wavelengths 

between 780-880 nm, and irradiances from 0.15-15 Wcm-2, during 1 to 30 minutes. Studies using 

rGO report between 38 to 100% cancer cell death after PTT. In vivo, nanomaterials are often 

injected intratumorously or intravenously, and concentrations used range between 2 to 20 mg kg-

1. Irradiations are performed with lasers with a wavelength between 805-980 nm, with irradiances 

between 0.15 to 1.5 Wcm-2, during 3 to 10 minutes. Studies usually report between 70 to 100% 

tumour reduction, 10 to 26 days after treatment [171-173]. Low accumulation was found in the 

liver, spleen and kidney, without significant damage being observed [36, 163, 165, 167, 171, 172]. 

After irradiation, these materials can achieve temperatures in the range between 40 to 80 °C. 

Robinson et al. used nano-rGO sheets with non-covalent PEGylation and peptide conjugation for 

PTT. Human glioblastoma cells were incubated with nano-rGO-PEG-RGD at a concentration of 

6.6 µg mL-1 and irradiated with a NIR laser (808 nm, 15 Wcm-2) for 8 minutes after 1 h of culture. 

The treatment resulted in 90% cancer cell death [159]. Yang et al. produced a rGO-IO NP-PEG 

nanocomposite for PTT in mice subcutaneously inoculated with a murine breast cancer cell line. 

rGO-IO NP-PEG was intravenously injected at a concentration of 20 mg kg-1 and irradiated with 

a NIR laser (808 nm, 0.5 Wcm-2) for 5 minutes. The treatment resulted in 100% tumour reduction 

after 15 days, comparing with untreated control [172]. 

Similar to the above-mentioned for CNM PDT studies, PTT ones also often present variability 

of the experimental conditions, with not all experimental details being mentioned in some works, 

therefore conclusions presented next were withdrawn taking that into consideration. 

Standardization of nomenclature, units, procedures description and suitable controls are very 

important to allow comparison between the studies. In PTT, the anticancer drug loading is usually 

performed by hydrophobic interactions or π- π stacking [110, 113, 123, 174]. The most commonly 

used drug is DOX, however, Pt and other drugs are also conjugated with CNM. No loading 

quantification has been found in studies reporting the use of CD. Few studies have reported GQD 

conjugation with drugs, presenting LC around 30% and LE of 24-90%. CNT have been reported 

to have LC around 50%, while for CNH LE range from 40 to 60%. Reports on the use of GBM 

describe extremely variable drug loading outcomes. GO LC has been reported from 7 to 260% 

and LE from 11 to 90%. rGO have presented LC in a range from 100 to 310% and LE of 75 to 

90%. PS or anticancer drug loading results have been described above and are presented also in 

Table 2.2. 
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In general, CNM used in cancer PTT can be divided into two main groups. On one hand, 

nanomaterials that were previously described as acting as PS in PDT approaches have poor 

capability of absorbing NIR. Indeed, fullerenes, CD and GQD require chemical modifications or 

conjugation with PTT agents to become effective NIR absorbents. Fullerenes have been relatively 

unexplored in this application but CD and GQD superior photostability and low cytotoxicity allow 

their use after conjugation with NIR absorbing molecules or surface modifications. In the 

literature, CD application in PTT usually resulted in over 57% cancer cell death using 

concentrations from 200 to 500 µg mL-1 in vitro, whereas in vivo studies report over 85% tumour 

reduction, 6 to 18 days after treatment. Besides, these CNM have been reported as excretable in 

vivo. GQD PTT application usually results in over 59% cancer cell death in vitro using 

concentrations from 30 to 200 µg mL-1. In vivo studies with GQD usually report over 85% tumour 

reduction, 14 to 25 days after treatment. On the other hand, using nanomaterials with intrinsic 

NIR absorbances like CNT, CNH and GBM is advantageous due to their light-to-heat conversion 

ability, avoiding the need to add other PTT agents. In the case of CNT and CNH, low water 

dispersibility is the main disadvantage, however, proper conjugation with specific biomolecules 

has been shown to improve stability in physiological media. In the literature, CNT application in 

PTT usually results in over 65% cancer cell death in vitro using concentrations from 3.5 to 100 

µg mL-1, while in vivo studies present consistent outcomes with over 75% tumour reduction, 10 

to 38 days after treatment. However, some biocompatibility issues have been reported such as 

accumulation in the liver and kidney of mice. Few articles report CNH application in PTT but 

some studies have reported cancer cell deaths over 85% and tumour reductions over 65%. 

However, further studies are required as literature is scarce regarding CNH PTT. GBM are the 

most extensively studied CNM for PTT. Studies using GO usually describe over 60% cancer cell 

death, using concentrations from 1.74 to 1000 µg mL-1. In vivo studies with GO usually result in 

over 55% tumour reduction, 6 to 30 days after treatment. Similarly, rGO studies usually result in 

over 38% cancer cell death, using concentrations ranging from 3 to 1000 µg mL-1. In vivo, it 

usually leads to over 70% tumour reduction, 10 to 26 days after treatment. 

Overall, PDT and PTT studies suggest a complementary action between two major CNM 

groups. The first group comprises fullerenes, CD and GQD, which are all 0D nanomaterials with 

excellent PS activity through ROS generation. The second group includes CNT, CNH and GBM, 

which exhibit poor PDT performance if unmodified, but hold strong potential for PTT through 

their intrinsic NIR absorption capability and consequent local heat generation for cancer thermal 

ablation. Altogether, these results have been raising the attention toward combined therapies, as 

discussed in the next section. 

 
Table 2.2 - Selected recent studies on carbon nanomaterials for cancer photothermal therapy. 

CNM 
Particle 

size 

Surface 

modification 

Conjugated 

drug 

Biological studies in vitro Biological studies in vivo 

Ref. 
Parameters 

Cell 

death 
Parameters 

Tumour 

reduction 

Fullerenes 
s ≈ 57 ± 

4 nm 

Hydroxyl 

groups (OH) 

Chitosan 

N/A N/A N/A 

Nude mice 

inoculated with 

BT474 cells 

[CP-0.25] = 0.45 mg 

mL−1 

I: 785 nm, 500 mW, 

10 min 

t: 20 h 

≈ 72% [101] 

CD 

s ≈ 2.5–

5.5 nm 
N/A N/A 

MCF-7 cells 

[R-CD] = 200 μg mL-1 

Incubation: 4 h 

I: 671 nm, 2.5 Wcm-2, 

10 min 

≈ 100% N/A N/A [106] 

s ≈ 100 

nm 

Poly(L-

lactide-co-
N/A 

HeLa cells 

[CD] = 400 µg mL-1 
≈ 97% N/A N/A [175] 
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glycolide)-

block-

poly(ethylen

e glycol)-

Amine 

(PLGA-b-

PEG-NH2) 

I: 671 nm, 2 Wcm-2, 10 

min 

CD 

s ≈ 1.2–

3.3 nm 

t ≈ 1.06 

nm 

Nitrogen and 

oxygen (N-

O) co-doped 

N/A 

HeLa cells 

[N-O-CD] = 200 µg 

mL-1 

Incubation: 4 h 

I: 808 nm, 0.8 Wcm-2, 5 

min 

≈ 87% 

Female Balb/c nude 

mice injected with 

HeLa cells 

[N-O-CD] = 200 µg 

mL-1 

I: 808 nm, 0.8 Wcm-

2, 5 min 

t: 18 days 

≈ 100% [103] 

s ≈ 10–

30 nm 

Mitochondria

-targeting 

peptide (MT)  

N/A 

HepG2 cells 

[CD-MT] = 500 µg 

mL-1 

Incubation: 24 h 

I: 808 nm, 4.0 Wcm-2, 

10 min 

≈ 57% N/A N/A [105] 

s ≈ 2–5 

nm 

h ≈ 0.5–

2 nm 

Sulphur and 

nitrogen (S-

N) co-doped  

N/A N/A N/A 

H22 tumour models 

of the ICR mice 

[CD] = 1000 µg mL-

1 

I: 655 nm, 1 Wcm-2, 

5 min 

t: 14 days 

≈ 100% [104] 

s ≈ 4–12 

nm 
N/A N/A 

HeLa cells 

[CD] = 20 mg mL-1 

Incubation: 24 h 

I: 808 nm, 10 min 

≈ > 90% 

BALB/C mice 

injected with HeLa 

cells 

[CD] = 20 mg mL-1 

I: 808 nm, 10 min 

t: 6 days 

≈ > 85% [107] 

s ≈ 8.7 ± 

2.9 nm 

HD ≈ 

82.3 ± 

5.1 nm 

Polydopamin

e (pDA) 

FA 

N/A 

LNCaP cells 

[PFCD] = 250 µg mL-1 

Incubation: 4 h 

I: 808 nm ,1.5 Wcm-2, 

10 min 

≈ 90.1% N/A N/A [108] 

HD ≈ 

51.5 ± 

19.5 nm 

d ≈ 25 

nm 

pDA N/A 

HeLa cells 

[CD-PDA] = 200 μg 

mL-1 

Incubation: 24 h 

I: 808 nm, 2 Wcm-2, 5 

min 

≈ 70% N/A N/A [176] 

GQD 

t ≈ 1 nm 
Aptamer 

AS1411 
N/A 

A549 cells 

[AS1411-GQD] = 5 

µM 

Incubation: 24 h 

I: 808 nm, 2 Wcm-2, 10 

min 

≈ 72.9% N/A N/A [111] 

s ≈ 38 

nm 

rGO 

poly (L-

lysine) (PLL) 

FA 

N/A 

MCF-7 cells 

[QD] = 20 mg cm-1 

Incubation: 8 h 

I: 808 nm, 2 Wcm−2, 9 

min 

≈ > 95% N/A N/A [112] 

s ≈ 7.5–

9.5 nm 

d ≈ 8.5 

nm 

Th ≈ 

1.356 

nm 

IR780 iodide 

LC: 33.19% 

 

FA 

N/A 

HeLa cells 

[IR780/GQD-FA] = 30 

µg mL-1 

Incubation: 12 h 

I: 808 nm, 1 Wcm-2, 5 

min 

≈ 97.9% 

Female Balb/c nude 

mice injected with 

HeLa cells 

[IR780/GQDs-FA] = 

2 mg kg-1 

I: 808 nm, 1 Wcm-2, 

5 min 

t: 15 days 

≈ > 95% [113] 

s ≈ 4.7 

nm 

h ≈ 2.0 

nm 

Nitrogen and 

boron (N-B) 

co-doped  

N/A 

SF-763 cells 

[N-B-GQD] = 100 µg 

mL-1 

Incubation: 24 h 

I: 808 nm, 1.5 Wcm-2, 5 

min 

≈ 96% 

Mice bearing C6 

glioblastoma 

[N-B-GQD] = 1 mg 

mL-1 

I: 808 nm, 1.5 Wcm-

2, 5 min 

t: 14 days 

≈ > 85% [114] 

d ≈ 7–10 

nm 

Triphenylpho

sphonium 

(TPP) 

N doped 

 

Ruthenium 

nitrosyl (Ru-

NO) 

LC: 1.60 

µmol mg-1 

N/A 

HeLa cells 

[N-GQDs@Ru-

NO@TPP] = 200 μg 

mL-1 

I: 808 nm, 0.6 Wcm-2, 

10 min 

≈ 90% 

HeLa tumour-

bearing mice 

[N-GQDs@Ru-

NO@TPP] = 4 mg 

kg-1 

I: 808 nm, 1.0 Wcm-

2, 10 min 

t: 25 days 

≈ > 85% [115] 

s ≈ 

50−100 

nm 

Zeolitic 

imidazolate 

framework-8 

(ZIF-8) 

DOX 

Loading 

efficiency 

(LE): 90% 

4T1 cells 

[DOX] = 5 μg mL-1, 

[ZIF-8/GQD] = 100 μg 

mL-1 

Incubation: 8 h 

≈ 82% N/A N/A [177] 
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Release (R): 

80% 

I: 808 nm, 2.5 Wcm-2, 3 

min 

GQD 

d ≈ 41.8 

± 8.1 

nm 

h ≈ 2.3 

± 0.07 

nm 

HD ≈ 

61.4 nm 

IO NP 

Lidocaine 

hydrochlorid

e 

Loading 

capacity 

(LC): 24 wt% 

R: 100% 

HeLa cells 

[MGQD] = 50 µg mL-1 

Incubation: 4 h 

I: 808 nm, 2.5 Wcm-2, 

30 min 

≈ 59% N/A N/A [110] 

CNT 

l ≈ 150 

nm 

d ≈ 1.2 

nm 

PEG 

FA 
N/A 

HeLa cells 

Incubation: 12-18 h 

I: 808 nm, 1.4 Wcm-2, 2 

min 

Extensiv

e cell 

death 

N/A N/A [116] 

N/S 

Gold 

nanoparticles 

(Au NP) 

PEG 

FA 

N/A 

KB cells 

[SWNT-Au-PEG-FA] 

= 5 nM 

Incubation: 0.5 h 

I: 808 nm, 1 Wcm-2, 5 

min 

≈ 80% N/A N/A [117] 

d ≈ 8–12 

nm 
N/A N/A 

EAC cells 

[MWCNT] = 100 µg 

mL-1 

Incubation: 12 h 

I: 780−1400 nm, 3.5 

Wcm-2, 1.5 min 

≈ 95.2% N/A N/A [178] 

l ≈ 1100 

nm 

Nitrogen 

dopants 

(CNx) 

N/A 

CRL 1932 cells 

[CNx-MWNT] = 83 µg 

mL-1 

Incubation: 24 h 

I: 1064 nm, 3 Wcm-2, 4 

min 

≈ 

96.25% 
N/A N/A [179] 

l ≈ 900 

nm 

Pluronic F-

127 (PL-127) 
N/A 

PC3 cells 

[MWCNT] = 100 µg 

mL-1 

I: 1064 nm, 15.3 Wcm-

2, 5 min 

≈ 100% N/A N/A [125] 

l ≈ 50–

300 nm 

d ≈ 2–5 

nm 

PEG N/A N/A N/A 

KB cells injected in 

male nude mice 

[PEG-SWNT] = 120 

µg mL-1 

I: 808 nm, 76 Wcm-

2, 3 min 

t: 25 days 

≈ 100% [118] 

s ≈ 0.7–

1.1 nm 

Poly(maleic 

anhydride-

alt-1-

octadecene)-

methoxy 

poly(ethylen

e glycol) 

(C18-PMH-

mPEG) 

N/A N/A N/A 

Mice bearing 4T1 

tumours 

[(6,5) SWCNT] = 

0.254 mg kg-1 

I: 980 nm, 0.6 Wcm-

2, 5 min 

t: 1.5 months 

≈ 100% [131] 

l ≈ 140 

nm 

DSPE-mPEG 

C18-PMH-

mPEG 

N/A N/A N/A 

BALB/c mice 

bearing 4T1 tumours 

[SWNT] = 3.6 mg 

kg-1 

I: 808 nm, 0.6 Wcm-

2, 5 min 

t: 25 days 

≈ 100% [129] 

d ≈ 10 

nm 

l ≈ 50–

150 nm 

PEG 

Cysteinyl-

arginyl-

glutamyl-

lysyl-alanyl 

(CREKA) 

peptide 

N/A N/A N/A 

A549 cells injected 

into male Balb/c 

nude mice 

[CMWNT-PEG] = 4 

mg kg-1 

I: 808 nm, 3.5 Wcm-

2, 1.5 min 

t: 12 days 

≈ > 95% [119] 

N/S 

Poly(maleic 

anhydride-

alt-1-

octadecene)-

poly(ethylen

e glycol) 

(C18-PMH-

PEG) 

N/A N/A N/A 

4T1-tumour-bearing 

mice 

[SWCNT-PEG] = 

0.2 mg kg-1 

I: 808 nm, 0.5-0.8 

Wcm-2, 10 min 

t: 60 days 

≈ 100% [180] 

d ≈ 4.3 

nm 

l ≈ 580 

nm 

PEG N/A N/A N/A 

SCC7 tumour in 

C3H/HeN mice 

[SWNT-PEG] = 1 

mg mL-1 

I: 785 nm, 0.2 Wcm-

2, 10 min 

t: 11 days 

≈ 100% [120] 

l ≈ 1126 

± 389 

nm 

PEG N/A 
1MCF-7 cells, 2MDA-

MB-231 cells 

≈ 164.8 

and 
265% 

Female Balb/c mice 

injected with EMT6 

cells 

≈ > 90% [121] 
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[MWNT] = 100 μg mL-

1 

Incubation: 24 h 

I: 808 nm, 5 Wcm-2, 2 

min 

[MWNT] = 100 μg 

mL-1 

I: 808 nm, 5 Wcm-2, 

1 min 

t: 10 days 

CNT 

N/S 

Manganese 

oxide (MnO) 

PEG 

N/A 

A549 cells 

[MWNT–MnO–PEG] 

= 40 μg mL-1 

Incubation: 2 h 

I: 808 nm, 3 Wcm-2, 5 

min 

≈ 

88.41% 

Nude male mice 

with A549 

metastases 

[MWNT–MnO–

PEG] = 3 mg mL-1 

I: 808 nm, 2 Wcm-2, 

5 min 

≈ > 75% [122] 

s ≈ 0.81 

nm 

Phospholipid

-

poly(ethylen

e glycol) 

(PL-PEG) 

FA 

N/A 

EMT6 cells 

[FA-SWNT] = 3.5 μg 

mL-1 

Incubation: 2 h 

I: 980 nm, 1 Wcm-2, 2 

min 

≈ 90% 

Female Balb/c mice 

injected with EMT6 

cells 

[FA-SWNT] = 1 mg 

kg-1 

I: 980 nm, 1 Wcm-2, 

5 min 

Cell death 

rate in 

vivo: ≈ 

88% 

[127] 

N/S PL-127 N/A 

RENCA cells 

[MWCNT] = 100 μg 

mL-1 

I: 1064 nm, 3 Wcm-2, 

0.75 min 

≈ 100% 

Female athymic 

mice bearing 

RENCA tumours 

I: 1064 nm, 3 Wcm-

2, 0.5 min 

t: 30 days 

≈ 100% [126] 

N/S 
Oxygen 

PEG 
N/A N/A N/A 

Female C57BL/6J 

mice injected with 

B16-F10 cells 

[O-CNT-PEG] = 1 

mg mL-1 

I: 808 nm, 8 Wcm-2, 

10 min 

t: 3 days 

≈ > 90% [124] 

N/S 
Gold 

nanostars 
N/A 

B16-F10 cells 

[MWCNSs/gold 

nanostars] = 0.32 nM 

Incubation: 24 h 

I: 808 nm, 1 Wcm-2, 3 

min 

≈ > 80% N/A N/A [181] 

h ≈ 2.5–

5.0 nm 
Annexin V N/A N/A N/A 

Balb/c female mice 

with implanted 4T1 

cells 

[SWNT] = 0.8 mg 

kg-1 

I: 980 nm, 1 Wcm-2, 

3 min 

t: 38 days 

≈ > 90% [182] 

N/S 

Au NP 

Sodium 

alginate 

Chitosan 

N/A 

HeLa cells 

[AuSWNT] = 50 μg 

mL-1 

Incubation: 24 h 

I: 808 nm, 1.6 W, 15 

min 

Cell 

necrosis 
N/A N/A [183] 

l ≈ 50–

500 nm 

C18-PMH-

PEG 
N/A N/A N/A 

BALB/c mice 

bearing 4T1 tumours 

[SWNT] = 0.5 mg 

mL-1 

I: 808 nm, 1 Wcm-2, 

5 min 

t: 14 days 

≈ > 90% [130] 

l ≈ 100–

300 nm. 

PEG 

Mesoporous 

silica (MS) 

DOX 

LC: ≈ 2.3:1 

4T1 cells 

[DOX] = 25 μM 

Incubation: 1 h 

I: 808 nm, 0.7 Wcm-2, 

20 min 

≈ 100% 

Mice bearing 4T1 

tumours 

[SWNT] = 4.3 mg 

kg−1, [DOX] = 10 

mg kg-1 

I: 808 nm, 0.5 Wcm-

2, 20 min 

t: 14 days 

≈ > 90% [123] 

s ≈ 

251.85 ± 

11.98 

nm 

Transactivato

r of 

transcription 

peptide 

Chitosan 

DOX 

LC: 50% 

R: 70–90% 

Bel-7402 cells 

[CNT] = 10 μg mL-1 

Incubation: 72 h 

I: 808 nm ,1 Wcm-2, 5 

min 

≈ 80% 

Balb/c nude mice 

injected with Bel-

7402 cells 

[CNT] = 4 mg mL-1 

I: 808 nm ,1 Wcm-2, 

5 min 

t: 25 days 

≈ > 90% [132] 

s ≈ 

182.8 ± 

2.8 nm 

NGR peptide 

DPM 
Docetaxel 

PC3 cells 

[SWNT] = 14.4 µg mL-

1 

Incubation: 6 h 

I: 808 nm, 1.4 Wcm-2, 1 

min 

≈ 

95.33% 

S180 cells injected 

in female Balb/c 

mice 

[Docetaxel] = 25.125 

mg kg-1 

I: 808 nm, 1 min 

t: 13 days 

≈ > 90% [128] 

CNH 
d ≈ 50–

100 nm 
Pluronic N/A 

RENCA cells 

[SWNH] = 85 µg mL-1 

Incubation: 24 h 

≈ 100% N/A N/A [135] 
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I: 1064 nm, 40 Wcm-2, 

6 min 

CNH 

HD ≈ 

164 nm 

Deoxycholic 

acid 

modified-

hydropropyl 

chitosan 

(DCA-

HPCHS) 

DOX 

4T1 cells 

[DOX-SWNH/DCA-

HPCHS] = 10 µg mL-1 

I: 808 nm, 0.6 Wcm-2, 

10 min 

≈ 100% 

Female Balb/c mice 

injected with 4T1 

cells 

[DOX-SWNH/DCA-

HPCHS] = 1 mg mL-

1 

I: 808 nm, 0.4 Wcm-

2, 10 min 

t: 12 days 

≈ 65% [184] 

HD ≈ 

182 ± 

3.2 nm 

Poly (maleic 

anhydride-

alt-1-

octadecene) 

(C18PMH) 

Methoxypoly

ethyleneglyc

ol-b-poly-D, 

L-lactide 

(mPEG-

PLA) 

DOX 

LE: 44% 

R: 67.12% 
 

Pt 

LE: 66 wt% 

R: 12.13% 

4T1 cells 

[SWNH] = 20 µg mL-1 

Incubation: 24 h 

I: 808 nm, 0.4 Wcm-2, 3 

min 

≈ > 90% 

4T1 tumour bearing 

mice 

[SWNH] = 10 mg 

kg-1 

I: 808 nm, 1 Wcm-2, 

5 min 

t: 16 days 

≈ 100% [133] 

s ≈ 

178.8 ± 

0.5 nm 

Oxygen 

P-glyprotein 

antibody 

PEG 

Etoposide 

(ETO) 

LC: 39.6% 

R: 81% 

1A549 cells, 2A549R 

cells 

[ETO] = 100 µg mL-1 

Incubation: 48 h 

I: 671 nm, 100 mW 

≈ 185 

and 
290% 

Male Balb/c nude 

mice injected with 

A549R cells 

[ETO] = 2.5 mg kg-1 

I: 671 nm, 10 min 

t: 16 days 

≈ > 75% [134] 

Graphene 
d ≈ 50 

nm 
PVP N/A 

U251 cells 

[GPVP] = 5 μg mL-1 

I: 808 nm, 2 Wcm-2, 5 

min 

≈ > 90% N/A N/A [136] 

GO 

t ≈ 3.2 ± 

0.9 nm 

s ≈ 24.5 

± 6.5 

nm 

PEG 

Cypate 
N/A 

4T1 cells 

[Cypate] = 100 µg mL-1 

Incubation: 24 h 

I: 785 nm, 1.5 Wcm−2, 

3 min 

≈ 90% 

Mice bearing 4T1 

tumours 

[Cypate] = 7.5 mg 

kg−1 

I: 785 nm, 1 Wcm−2, 

5 min 

t: 22 days 

≈ 100% [145] 

d ≈ 200–

600 nm 

IO NP 

Au NP 

PEG 

N/A 

4T1 cells 

[GO] = 10 µg mL-1 

Incubation: 2 h 

I: 808 nm, 2 Wcm-2, 5 

min 

≈ > 90% 

Female BALB/c 

mice bearing 4T1 

tumours 

[GO] = 50 µg mL-1 

I: 808 nm, 0.75 

Wcm-2, 5 min 

t: 18 days 

≈ 100% [146] 

N/S 
Porphyrin 

RGD 
N/A 

U87-MG cells 

[PNG-RGD] = 100 µg 

mL-1 

Incubation: 2 h 

I: 808 nm, 2.5 Wcm-2, 

10 min 

≈ 

78.07% 

Female athymic 

nude mice injected 

with U87-MG cells 

[PNG-RGD] = 10 

mg kg-1 

I: 808 nm, 2.5 Wcm-

2, 5 min 

t: 30 days 

≈ 100% [142] 

s ≈ 10–

50 nm 

PEG 

Cyanine7 
N/A N/A N/A 

Balb/c mice bearing 

4T1 tumours 

[NGS-PEG] = 20 mg 

kg-1 

I: 808 nm, 2 Wcm-2, 

5 min 

t: 1 day 

≈ 100% [22] 

s ≈< 200 

nm 

t ≈ 3.7–

10.2 nm 

IO NP 

PEG 
N/A 

BxPC-3 cells 

[GO] = 40 µg mL-1 

Incubation: 2 h 

I: 808 nm, 3 Wcm-2, 5 

min 

≈ 

81.26% 

Nude male mice 

injected with BxPC-

3 cells 

[GO-IO NP-PEG] = 

8 mg mL-1 

I: 808 nm, 2 Wcm-2, 

5 min 

t: 15 days 

≈ 61.76% [147] 

s ≈ 250 

nm 

t ≈ 4–5 

nm 

HAc N/A 

B16F1 cells 

[NGO-HA] = 250 μg 

mL-1 

Incubation: 1 h 

I: 808 nm, 2 Wcm-2, 10 

min 

≈ > 70% 

B16F1 cells 

inoculated in SKH-1 

hairless mice 

[NGO-HA] = 1 mg 

mL-1 

t: 7 days 

≈ 100% [155] 

s ≈ 300 

nm 

Aptamer 

Au NP 

HSP70 

inhibitor 

N/A 

MCF-7 cells 

[Apt-AuNP−GO] = 

1.74 µg mL-1 

Incubation: 24 h 

I: 808 nm, 3 W, 5 min 

≈ 61% N/A N/A [144] 

s ≈ 155 

± 3.9 

nm 

FA 

MnO2 
N/A 

HeLa cells 

[MnO2-FA-GO] = 30 

μg mL-1 

Incubation: 5 h 

I: 808 nm, 5 Wcm-2, 3 

min 

≈ 75% N/A N/A [139] 
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GO 

s ≈ 200 

nm 

t ≈ 1 nm 

Indocyanine 

green (ICG) 

FA 

N/A 

HeLa cells 

[GO] = 20 μg mL-1 

Incubation: 1 h 

I: 808 nm, 2 Wcm-2, 10 

min 

≈ 92% N/A N/A [140] 

w ≈ 100 

nm 
PEG 

DOX 

LC: 142.5 

wt% 

R: 68% 

EMT6 cells 

[DOX] = 10 μg mL-1 

Incubation: 24 h 

I: 808 nm, 2 Wcm-2 3 

min 

≈ 82.1% 

Balb/c female mice 

injected with EMT6 

cells 

[DOX] = 10 mg kg-1 

I: 808 nm, 2 Wcm-2, 

5 min 

t: 30 days 

≈ 100% [30] 

s ≈< 100 

nm 

PVP 

FA 

DOX 

LC: 107.5 

wt% 

R: > 70% 

HeLa cells 

[DOX] = 20 µg mL-1 

Incubation: 24 h 

I: 808 nm, 2 Wcm-2, 5 

min 

≈ 90% N/A N/A [137] 

s ≈< 200 

nm 

h ≈ 2.5 

nm 

t ≈ 1–2 

nm 

SS 

PEG 

DOX 

LC: 110 wt% 

R: 65% 

A549 cells 

[DOX] = 10 µg mL-1 

Incubation: 24 h 

I: 808 nm, 2 Wcm-2, 3 

min 

≈ 90% N/A N/A [148] 

N/S 
Aptamer 

Au NP 

DOX 

LE: 11.3% 

R: ≈ 80% 

1A549 cells, 2MCF-7 

cells 

[GO–Au–Apt–DOX] = 

8 µg mL-1 

Incubation: 12 h 

I: NIR, 15 min 

≈ 190 

and 
280% 

N/A N/A [143] 

N/S 

Copper 

sulfide (CuS) 

PEG 

DOX 

LE: 90.0% 

R: 45  

HeLa cells 

[PEG-GO/CuS/Dox] = 

500 µg mL-1 

Incubation: 24 h 

I: 980 nm, 1 Wcm-2, 10 

min 

≈ 75% 

Male nude mice 

injected with HeLa 

cells 

[PEG-GO/CuS/Dox] 

= 500 µg mL-1 

I: 980 nm, 1 Wcm-2, 

10 min 

t: 21 days 

≈ > 95% [149] 

N/S 

Fluorine 

FA 

Silver 

nanoparticles 

(Ag NP) 

DOX 

LC: 263% 

R: 30% 

HeLa cells 

[DOX] = 1.6 µg mL-1 

Incubation: 4 h 

I: 808 nm, 2.0 Wcm2, 5 

min 

≈ 81% 

Nude mice bearing 

tumours 

[FGO-

FA+Ag2+DOX] = 50 

µg mL-1 

I: 808 nm, 2.0 

Wcm2, 5 min 

t: 14 days 

≈ > 55% [138] 

s ≈ 50–

250 nm 

Silica 

PEG 

IL-13 peptide 

DOX 

LE: 1.27 ± 

0.11 µg µg-1 

R: 17% 

U251 cells 

[GS] = 100 μg mL-1 

Incubation: 2 h 

I: 808 nm, 6 Wcm-2, 5 

min 

≈ 90% N/A N/A [153] 

d ≈ 

187.5 ± 

0.2 nm 

Silica 

Serum 

protein 

FA 

DOX 

LE: 90% 

R: 90% 

HeLa cells 

[SiO2@GN-Serum-FA 

NPs] = 1000 µg mL-1 

Incubation: 24 h 

I: 980 nm, 1.0 Wcm-2, 

10 min 

≈ > 70% 

U14 cells injected in 

female Balb/c mice 

[SiO2@GN-Serum-

FA-Dox+IR] = 500 

µg mL-1, [Dox] = 

10.0 µg mL-1 

I: 980 nm, 1.0 Wcm-

2, 5 min 

t: 19 days 

≈ > 90% [141] 

s ≈ 70 

nm 

PEG 

Poly(allylami

ne 

hydrochlorid

e) (PAH) 

DOX 

LE: ≈ 50% 

R: 23% 

MCF-7/ADR cells 

[DOX] = 20 µg mL-1 

Incubation: 48 h 

I: 808 nm, 0.5 Wcm−2, 

5 min 

≈ 79% N/A N/A [174] 

s ≈ 200 

nm 

Poloxamer 

188 

DOX 

Irinotecan 

(IRI) 

LC: 7% 

R: 60% 

1SCC7 cells, 2MCF-7 

cells, 3MDA-MB-231 

cells 

[DOX/IRI] = 1 µg mL-

1, [GO] = 6 µg mL-1 

Incubation: 6 h 

I: 808 nm, 3 Wcm-2, 5 

min 

≈ 160, 
240 and 
360% 

N/A N/A [154] 

s ≈ 10–

70 nm 
PEG 

Pt 

R: ≈ 90% 

4T1 cells 

[Pt] = 100 µM, [PEG-

NGO] = 890 µg mL-1 

Incubation: 24 h 

I: 785 nm, 1.5 Wcm-2, 3 

min 

≈ > 90% 

Female mice bearing 

4T1 tumours 

[Pt] = 10 mg kg-1 

I: 785 nm, 1.5 Wcm-

2, 3 min 

t: 14 days 

≈ 100% [150] 

N/S HAc 

Mitoxantrone 

(MIT) 

LC: 45 wt% 

R: 14.85% 

MCF-7 cells 

[MIT] = 51.2 µg mL-1 

I: 808 nm, 2 Wcm-2, 3 

min 

≈ 95% 

MCF-7-bearing mice 

[MIT] = 4 mg kg-1 

I: 808 nm, 1 min 

t: 6 days 

≈ 93.52% [156] 

w ≈ 100 

nm  

t ≈ 4 nm 

PEG 

Epirubicin 

(EPI) 

LC: 87% 

R: 46% 

U87-MG cells 

[EPI] = 25 µg mL-1 

Incubation: 24 h 

≈ 100% 

NU/NU mice 

injected with U87-

MG cells 

[EPI] = 3 mg kg-1 

≈ 100% [151] 
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Anti-EGFR 

antibodies 

Conjugation: 

71% 

R: 46% 

I: 808 nm, 2 Wcm-2, 2 

min 

I: 808 nm, 2 Wcm-2, 

2 min 

t: 27 days 

GO 
s ≈ 182 

nm  
PEG Artesunate 

HepG2 cells 

[nGO] = 80 μg mL-1 

Incubation: 4 h 

I: 808 nm, 2 Wcm-2, 5 

min 

≈ 80% 

Balb/c mice bearing 

4T1 tumours 

[nGO] = 10 mg kg-1 

I: 808 nm, 15 min 

t: 30 days 

≈ 100% [152] 

rGO 

s ≈ 521 

nm 
PEG N/A 

A-431 cells 

[rGOn-PEG] = 250 μg 

mL-1 

Incubation: 24 h 

I: 810 nm, 0.15 Wcm-2, 

30 min 

≈ 38% N/A N/A [35] 

d ≈ 27 

nm 
PEG N/A N/A N/A 

4T1 cells injected in 

female BALB/c 

mice 

[nRGO-PEG] = 2 

mg mL-1 

I: 808 nm, 0.15 

Wcm-2, 5 min 

t: 15 days 

≈ 100% [171] 

s ≈ 20 

nm 

PEG 

RGD 
N/A 

U87-MG cells 

[nano-rGO-RAD] = 6.6 

µg mL-1 

Incubation: 1 h 

I: 808 nm, 15 Wcm-2, 8 

min 

≈ 90% N/A N/A [159] 

s ≈ 108 

± 51 nm 

HAc 

Poly(maleic 

anhydride-

alt-1-

octadecene) 

N/A 

MCF-7 cells 

[rGO] = 75 μg mL-1 

Incubation: 4 h 

I: 808 nm, 1.7 Wcm-2, 5 

min 

≈ 94% N/A N/A [34] 

N/S Polyphenols N/A 

1HT29 cells and 2SW48 

cells 

[rGO] = 3 µg mL-1 

Incubation: 6 h 

I: 780 nm, 0.25 Wcm-2, 

20 min 

≈ 166 

and 
282% 

N/A N/A [168] 

t ≈ 1.4 

nm 

Glucose 

Iron 
N/A 

LNCaP cells 

[GRGO-Fe] = 100 µg 

mL-1 

Incubation: 24 h 

I: 808 nm, 7.5 Wcm-2, 1 

min 

≈ 93% N/A N/A [185] 

HD ≈ 50 

nm 

IO NP 

PEG 
N/A N/A N/A 

Mice bearing 4T1 

tumours 

[RGO–IO NP–PEG] 

= 20 mg kg-1 

I: 808 nm, 0.5 Wcm-

2, 5 min 

t: 15 days 

≈ 100% [172] 

t ≈ 1.1 

nm 
Polyphenols N/A 

A549 cells 

[rGO] = 1000 µg mL-1 

Incubation: 0.5 h 

I: 808 nm, 2 Wcm-2, 5 

min 

≈ 65% N/A N/A [169] 

d ≈ 100 

min 

C18-PMH-

mPEG 

PL-PEG 

N/A N/A N/A 

Female C57BL/6 

mice injected with 

Panc02-H7 cells 

[rGO] = 2 mg kg-1 

I: 980 nm, 0.75 

Wcm-2, 10 min 

t: 10 days 

≈ > 70% [173] 

s ≈ 29 ± 

4 nm 

PEG 

Iron Oxide 

(Fe3O4) 

N/A 

4T1 cells 

[FNPs/rGO-PEG] = 

250 μg mL-1 

Incubation: 4 h 

I: 805 nm, 1 Wcm-2, 5 

min 

≈ 80% 

Balb/c mice injected 

with 4T1 cells 

m = 0.1 mg 

I: 805 nm, 1 Wcm-2, 

10 min 

t: 25 days 

≈ 100% [160] 

d ≈ 100 

nm 
PEG N/A 

HeLa cells and MDA-

MB-231 cells 

[rGO-PEG] = 200 μg 

mL-1 

Incubation: 72 h 

I: 808 nm, 6 Wcm-2, 10 

min 

≈ 100% N/A N/A [161] 

s ≈ 110 

nm 

HAc 

 

ICG 

LE: 92.3 ± 

5.0% 

N/A 

KB cells 

[ICG/HArGO] = 20 μg 

mL-1 

Incubation: 24 h 

I: 808 nm, 1.2 Wcm-2, 3 

min 

≈ > 90% 

KB tumour-bearing 

nude mice 

[ICG/HArGO] = 5 

mg kg-1 

I: 808 nm, 1.2 Wcm-

2, 3 min 

≈ 100% [167] 
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t: 26 days 

rGO 

s ≈ 70 ± 

0.4 nm 
BSA N/A 

MCF-7 cells 

[nano-rGO] = 100 µg 

mL-1 

I: 808 nm, 1 Wcm-2, 5 

min 

≈ 100% 

Female BALB/c 

nude mice bearing 

MCF-7 tumours 

[nano-rGO] = 20 mg 

kg-1 

I: 808 nm, 0.6 Wcm-

2 

≈ 100% [165] 

t ≈ 140 

nm 
N/A N/A 

OE-19 cells 

[RNGO] = 100 µg mL-1 

I: 808 nm, 3 Wcm-2, 8 

min 

≈ 100% N/A N/A [186] 

s ≈ 0.8–

2.5 μm 
Fe3O4 N/A 

HeLa cells 

[rGO-Fe3O4] = 100 μg 

mL-1 

Incubation: 2 h 

I: 804 nm, 1 Wcm-2, 5 

min 

≈ 76.3% N/A N/A [170] 

N/S Alanine N/A 

U87-MG cells 

[ARGO] = 100 μg mL-1 

I: 808 nm, 0.6 Wcm-2, 

10 min 

≈ 76% N/A N/A [187] 

t ≈ 3.5 

nm 

Antiarrhythm

ic peptide 10 

(AAP10) 

pDA 

N/A 

MCF-7 cells 

[AAP10-pDA/rGO] = 

120 μg mL-1 

I: 880 nm, 2.2 Wcm−2, 

5 min 

≈ 99% N/A N/A [164] 

d ≈ 100–

200 nm 

t ≈ 15 

nm 

PEI 

PEG 

DOX 

LC: ≈ 100% 

R: ≈ 45% 

1PC3 cells, 2HeLa cells 

[DOX] = 50 μg mL-1 

I: 808 nm, 6 Wcm-2, 30 

min 

≈ 160 

and 
280% 

N/A N/A [162] 

s ≈ 200–

300 nm 

Mesoporous 

silica shell 

(mSiO2) 

Thermorespo

nsive 

polymer 

valve 

(pNIPAM-

co-pAAm) 

DOX 

LC: 0.8221 ± 

0.12 g g-1 

R: ≈ 30% 

HeLa cells 

[rNGO@mSiO2@pNIP

AM-co-pAAm] = 60 

μg mL-1, [DOX] = 12 

μg mL-1 

Incubation: 4 h 

I: 808 nm, 6 Wcm-2, 10 

min 

≈ 100% N/A N/A [188] 

N/S BSA 

DOX 

LE: 77% 

R: 23% 

U87-MG cells 

[DOX-BSA-rGO] = 30 

μg mL-1 

Incubation: 4 h 

I: 808 nm, 5.5 Wcm-2, 3 

min 

≈ 

98.24% 
N/A N/A [166] 

N/S 

MS 

pDA 

HAc 

DOX 

LC: 145 ± 

25% 

HeLa cells 

[DOX] = 5 µM 

Incubation: 12 h 

I: 808 nm, 1.5 Wcm-2, 5 

min 

≈ 90% 

Female Balb/c nude 

mice implanted with 

HeLa cells  

[DOX] = 5 mg kg-1 

I: 808 nm, 1.5 Wcm-

2, 5 min 

t: 20 days 

≈ 100% [163] 

s ≈ 40 

nm 

t ≈ 2 nm 

N/A 

DOX 

LC: 317% 

(w/w) 

R: 85% 

1HepG2 cells, 2Huh-7 

cells, 3A549 cells 

[nrGO/DOX] = 80 μg 

mL-1 

Incubation: 3 h 

I: 808 nm, 5 min 

≈ 168.3, 
254.8 

and 
376.2% 

N/A N/A [189] 

d ≈ 80 

nm 
PEG 

Resveratrol 

(RV) 

LC: 175.6 

w/w % 

R: 30% 

4T1 cells 

[RV] = 50 μg mL-1 

Incubation: 2 h 

I: 808 nm, 0.6 Wcm-2, 3 

min 

≈ 60% 

Female Balb/c mice 

injected with 4T1 

tumours 

[NrGO] = 10 mg kg-1 

I: 808 nm, 0.6 Wcm-

2, 5 min 

t: 18 days 

≈ 100% [190] 

4T1 cells, 4T1 murine breast cancer cell line; A-431 cells, human skin carcinoma cell line; A549 cells, Human lung adenocarcinoma cell line; A549R 

cells, A549 cells resistant to paclitaxel; AAP10, Antiarrhythmic peptide 10; Ag NP, Silver nanoparticles; Au NP, Gold nanoparticles; B16F1 cells, murine 

melanoma cell line; B16-F10 cells, B16-F10 mice melanoma cell line; Bel-7402 cells, Bel-7402 hepatoma cell line; BSA, Bovine serum albumin; BT474 

cells; Human breast cancer cell line; BxPC-3 cells, BxPC-3 cells human pancreatic cancer cell line; C18PMH, Poly (maleic anhydride-alt-1-octadecene); 

C18-PMH-mPEG, Poly(maleic anhydride-alt-1-octadecene)-methoxy poly(ethylene glycol); C18-PMH-PEG, Poly(maleic anhydride-alt-1-octadecene)-

poly(ethylene glycol); CD, Carbon dots; CNH, Carbon nanohorns; CNM, Carbon nanomaterial; CNT, Carbon nanotubes; CNx, Nitrogen dopants; 

CREKA, Cys-Arg-Glu-Lys-Ala; CRL 1932, Renal carcinoma cell line; CuS, Copper sulfide; d, diameter; DCA-HPCHS, Deoxycholic acid modified-

hydropropyl chitosan; DOX, doxorubicin; DPM, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxyPEG-2000]-maleimide; DSPE-mPEG, 

1,2-distearoyl-phosphatidylethanolamine-methyl-poly(ethylene glycol); EAC cells, Erlich ascitic carcinoma cell line; EMT6 cells, murine mammary 

tumour line; Epirubicin (EPI); ETO, Etoposide; FA, Folic acid; Fe3O4, Iron Oxide; GO, Graphene oxide; GQD, Graphene quantum dots; h, height; H22 

cells, H22 hepatocellular carcinoma cell line; HAc, Hyaluronic acid; HD, hydrodynamic size; HeLa cells, Human cervical cancer cell line; HepG2 cells, 

Human hepatocellular carcinoma cell line; HT29 cells, HT29 human colon adenocarcinoma cell line; Huh-7 cells, Hepatoma Huh-7 cell line; I, 

Irradiation; ICG, Indocyanine green; IO NP, Iron oxide nanoparticles; IRI, Irinotecan; KB cells, Human carcinoma KB cell line; l, length; LC, loading 

capacity; LE, loading efficiency; LNCaP cells, Human prostate cancer cell line; MCF-7 cells, Human breast cancer cell line; MCF-7/ADR cells, Drug-

resistant MCF-7/ADR cell line; MDA-MB-231 cells, Human breast cancer cell line; MIT, Miroxantrone; MnO, Manganese oxide; MnO2, Manganese 

dioxide; mPEG-PLA, Methoxypolyethyleneglycol-b-poly-D, L-lactide; MS, Mesoporous silica; mSiO2, Mesoporous silica shell; MT, Mitochondria-

targeting peptide; N, Nitrogen; N/A, not applicable; N/S, not studied; N-B, Nitrogen and boron; NGR, Asparagine-glycine-arginine; N-O, Nitrogen and 
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oxygen; OE-19 cells, Esophageal adenocarcinoma cell line; OH, Hydroxyl groups; PAH, Poly(allylamine hydrochloride); Panc02-H7 cells, Mouse 

pancreatic cancer cell line; PC3 cells, Prostate cancer 3 (PC3) cell line; pDA, Polydopamine; PEG, Poly(ethylene glycol); PEI, Polyethylenimine; PL-

127, Pluronic F-127; PLGA-b-PEG-NH2, Poly(L-lactide-co-glycolide)-block-poly(ethylene glycol)-Amine; PLL, Poly (L-lysine); PL-PEG, 

Phospholipid-poly(ethylene glycol); pNIPAM-co-pAAm, Thermoresponsive polymer valve; Pt, Cisplatin; U14 cells, Murine hepatocarcinoma U14 cell 

line; PVP, Polyvinylpyrrolidone; R, release; RENCA cells, RENCA murine kidney cancer cell line; RGD, Tripeptide L-arginyl-glycyl-Laspartic; rGO, 

Reduced graphene oxide; Ru-NO, Ruthenium nitrosyl; RV, Resveratrol; s, size; SCC7 cells, Murine SCC7 squamous carcinoma cell line; SF-763 cells, 

Human glioblastoma cell line; S-N, Sulphur and nitrogen; SS, Disulfide bond; S180 cells, Murine sarcoma cell line; SW48 cells, SW48 colon cancer cell 

line; t, thickness; t, treatment time; Th, topographic height; TPP, Triphenylphosphonium; U251 cells, Human glioblastoma cell line; U87-MG cells, 

Adherent human glioblastoma (U87-MG) cell line; w, width; ZIF-8, Zeolitic imidazolate framework-8. 

 

2.3.3 - Combined phototherapy

 

Photodynamic and photothermal therapies have been studied as low invasive and selective 

therapeutic approaches, as mentioned in the previous sections. Nevertheless, the combined effect 

of these two modalities can further enhance their effectiveness for anticancer therapy [6, 10]. 

Several studies report multimodal treatment with these two types of light therapy. PTT can 

improve PDT efficiency once the heat generated after irradiation leads to increased cell 

permeability [191], which improves PS uptake. Higher temperatures, also increase blood flow 

and cause tumour tissues to become more oxygenated, both contributing to improved PDT, by 

generating increasing amounts of ROS. Furthermore, ROS production during PDT interferes with 

heat-shock proteins and stop them from protecting tumour cells from the PTT effects [5] CNM 

can be conjugated with various macromolecules, load PS and/or anticancer drugs and efficiently 

target and kill tumour cells [6]. Drug internalisation is more efficient and smaller doses are 

required, ultimately reducing toxicity and side effects. Besides, treatment effects are directed to 

tumour tissues as cancer cells more sensitive membrane becomes more permeable, allowing 

higher CNM/drug uptake and consequently increased selective anticancer effect. 

While in PTT CNM therapeutic activity is usually triggered by performing irradiation in NIR 

wavelengths, in PDT, UV and visible light irradiations are mostly employed. Generally, NIR 

irradiation is more advantageous, because its penetration is deeper into biological tissues, which 

have minimal absorption in that range. Therefore, deeper located tumours can be reached, with 

minimal harm to surrounding healthy tissues. Some studies apply NIR together with UV or visible 

light using subsequent cycles of irradiation or combined treatment. The first involves the 

application of determined irradiation followed by another, while the second applies the two types 

of irradiation simultaneously. Table 2.3 summarizes the state-of-the-art literature regarding the 

use of CNM in combined phototherapy, including their main characteristics and biological effects. 

In the literature, promising results were reported using fullerenes, CD, GQD, CNT, CNH, 

graphene, GO and rGO, being GO the most extensively studied. 

Non-functionalized fullerenes usually do not present suitable properties to be used for PTT, 

as mentioned before. Since they need to be modified to have a relevant phototherapeutic effect, 

agents that can have a synergistic effect for different therapeutic modalities can be employed, 

seeking enhanced effectiveness and selectivity. Lee et al. conjugated fullerene (C60) with Ce6, 

PEG and folate to obtain increased light absorption, enhanced biocompatibility and targeted 

treatment, once folate receptors are overexpressed in tumours, promoting selective 

internalization. Combined therapy was used in a human carcinoma cell line. Cells were incubated 

with the modified fullerene at a concentration of 10 µg mL-1 and irradiated with a laser (670 nm, 

300 mWcm-2) for 10 minutes after 4 h of culture. The treatment led to 95% cancer cell death. 

Also, mice were subcutaneously inoculated with the same cancer cell line to induce tumour 

formation. Modified fullerenes were intravenously injected at a concentration of 10 mg kg-1 and 

after 2 h irradiated using the same settings as for in vitro tests. The treatment led to over 85% 

tumour reduction after 7 days, comparing with untreated control. The authors reported efficient 
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clearance from the body with no significant differences being observed in the organs [192]. 

Fullerene-based systems have been also conjugated with drugs to further increase their anti-cancer 

effectiveness. Wang et al. combined fullerenes with silica and hyaluronan to encapsulate DOX 

and ICG. A DOX LC of approximately 48% was reported. Combined therapy was used in two 

human breast cancer cell lines, MDA-MB-231 and MCF-7. Cells were incubated with modified 

fullerenes at a DOX concentration of 10 µg mL-1 and irradiated with laser (800 nm, 1.5 Wcm-2) 

for 3 minutes after 12 h of culture. The treatment resulted in 100 and 95% cancer cell death, 

respectively for MDA-MB-231 and MCF-7. No significant damage in the main organs was 

observed in histological analysis [193]. 

Some CNM can be used for both PTT or/and PDT without any modifications because they 

can produce heat and ROS, leading to tumour cell death through different mechanisms. CD have 

gained increased interest due to their simultaneous PDT and PTT functions. In vitro, 

concentrations commonly used for this nanomaterial vary from 200 to 1000 µg mL-1, and 

incubation times range between 10 to 24 h. Irradiations are usually performed using lasers at 

wavelengths between 650-808 nm, and with irradiances from 0.5 to 1 Wcm-2, during 10 to 20 

minutes. Studies with CD usually report between 79.1 and 95% cancer cell death after combined 

therapy. In vivo, CD are often injected intratumorously or intravenously, and concentrations used 

range between 1 and 3 mg mL-1. Irradiations are performed using lasers with a wavelength 

between 650-808 nm, with irradiances between 0.5 to 1 Wcm-2, during 10 to 20 minutes. 

Combined therapy usually results in between 70 to 100% tumour reduction, 13 to 22 days after 

treatment [194-196], with effective blood clearance and no damage or inflammation occurring 

[194, 196, 197]. Guo et al. doped CD with a Cu-N complex that was capable of absorbing in the 

NIR region, producing heat and ROS. Combined therapy was tested using a murine melanoma 

cell line. Cells were incubated with the modified CD at a concentration of 500 µg mL-1 and 

irradiated with a laser (808 nm, 1 Wcm-2) for 10 minutes after 24 h of culture. The treatment led 

to 80% cancer cell death. Separate individual treatment allowed higher cell viabilities (PDT ≈ 

50% and PTT ≈ 55%) demonstrating the increased effect when multimodal therapy is applied. 

Also, mice were subcutaneously inoculated with the same cancer cell line to induce tumour 

formation. Modified CD were intravenously injected at a concentration of 3 mg mL-1 and after 4 

h irradiated using the same conditions. The treatment led to 100% tumour reduction after 14 days, 

comparing with the untreated control [194]. 

GQD is another example of CNM with PDT and PTT functions. In vitro, concentrations 

commonly used for this nanomaterial vary from 100 to 500 µg mL-1, while incubation times range 

between 1 to 12 h. Irradiations are usually performed with lasers with wavelengths between 670-

808 nm or 980 nm followed by a treatment at 635 nm, to obtain a synergistic effects. Irradiances 

vary between 0.3 to 0.5 Wcm-2, during 5 to 30 minutes. Studies with GQD usually report between 

65 to 70% cancer cell death after combined therapy. Only one in vivo study has been found using 

these materials. Nurunnabi et al. tested graphene nanodots in mice subcutaneously inoculated 

with a human breast cancer cell line. GQD were intratumorously injected at a concentration of 

2.5 mg kg-1 and irradiated with a laser (670 nm, 0.3 Wcm-2) for 30 minutes. The treatment resulted 

in over 55% tumour reduction after 21 days, comparing with untreated control. Some 

accumulation was observed in the liver, lung and kidneys [198]. GQD have been also reported as 

efficient when decorating other materials such as hollow magnetic nanospheres (HMNS). Wo et 

al. used HMNS coated with silica and conjugated with GQD for the loading of DOX (0.66 g of 

DOX/g HMNS), and synergistic effect in a human esophageal squamous carcinoma cell line. 

Cells were incubated with HMNS/SiO2/GQD at a GQD concentration of 0.2 mg mL-1 and 
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irradiated with a laser (671 nm) for 20 minutes. The treatment resulted in approximately 90% 

cancer cells death [199]. 

CNT have been also studied for simultaneous PTT/PDT. In vitro, concentrations commonly 

used for this nanomaterial vary from 2.4 to 500 µg mL-1, while incubation times range between 

12 to 24 h. Irradiations are usually performed using lasers with single 808 nm wavelengths or 

dual irradiations where a 532-630 nm irradiation is followed by a treatment at 808 nm, to achieve 

a synergistic effect. Irradiances vary from 0.1 to 1.4 Wcm-2, during 1 to 10 minutes. Studies with 

CNT usually report between 45 to 100% cancer cell death after combined therapy. In vivo, CNT 

are often injected intratumorously or intravenously, and concentrations used range between 0.3 

and 5 mg kg-1. Irradiations are performed with lasers with a wavelength between 650-808 nm or 

dual irradiations where a 532-630 nm irradiation is followed by a treatment at 808 nm. Irradiances 

are performed between 0.5 to 1 Wcm-2, during 10 to 20 minutes. The treatment usually results in 

between 90 to 100% tumour reduction, 9 to 15 days after being applied [200-202], with no 

histological damage being reported [37, 200-202]. In a study by Zhang et al., a ruthenium (II) (Ru 

(II)) complex was used to functionalize SWCNT (Ru@SWCNT) for bimodal cancer treatment. 

Upon NIR irradiation, Ru (II) was released and produced ROS, while SWCNT produced heat 

leading to efficient cancer treatment in a human cervical cancer cell line. Cells were incubated 

with the Ru@SWCNT at a concentration of 200 µg mL-1 and irradiated with a NIR laser (808 nm, 

0.25 Wcm-2, 5 min) after 12 h of culture. The treatment resulted in 100% cancer cell death. 

Besides, mice were subcutaneously inoculated with the same cancer cell line to induce tumour 

formation. Ru@SWCNT were intratumorously injected at a concentration of 5 mg kg-1 and 

irradiated using the same conditions. The treatment resulted in 100% tumour reduction after 15 

days, comparing with the untreated control [202]. As mentioned before, for PDT applications, 

CNT usually are loaded with PS. Nevertheless, some studies describe its potential as ROS 

producers. Murakami et al. produced semiconducting SWCNT and further conjugated it with a 

high-density lipoprotein for combined PDT and PTT of a human lung cancer cell line. Cells were 

incubated with the modified CNT and irradiated with a NIR laser (808 nm, 800 mW) for 10 

minutes. The treatment resulted in 45% cancer cell death [203]. Figure 2.4 illustrates a 

representative example of CNM application in combined phototherapy. Xie et al. conjugated 

SWCNT with albumin, Evans blue (EB) and Ce6 (ACEC). The PTT properties of CNT were 

combined with the PDT effect of the PS Ce6 leading to a synergistic effect in a murine squamous 

carcinoma cell line. Cells were incubated with ACEC at a SWCNT/EB concentration of 2.4 µg 

mL-1 and subsequently irradiated at 630 nm and 808 nm (0.15 Wcm-2, 1 min and 1 Wcm-2, 2 min). 

The treatment resulted in 90% cancer cell death comparing with 85% obtained with only PDT 

and 80% with only PTT. Besides, mice were inoculated with the same cell line. ACEC were 

administrated intravenously at a CNT concentration of 0.3 mg kg-1 and irradiated using the same 

conditions. The treatment led to a 100% tumour reduction after 15 days, comparing with the 

untreated control [200]. 
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Figure 2.4 – Representative example of CNM use for cancer combined phototherapy. (A) Preparation and application 

of albumin/Ce6 fabricated EB/carbon nanotube-based delivery system (ACEC). SWCNT were conjugated with EB 

through high-frequency sonication and encapsulated the Ce6/albumin complex (B) SCC7 cell viabilities after 

incubation with different conditions. (C) Murine squamous carcinoma tumour bearing mice growth curves after 

receiving different treatments (p < 0.001). (D) Histology (Hematoxylin and eosin staining) of tumour bearing mice 

after different treatments: ACEC, albumin/ECNTs, free Ce6, albumin/Ce6 and PBS with or without 630 + 808 nm NIR 

irradiation (0.15 Wcm-2, 1 min and 1 Wcm-2, 2 min) at 24 h post-treatment. Scale bar: 100 µm. Adapted from [200]. 

Abbreviations: Ce6, chlorine e6; ECNTs, SWCNT/EB complex; SCC7 cells, murine squamous carcinoma cell line; 

SWCNT, single-walled carbon nanotube. 

 

Combined PDT/PTT has also been reported with CNH. In vitro, concentrations commonly 

used for this nanomaterial vary from 8 to 26.5 µg mL-1 and incubation times are of 24 h. 

Irradiations are usually performed using lasers with single 650-808 nm wavelengths or dual 

irradiation where 590 nm irradiation is followed by a treatment at 808 nm. Irradiances vary from 

0.5 to 3 Wcm-2, during 1 to 20 minutes. Studies with CNH usually report between 66 and 94.6% 

cancer cell death after combined therapy. In vivo, CNH are often injected intratumorously or 

intravenously, and concentrations used range between 50.26 and 305 µg mL-1. Irradiations are 

performed using lasers with a wavelength between 650-808 nm or dual irradiation where 590 nm 

irradiation is followed by a treatment at 808 nm. Irradiances vary between 0.1 to 1 Wcm-2, during 

5 to 20 minutes. A tumour reduction of 90 to 100% is commonly observed, 14 to 21 days after 

treatment [204-206], with no significant changes observed in the tissues by histology [204, 207]. 

Gao et al. used a SWCNH non-covalently conjugated with ICG (SWCNH-ICG) applied for 
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combined PDT/PTT in a murine breast cancer cell line. The PDT/PTT properties of ICG were 

combined with the PTT effect from CNH. Cells were incubated with SWCNH-ICG at a ICG 

concentration of 4 µg mL-1 and irradiated with a laser (808 nm, 0.3 Wcm-2) after 24 h of culture. 

The treatment resulted in a cancer cell death of 94.6% when synergistic phototherapy was applied, 

comparing with 36.6% for PDT alone, and 86.5% for PTT. Besides, mice were inoculated with 

the same cell line. SWCNH-ICG was injected at a concentration of 52 µg mL-1 and irradiated 

twice using the same conditions for 5 minutes. The treatment resulted in over 90% tumour 

reduction, comparing with the untreated control [208]. 

In the case of graphene, despite having high NIR absorption, the increased hydrophobicity 

makes it difficult to apply in phototherapy. Jiang et al. produced this CNM by a direct current 

discharge method and conjugated it with a hydrophobic PS, tetrasulfonic acid tetrasodium salt 

copper phthalocyanine (TSCuPc), toward combined PTT/PDT as the graphene acts as a PS carrier 

and PTT agent while TSCuPc acts as a PDT agent. Human cervical cancer cells were incubated 

with the conjugated graphene at a PS concentration of 15 µg mL-1 and irradiated with a laser (650 

nm, 3 Wcm-2) for 5 minutes. The treatment resulted in 71% cancer cell death when combined 

therapy was applied, comparing with 40% for PDT alone [209]. This material has been also 

studied for combined PDT/PTT and chemotherapy. Su et al. conjugated graphene (PTT 

properties) with BODIPY (PDT properties), methoxy-PEG (biocompatibility) and mitomycin C 

(chemotherapy). Human cervical cancer cells were incubated with the conjugated CNM at a 

concentration of 100 µg mL-1 and irradiated with a laser (808 nm, 1 Wcm-2, 5 min) followed by 

another (505 nm, 50 mWcm-2, 5 min) after 48 h of culture. The treatment resulted in a 83% cancer 

cell death when combined therapy was applied, comparing with 25% for chemotherapy alone, 

30% for chemotherapy and PDT, and around 70% for chemotherapy and PTT [210]. 

GO reveals suitable properties to be used as an effective PTT agent, but usually needs further 

conjugation to improve the production of ROS. However, some studies have suggested that this 

CNM can act as a PS and produce ROS without loading other molecules, as presented below. In 

vitro, concentrations commonly used for this nanomaterial vary from 3 to 800 µg mL-1, while 

incubation times range between 4 to 48 h. Irradiations are usually performed using lasers with 

single 660-808 nm wavelengths or dual irradiations where a 532-808 nm irradiation is followed 

by a treatment at 808-980 nm, to obtain a synergistic effect. Irradiances vary from 0.05 to 4 Wcm-

2, during 3 to 60 minutes. Studies with GO usually report between 41.48 to 97.9% cancer cell 

death after combined therapy. In vivo, GO is often injected intratumorously or intravenously, and 

concentrations used range between 0.5 and 10 mg kg-1. Irradiations are performed with lasers or 

LEDs with single 660-808 nm wavelengths or dual irradiations where a 630-650 nm irradiation 

is followed by a treatment at 808 nm. Irradiances vary between 0.15 to 3 Wcm-2, during 3 to 10 

minutes. Tumour reductions of 85 to 100% are observed, 12 to 15 days after treatment [211-213], 

with low systemic toxicity being usually reported and no significant damage found in histological 

analysis [212-216]. However, some accumulation has been described in the liver and lung tissues 

[211]. Hu et al. conjugated FA, PEG and fullerenes (C60) onto GO nanosheets for combined PTT 

(induced by GO) and PDT (induced by fullerenes). Human cervical cancer cells were incubated 

with the conjugated GO at a concentration of 10 µg mL-1 and irradiated with a laser (808 nm, 2 

Wcm-2, 3 min) followed by another (532 nm, 0.1 Wcm-2, 5 min) after 24 h of culture. The 

treatment resulted in 95% cancer cell death when combined therapy was applied, comparing with 

65% for PDT alone and 25% for PTT [217]. A study by dos Santos et al. associated the increased 

photothermal activity of GO with the PS MB. A murine breast cancer cell line was incubated with 

the conjugated GO at a concentration of 12.5 µg mL-1 and irradiated with a LED (660 nm, 90.8 J 



 
2.3 - Cancer phototherapy using CNM  39 

cm-2, 10 min) followed by a laser (808 nm, 8.3 kJ cm-2, 15 min) after 24 h of culture. The treatment 

resulted in 95% cancer cell death when combined therapy was applied, comparing with 30% for 

PTT alone. Besides, mice were inoculated with the same cell line. Conjugated GO was injected 

at a concentration of 10 mg kg-1 and irradiated using the same conditions. The treatment resulted 

in 100% tumour reduction after 12 days, comparing with untreated control. PTT alone resulted in 

70% tumour reduction and PDT in 35% decrease [216]. This result was notable also due to the 

low concentration of MB used (2.5 µg mL-1), while other studies reported the use of higher 

concentrations without achieving such efficiencies [218]. Kalluru et al. conjugated nanosized GO 

with PEG and folate to render it effective for simultaneous PDT and PTT. Upon excitation using 

980 nm light, ROS production was detected but not using 808 nm. This study is an example where 

GO is applied as a PS. A melanoma cell line was incubated with the modified GO at a 

concentration of 75 µg mL-1 and irradiated with a laser (980 nm, 320 mWcm-2) for 10 minutes 

after 24 h of culture. The treatment resulted in 85% cancer cell death, attributed by the authors to 

the combined PDT/PTT effect. PTT alone (808 nm) only resulted in 65% cancer cell death [213].  

In the case of rGO, PTT properties have been studied as described in the previous section. 

However, after conjugation with PS, synergistic therapy has been reported. In vitro, 

concentrations commonly used for this nanomaterial vary from 4.8 to 50 µg mL-1, while 

incubation times range between 1 and 24 h. Irradiations are usually performed using lasers with 

single 671-808 nm wavelengths or dual irradiations where a 365-660 nm irradiation is followed 

by a treatment at 808 nm, to obtain a synergistic effect. Irradiances vary from 0.02 to 1.5 Wcm-2, 

during 2 to 30 minutes. studies with rGO usually report between 55 and 100% cancer cell death 

after combined therapy. In vivo, rGO is often injected intratumorously or intravenously, and 

concentrations used range between 0.5 and 1 mg mL-1. Irradiations are performed with lasers or 

LEDs with single 671 nm wavelength or dual irradiations where a 450 nm irradiation is followed 

by a treatment at 808 nm. Irradiances vary between 0.02 to 0.5 Wcm-2, during 2 to 20 minutes. 

Tumour reductions of 100% can be observed, 15 to 18 days after treatment [219, 220]. Wu et al. 

produced copper indium sulphide (CuInS2) and zinc sulfide (ZnS) nanocrystals (CuInS2/ZnS) 

with PTT and PDT effect and incorporated them into PEGylated rGO nanosheets for achieving 

increased biocompatibility and enhanced PTT properties. A human esophagus carcinoma cell line 

was incubated with the conjugated rGO at a concentration of 50 µg mL-1 and irradiated with a 

laser (671 nm) for 20 minutes. The treatment resulted in 100% cancer cell death when 

CuInS2/ZnS-rGO was used, but rGO and the crystals individually also decreased cancer cell 

deaths to 95 and 100%, respectively. Besides, mice were inoculated with the same cell line. 

Conjugated rGO was injected at a concentration of 0.5 mg mL-1 and irradiated using the same 

conditions. The treatment resulted in 100% tumour reduction, comparing with control with only 

rGO [220]. 

Combined PDT and PTT requires CNM with combined effect or absorption in relevant 

wavelengths to be triggered simultaneously or sequentially for PTT and PDT activity. CNM 

properties can be tuned to meet desired effects by surface modification with polymers, for higher 

biocompatibility [192, 207], adsorption of PS, when the material lacks PDT characteristics [216, 

221] or anticancer drugs, for combined chemo- and phototherapy [193]. The loading of 

chemotherapeutic drugs in the nanomaterials is advantageous once their release is selective to the 

tumour tissues, as the cancer cells are more sensitive to the heat created by PTT. Also, drug 

internalization is higher once the tissues are debilitated due to the ROS generated during PDT. 

Besides, lower drug concentrations are required, avoiding toxicity and secondary effects, common 

in chemotherapy. A study loaded fullerenes with DOX at a LC of 48% for achieving enhanced 
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phototherapeutic effect by combining PDT, PTT and chemotherapy. Also, CNT have been 

reported to have a LE of PS from 72 to 230% allowing a combined PDT (PS effect) and PTT 

(CNT effect). GBM have been reported with variable loading conditions, mostly quantifying the 

loaded PS to obtain the PDT effect and combine it with PTT. GO LC has been found to vary from 

15 to 180% and LE from 10 to 85%. For rGO, LC values are quite variable, ranging from 60 to 

500%. PS or anticancer drug conjugation has been described above and values are presented in 

Table 2.3. Generally, enormous discrepancies are found for LC values when GBM are conjugated 

with drugs, which might be explained by the variable nanoplatelet morphology, size and 

heterogeneous size distributions among different GBM batches. 

As mentioned before, the increased variability of the experimental conditions present in the 

literature difficult the comparison between different CNM and strategies used. However, two 

main groups can be observed. On one hand, CNM which can produce ROS when irradiated with 

UV or visible irradiation but presenting reduced NIR absorbances, such as fullerenes, CD and 

GQD can be conjugated with PTT agents. This will render such CNM capable of converting NIR 

into heat, increasing cancer cells permeability, and their susceptibility to ROS, also produced by 

those CNM. Few studies have been found with this group. Fullerenes have been reported to result 

in cancer cell deaths of over 95% after low concentrations such as 10 µg mL-1 in vitro, whereas 

in vivo studies report over 85% tumour reduction, 7 to 29 days after treatment. CD application in 

PDT/PTT usually resulted in over 79% cancer cell death using concentrations from 200 to 1000 

µg mL-1 in vitro, whereas in vivo studies report over 70% tumour reduction, 13 to 22 days after 

treatment. GQD application usually resulted in over 65% cancer cell death using concentrations 

from 100 to 500 µg mL-1 in vitro. Nonetheless, only one in vivo study was found with over 55% 

tumour reduction, 21 days after treatment. On the other hand, CNM with high NIR absorbance, 

as CNT, CNH and GBM, can produce heat under NIR irradiation. These CNM can load PS due 

to their large surface area, combining the heat cytotoxicity to cells, with the ROS effect that 

characterizes this synergistic treatment. Interestingly, a study has reported GO as a ROS producer 

itself, but further data is required to validate its potential as a single agent for combined 

phototherapy. CNT application in PTT/PDT usually resulted in over 45% cancer cell death using 

concentrations from 2.4 to 500 µg mL-1. In vivo studies with CNT usually result in over 90% 

tumour reduction, 9 to 15 days after treatment. PTT/PDT using CNH usually results in over 66% 

cancer cell death in vitro, using concentrations from 8 to 26.5 µg mL-1. CNH application in vivo 

usually resulted in over 90% tumour reduction, 14 to 21 days after treatment. In vitro studies for 

PTT/PDT with GO usually leads to over 41.48% cancer cell death, using concentrations from 3 

to 800 µg mL-1, while in vivo studies present consistent outcomes with over 85% tumour 

reduction, 12 to 15 days after treatment. PTT/PDT with rGO usually results in over 55% cancer 

cell death, with concentrations from 4.8 to 50 µg mL-1 being used. Tumour reductions of 100% 

are usually reported in in vivo studies, 15 to 18 days after treatment. 

Overall, PDT and PTT combination suggests a complementary action between the two 

approaches. PTT can improve PDT efficiency once the heat generated after irradiation leads to 

enhanced cell permeability, ultimately leading to increased PS uptake. This will enhance ROS 

production, which, in turn, interferes with heat-shock proteins, augmenting cancer cell 

susceptibility. The described outcomes hold strong potential to overcome cancer cells 

chemoresistance, given the synergistic interplay between the different actors (nanomaterials, 

radiation and drugs/PS). Hence, future directions of investigation should include more 

comprehensive studies on the molecular mechanisms underlying cancer cell death, assuring the 
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safe application and survival of surrounding healthy tissues, while simultaneously enhancing 

cancer treatment efficacy. 

 
Table 2.3 - Selected recent studies on carbon nanomaterials for cancer combined phototherapy. 

CNM 
Particle 

size 

Surface 

modification 

Conjugated 

drug/PS 

Biological studies in vitro Biological studies in vivo 

Ref. 
Parameters 

Cell 

death 
Parameters 

Tumour 

reduction 

Fullerenes 

d ≈ 10–

16 nm 

PEG 

Folate 
Ce6 

KB cells 

[C60] = 10 µg mL-1 

Incubation: 4 h 

I: 670 nm, 300 mWcm-

2, 10 min 

≈ 95% 

KB tumour-bearing 

nude mice 

[C60] = 10 mg kg-1 

I: 670 nm, 300 

mWcm-2, 10 min 

t: 7 days 

≈ > 85% [192] 

s ≈ 60 

nm 

Silica 

Hyaluronan 

DOX 

LC: 48.5 ± 

0.1% 

 

ICG 

1MDA-MB-231 cells 

and 2MCF-7 cells 

[DOX] = 10 µg mL-1 

Incubation: 12 h 

I: 800 nm, 1.5 Wcm-2, 3 

min 

≈ 1100 

and 
295% 

MDA-MB-231 cells 

injected in athymic 

female NU/NU nude 

mice 

[DOX] = 1.5 mg kg-1, 

[ICG] = 1.5 mg kg-1 

I: 800 nm, 0.7 Wcm-

2, 3 min 

t: 29 days 

≈ 100% [193] 

CD 

d ≈ 2.5–

4.3 nm 

Copper and 

Nitrogen 

(Cu-N) 

doped 

N/A 

B16 cells 

[Cu-N-CD] = 500 µg 

mL-1 

Incubation: 24 h 

I: 808 nm, 1.0 Wcm-2, 

10 min 

≈ 80% 

Female Balb/c nude 

mice bearing B16 

melanoma tumours 

[Cu-N-CD] = 3.0 mg 

mL-1 

I: 808 nm, 1.0 Wcm-

2, 10 min 

t: 14 days 

≈ 100% [194] 

d ≈ 150 

nm 

t ≈ 15 

nm 

Silica TiO2 

HepG2 cells 

[CST NPs] = 1000 µg 

mL-1 

Incubation: 10 h 

I: 650 nm, 10 min 

≈ 79.1% 

H22 tumour-bearing 

mice 

[CST NPs] = 2.0 mg 

mL-1 

I: 650 nm, 10 min 

t: 14 days 

≈ > 70% [195] 

d ≈ 3–9 

nm 
N/A N/A 

HeLa cells 

[CD] = 200 μg mL−1 

I: 800 nm, 0.5 mW, 10 

min 

≈ 90% 

Balb/c nude mice 

injected with 4T1 

cells 

[CD] = 1 mg mL-1 

I: 800 nm, 0.5 mW, 

10 min 

t: 22 days 

≈ 100% [196] 

d ≈ 3.7 

nm 

HD ≈ 

9.9 nm 

N/A 
Ce6 

LC: 0.56% 

1HeLa cells, 2MCF-7 

cells and 34T1 cells 

[Ce6-RCD] = 200 

μg·mL-1 

Incubation: 24 h 

I: 671 nm, 0.50 W·cm-2, 

20 min 

≈ 1195, 
290 and 
390% 

4T1 tumour-bearing 

Balb/c nude mice 

[Ce6-RCD] = 1.0 

mg·mL-1 

I: 671 nm, 0.50 

W·cm-2, 20 min 

t: 13 days 

≈ > 90% [197] 

GQD 

d ≈ 2–8 

nm 

t ≈ 7–10 

nm 

N/A N/A 

MDA-MB-231 cells 

[GQD] = 500 µg mL-1 

Incubation: 12 h 

I:808 nm, 0.5 Wcm-2, 5 

min 

≈ 65% N/A N/A [222] 

d ≈ 5 nm N/A N/A 

MDA-MB-231 cells 

[cGdots] = 500 μg mL-1 

I: 670 nm, 0.3 Wcm-2, 

30 min 

≈ 70% 

MDA-MB-231 

tumour-bearing mice 

[cGdots] = 2.5 mg 

kg-1 

I: 670 nm, 0.3 Wcm-

2, 30 min 

t: 21 days 

≈ > 55% [198] 

s ≈ 8 ± 3 

nm 

PEG 

Aptamer 
Porphyrin 

1A549 cells and 2MCF-

7 cells 

[GQD-PEG-P] =100 µg 

mL-1 

Incubation: 1 h 

I: 980 nm, 0.72 Wcm-2, 

10 min and 635 nm, 

0.16 Wcm-2, 10 min 

≈ 186 

and 
285.9% 

N/A N/A [223] 

CNT 

d ≈ 1–3 

nm 

l ≈ 200–

700 nm 

High density 

lipoprotein 
N/A 

NCI-H460 cells  

I: 808 nm, 800 mW, 10 

min 

≈ 45% N/A N/A [203] 

N/S 

Albumin 

Evans blue 

(EB) 

Ce6 

LE: 72.5% 

SCC7 cells 

[Ce6] = 20 μg mL-1; 

[ECNTs] = 2.4 μg mL-1 

Incubation: 24 h 

I: 630 nm, 0.15 Wcm-2, 

1 min and 808 nm, 1 

Wcm-2, 2 min 

≈ 89.9% 

BALB/c nude female 

mice injected with 

SCC7 cells 

[Ce6] = 5 mg kg-1, 

[CNT] = 0.3 mg kg-1 

I: 630 nm, 0.15 Wcm-

2, 10 min and 808 nm, 

1 Wcm-2, 15 min 

≈ 100% [200] 
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t: 15 days 

CNT 

N/S 

Hyaluronic 

acid 

nanoparticles 

(HANPs) 

ICG 

SCC7 cells 

[IHANPT] = 500 μg 

mL-1 

Incubation: 24 h 

I: 808 nm, 0.8 Wcm-2, 

10 min 

≈ 91.4% 

Athymic nude mice 

injected with SCC7 

cells 

[ICG] = 1 mg kg-1, 

[SWCNT] = 2.72 mg 

kg-1 

I: 808 nm, 0.8 Wcm-

2, 10 min 

t: 14 days 

≈ 100% [201] 

d ≈ 

0.7−1.3 

nm 

l ≈ 20 

nm–

several 

μm 

N/A Ru (II) 

HeLa cells 

[Ru@SWCNT] = 200 

μg mL-1 

Incubation: 12 h 

I: 808 nm, 0.25 Wcm-2, 

5 min 

≈ 100% 

Nude mice 

inoculated with HeLa 

cells 

[Ru@SWCNT] = 5 

mg kg-1 

I: 808 nm, 0.25 Wcm-

2, 5 min 

t: 15 days 

≈ 100% [202] 

N/S HAc 
HMME 

LE: ≈ 230% 

B16-F10 cells 

[HMME] = 25 µg mL-1 

Incubation: 24 h 

I: 532 nm, 100 mWcm-

2, 0.5 min and 808 nm, 

1.4 Wcm-2, 1 min 

≈ 85% 

C57 mice injected 

with B16-F10 cells 

[HMME] = 5 mg kg-

1, [HA-CNT] = 2.17 

mg kg-1 

I: 532 nm, 100 

mWcm-2, 5 min and 

808 nm, 1.4 Wcm-2, 1 

min 

t: 9 days 

≈ > 90% [37] 

CNH 

N/S N/A 

Tetrasulfonic 

acid 

tetrasodium 

salt copper 

phthalocyani

ne (TSCuPc) 

HeLa cells 

[TSCuPc] = 15 μg 

mL−1, [SWNH] = 26.5 

μg mL−1 

Incubation: 24 h 

I: 650 nm, 3 Wcm-2, 5 

min 

≈ 82% N/A N/A [224] 

HD ≈ 

150 nm 

d ≈ 100 

nm 

N/A 
Phycocyanin 

(PC) 

14T1 cells, 2MDA-MB-

231 cells 

[PC] = 40 μg mL-1 

Incubation: 24 h 

I: 650 nm, 1.0 Wcm-2, 

10 min 

≈ 182 

and 
285% 

4T1 tumour-bearing 

mice 

[PC] = 150 μg mL-1, 

[SWNH] = 305 μg 

mL-1 

I: 650 nm, 1.0 Wcm-

2, 5 min 

t: 14 days 

≈ 100% [204] 

d ≈ 100 

nm 

HD ≈ 85 

± 20 nm 

N/A 
Hypericin 

(Hyp) 

4T1 cells 

[Hyp] = 5.2 μg mL-1, 

[SWNH] = 8.25 μg mL-

1 

Incubation: 24 h 

I: 590 and 808 nm, 0.5 

Wcm-2, 10 min 

84.5% 

Female mice injected 

with 4T1 cells 

[SWNH-Hyp] = 

50.26 μg mL−1 

I: 590 and 808 nm, 

0.5 Wcm-2, 5 min 

t: 14 days 

≈ > 90% [205] 

N/S BSA ZnPc 

5RP7 cells 

[ZnPc] = 5 μM, 

[SWNHox] = 17 µg 

mL-1 

Incubation: 24 h 

I: 670 nm, 160 mW, 20 

min 

≈ 66% 

Nude mice injected 

with 5RP7 cells 

[ZnPc] = 50 μM, 

[SWNHox] = 0.15 

mg mL-1 

I: 670 nm, 15 min 

t: 21 days 

≈ 100% [206] 

N/S PEG Pyro 

HeLa cells, LL2 cells, 

A549 cells and THP-1 

cells 

[CNH-Pyro] = 15 µM 

Incubation: 24 h 

I: 660 nm, 100 mWcm-

2, 20 min 

≈ 75% 

C57BL/6 mice 

injected with LL2 

cells 

[CNH-Pyro] = 100 

µM 

I: 660 nm, 0.1 Wcm-

2, 20 min 

t: 14 days 

≈ 100% [207] 

d ≈ 80 

nm 

HD ≈ 70 

± 30 nm 

N/A ICG 

4T1 cells 

[ICG] = 4 µg mL-1 

Incubation: 24 h 

I: 808 nm, 0.3 Wcm-2 

≈ 94.6% 

4T1 tumour-bearing 

nude mice 

[SWNH-ICG] = 52 

µg mL-1 

I: 808 nm, 0.3 Wcm-

2, 5 min, x2 

t: 14 days 

≈ > 90% [208] 

Graphene 

N/S N/A TSCuPc 

HeLa cells 

[TSCuPc] = 15 µg mL-1 

Incubation: 24 h 

I: 650 nm, 3 Wcm−2, 5 

min 

≈ 71% N/A N/A [209] 

d ≈ 282 

nm 
mPEG 

BODIPY 

 

Mitomycin C 

(MMC) 

LC: 9.9% 

HeLa cells 

[MGBP] = 100 μg mL-1 

Incubation: 48 h 

I: 808 nm, 1 Wcm-2, 5 

min and 505 nm, 50 

mWcm-2, 5 min 

≈ 83% N/A N/A [210] 

GO 
s ≈ 40 

nm 

Ferrocene 

Acrylic acid 

Silicon 2,3-

napthalocyan

ine bis 

HeLa cells 

[SiNc4] = 0.20 µM 

Incubation: 48 h 

≈ 97.9% N/A N/A [225] 
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Fluorescein 

o-

methacrylate 

(trihexylsilyl

oxide) 

(SiNc4) 

LE: 8.5% 

I: 775 nm, 0.3 Wcm-2, 

60 min 

GO 

Th ≈ 

0.81 nm 

t ≈ 3.29 

nm 

FA 

PEG 

Fullerene 

(C60) 

HeLa cells 

[FA–GO–PEG/C60] = 

10 μg mL-1 

Incubation: 24 h 

I: 808 nm, 2 Wcm-2, 3 

min and 532 nm, 0.1 

Wcm-2, 5 min 

≈ 95% N/A N/A [217] 

s ≈< 50 

nm  

t ≈ 1 nm 

PEG 
Ce6 

LC: 15% 

KB cells 

[Ce6] = 2.5 μM 

Incubation: 24 h 

I: 660 nm, 50 mWcm-2, 

5 min and 808 nm, 0.3 

Wcm-2, 20 min 

≈ > 95% N/A N/A [221] 

h ≈ 1.2 

nm  

PEG 

Upconversio

n 

nanoparticles 

(UCNP) 

ZnPc 

LE: 11% 

HeLa cells 

[UCNP-NGO/ZnPc] = 

80 µg mL-1 

Incubation: 24 h 

I: 808 nm, 2 Wcm-2, 10 

min and 630 nm, 50 

mWcm-2, 10 min 

≈ 85% N/A N/A [226] 

HD ≈ 

441 ± 

48.8 nm 

HAc 
Ce6 

R: 21% 

A549 cells 

[Ce6] = 1.8 µM 

Incubation: 24 h 

I: 810 nm, 4 Wcm-2 and 

670 nm, 50 mWcm-2 

≈ 90% N/A N/A [227] 

t ≈ 30 

nm 

CuS 

PEG 

ICG 

LC: 180% 

MCF-7 cells 

[pGO-CuS/ICG] = 50 

μg mL-1 

Incubation: 4 h 

I: 940 nm, 4.0 Wcm-2, 5 

min and 808 nm, 2.0 

Wcm-2, 5 min 

≈ 90% N/A N/A [228] 

s ≈ 60 ± 

15 nm  

t ≈ 2–3 

nm  

Gold 

PEG 

ZnPc 

LC: 1.9 × 10 6 

ZnPc per 

Au@GON 

NP 

HeLa cells 

[ZnPc-PEG-Au@GON 

NPs] = 28 × 10–12 M 

Incubation: 24 h 

I: 808 nm, 0.67 Wcm−2, 

20 min and 660 nm, 0.2 

Wcm−2, 10 min 

≈ 93.2% N/A N/A [229] 

s ≈ 40.6 

± 2.8 nm 
PL-127 

Methylene 

Blue (MB) 

LC: 22.7 ± 

0.6% 

R: 25% 

HeLa cells 

[nanoGO] = 10 µg mL-

1, [MB] = 2 µg mL-1 

Incubation: 24 h 

I: 655 nm, 3 min and 

808 nm, 3 min 

≈ > 70% 

Male athymic nude 

mice implanted with 

HeLa cells 

[MB] = 2 mg kg-1, 

[nanoGO] = 10 mg 

kg-1 

I: 650 nm, 150 

mWcm-2, 10 min and 

808 nm, 2 Wcm-2, 3 

min 

t: 15 days 

≈ 100% [211] 

s ≈ 20–

40 nm 

t ≈ 3 nm  

PEG 

PEI 

IR-808 

LC: 20% 

R: 10% 

A549 cells and LLC 

cells 

[IR-808] = 10 µM, 

[NGO-PEG-BPEI] = 30 

µg mL-1 

Incubation: 24 h 

I: 808 nm, 2 Wcm-2, 5 

min 

≈ > 90% 

Male C57 BL/6 mice 

injected with LLC 

cells 

Athymic nude mice 

injected with A549 

cells 

[NGO-808] = 0.5 mg 

kg-1 

I: 808 nm, 2 Wcm-2, 

5 min 

t: 15 and 12 days 

≈ 100% [212] 

s ≈ 100 

nm 

PEG 

Folate 
N/A 

B16F0 cells 

[GO-PEG-folate] = 75 

µg mL-1 

Incubation: 24 h 

I: 980 nm, 320 mWcm-

2, 18 min 

≈ 85% 

C57BL/6 J mice 

implanted with 

B16F0 cells 

[GO-PEG-folate] = 8 

mg kg-1 

I: 980 nm, 250 

mWcm-2, 10 min 

t: 14 days 

≈ 100% [213] 

s ≈ 174.8 

± 5.8 nm 

Palladium 

nanoparticles 

(Pd NP) 

N/A 

PC3 cells 

[GO-Pd NPs] = 10 µg 

mL-1 

Incubation: 24 h 

I: 808 nm, 3.0 Wcm-2, 5 

min 

≈ > 90% 

BALB/c nude mice 

bearing PC3 tumours  

I: 808 nm, 3.0 Wcm-

2, 5 min 

t: 15 days 

≈ 100% [230] 

d ≈ 100–

400 nm 
mPEG C60 

HeLa cells 

[GO] = 40 μg mL-1 

I: 808 nm, 4 Wcm-2, 7 

min 

≈ 

41.48% 
N/A N/A [231] 

t ≈ 2.51–

4.12 nm 
FA C60 

HeLa cells 

[GO‐FA/Py‐γ‐CD/C60] 

= 30 μg mL-1 

≈ 83.8% N/A N/A [232] 
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γ-

cyclodextrin 

(γ-CD) 

I: Xe lamp, 2 Wcm-2, 4 

min 

GO 

d ≈ 20.5 

nm 

t ≈ 1.47 

± 0.82 

nm 

PEG 

Sinoporphyri

n sodium 

(DVDMS) 

LE: 51% 

PC9 cells 

[GO-PEG] = 3 µg mL-1, 

[DVDMS] = 6 µg mL-1 

Incubation: 24 h 

I: 630 nm, 2 J well-1 and 

808 nm, 1 Wcm-2, 3 min 

well-1 

≈ 90% 

Athymic nude mice 

bearing PC9 tumours 

[GO-PEG] = 1 mg 

kg-1, [DVDMS] = 2 

mg kg-1 

I: 630 nm, 50 J and 

808 nm, 1.0 Wcm-2, 

10 min 

t: 14 days 

≈ 100% [233] 

s ≈ 400 

nm 

Gold 

nanostars 

(Au NS) 

PEG 

Ce6 

LC: 32% 

EMT6 cells 

[GO/AuNS-PEG] = 150 

µg mL-1 

Incubation: 12 h 

I: 660 nm, 2 Wcm-2, 10 

min 

≈ 79.3% 

EMT6 tumour-

bearing mice 

[GO/AuNS-PEG] = 

10 mg kg-1 

I: 660 nm, 3 Wcm-2, 

10 min 

t: 15 days 

≈ 100% [214] 

s ≈ 100 

nm 

UCNP 

PEG 
Ce6 

HeLa cells and U14 

cells 

[NUC] = 800 µg mL-1 

I: 808 nm, 10 min 

≈ > 85% 

U14 tumour-bearing 

mice 

I: 808 nm, 10 min 

t: 14 days 

≈ > 85% [215] 

HD ≈ 

112.5 ± 

8.45 nm 

PL-127 
MB 

R: 71.7% 

4T1 cells 

[NanoGO] = 12.5 µg 

mL−1, [MB] = 2.5 µg 

mL−1 

Incubation: 24 h 

I: 660 nm, 90.8 J cm−2, 

10 min and 808 nm, 8.3 

kJ cm−2, 15 min 

≈ 95% 

Female Balb/c mice 

implanted with 4T1-

Luc cells 

[NanoGO] = 10 mg 

kg−1, [MB] = 2.5 mg 

kg−1 

I: 660 nm, 90.8 J 

cm−2, 10 min and 808 

nm, 8.3 kJ cm−2, 15 

min 

t: 12 days 

≈ 100% [216] 

HD ≈ 

121.8 ± 

9.35 nm 

PL-127 
MB 

R: 62% 

SiHa cells 

[MB] = 5 μg mL-1, [GO] 

= 10 µg mL-1 

Incubation: 24 h 

I: 660 nm and 808 nm, 

0.5 W·cm−2, 10 min 

≈ 75% N/A N/A [218] 

rGO 

s ≈ 200 

nm 

Clostridium 

perfringens 

enterotoxin 

(CPE) 

Polyethylene 

glycol spacer 

(CPC) 

Ce6 

LC: 20.4 ± 

3.4 µg 

U87-MG cells 

[CPC] = 50 μmol L-1, 

[rGO] = 4.8 µg mL-1 

Incubation: 1 h 

I: 660 nm, 20 min and 

808 nm, 3 min 

92.3% N/A N/A [234] 

s ≈ 100–

250 nm 
HAc ZnO 

MDA-MB-231 cells 

[rGO-ZnO-HA] = 50 μg 

mL-1 

Incubation: 4 h 

I: 365 nm, 5 mWcm-2, 

30 min and 808 nm, 20-

400 J cm-2, 30 min 

≈ > 70% N/A N/A [235] 

t ≈ 25 

nm 
PEG 

Ru (II) 

LC: 128% 

R: 24% 

A549 cells 

[Ru-PEG] = 6.25 μM 

Incubation: 24 h 

I: 808 nm, 0.5 Wcm-2, 5 

min and 450 nm, 20 

mWcm-2, 2 min 

≈ 91.7% 

Female nude mice 

bearing A549 

tumours 

[rGO] = 1 mg mL-1, 

[Ru-PEG] = 250 µM 

I: 808 nm, 0.5 Wcm-

2, 5 min and 450 nm, 

20 mWcm-2, 2 min 

t: 15 days 

≈ 100% [219] 

l ≈ 250 

nm 

t ≈ 6.38 

nm 

pDA 

Mano zero-

valent iron 

(nZVI) 

MCF-7 cells 

[nZVI/rGO@pDA] = 

10 μg mL-1 

I: 808 nm, 1.5 Wcm-2, 

3.5 min 

≈ 55% N/A N/A [236] 

s ≈ 100–

200 nm 

MS 

pDA 

HAc 

Ce6 

LC: 60.5% 

R: 80% 

1HT29 cells and 2HCT-

116 cells 

[Ce6] = 2 × 10−6 M 

I: 808 nm, 1 Wcm−2, 10 

min and 660 nm, 0.05 

Wcm-2, 5 min 

≈ 190.3 

and 
299% 

N/A N/A [237] 

s ≈ 

118.90 ± 

62.96 

nm 

PEG 

Copper 

indium 

sulphide 

(CuInS2) 

Zinc sulfide 

(ZnS) 

LC: 500% 

Eca-109 cells 

[CuInS2/ZnS] = 250 µg 

mL-1, [rGO] = 50 µg 

mL-1 

I: 671 nm, 20 min 

≈ 100% 

Nude mice injected 

with Eca-109 cells 

[CuInS2/ZnS] = 2.5 

mg mL-1, [rGO] = 0.5 

mg mL-1 

I: 671 nm, 20 min 

T: 18 days 

≈ 100% [220] 
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4T1 cells, 4T1 murine breast cancer cell line; 4T1-luc-cells, Luciferase expressing breast cancer cell line; 5RP7 cells, Rat fibroblast cell line transformed 

by the -Ha-ras oncogene; A549 cells, Human lung adenocarcinoma cell line; Au NS, Gold nanostars; B16 cells, murine melanoma cell line; B16F0 cells, 

B16F0 melanoma cell line; B16-F10 cells, B16-F10 mice melanoma cell line; BODIPY, Boron dipyrromethene; BSA, Bovine serum albumin; C60, 

Fullerene; CD, Carbon dots; Ce6, Chlorine e6; CNH, Carbon nanohorns; CNM, Carbon nanomaterial; CNT, Carbon nanotubes; CPC, Polyethylene 

glycol spacer; CPE, Clostridium perfringens enterotoxin; CuInS2, Copper indium sulphide; Cu-N, Copper and Nitrogen; CuS, Copper sulfide; d, diameter; 

DOX, Doxorubicin; DVDMS, Sinoporphyrin sodium; EB, Evans blue; Eca-109 cells, Human esophageal squamous carcinoma cell line; EMT6 cells, 

murine mammary tumour line; FA, Folic acid; GO, Graphene oxide GQD, Graphene quantum dots; h, height; H22 cells, H22 hepatocellular carcinoma 

cell line; HAc, Hyaluronic acid; HANPs, Hyaluronic acid nanoparticles; HCT-116 cells, HCT-116 human colon carcinoma cell line; HD, hydrodynamic 

size; HeLa cells, Human cervical cancer cell line; HepG2 cells, Human hepatocellular carcinoma cell line; HMME, Hematoporphyrin monomethyl ether; 

HT29 cells, HT29 human colon adenocarcinoma cell line; Hyp, Hypericin; I, Irradiation; ICG, Indocyanine green; KB cells, Human carcinoma KB cell 

line; l, length; LC, loading capacity; LE, loading efficiency; LL2 cells, Mouse Lewis lung carcinoma cell line; LLC cells, Lewis lung carcinoma cell line; 

MB, Methylene blue; MCF-7 cells, Human breast cancer cell line; MDA-MB-231 cells, Human breast cancer cell line; MMC, Mitomycin C; mPEG, 

Methoxy-poly(ethylene glycol); MS, Mesoporous silica; N/A, not applicable; N/S, not studied; NCI-H460 cells, Human lung cancer cell line; PC, 

Phycocyanin; PC3 cells, Prostate cancer 3 (PC3) cell line; PC9 cells, Prostate cancer 9 (PC9) cell line; Pd NP, Palladium nanoparticles; pDA, 

Polydopamine; PEG, Poly(ethylene glycol); PEI, Polyethylenimine; PL-127, Pluronic F-127; PS, Photosensitizer; Pyro, Pyropheophorbide a; R, release; 

rGO, Reduced graphene oxide; Ru (II), Ruthenium (II); s, size; SCC7 cells, Murine squamous carcinoma cell line; SiHa cells, Human cervical cancer 

cell line; SiNc4, Silicon 2,3-napthalocyanine bis (trihexylsilyloxide); t, thickness; T, treatment time; Th, topographic height; THP-1 cells, Human 

leukemic monocytice cell line; TiO2, Titanium dioxide; TSCuPc, Tetrasulfonic acid tetrasodium salt copper phthalocyanine; U14 cells, Murine 

hepatocarcinoma U14 cell line; U87-MG cells, Adherent human glioblastoma (U87-MG) cell line; UCNP, Upconversion nanoparticles; ZnO, Zinc oxide; 

ZnPc, Zinc phthalocyanine; ZnS, Zinc sulfide; γ-CD, γ-cyclodextrin. 
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When designing phototherapy approaches involving nanomaterials, the biocompatibility and 

safety of the systems developed have to be taken into account. Each nanoparticle holds a unique 

structure and characteristics that influence their toxicity, for instance, their size or 

functionalization. Therefore, the introduction of external molecules or biomaterials into an 

organism requires a comprehensive characterization of their in vitro and in vivo effect, both at 

short and long term [7]. FDA specified that nanomaterials biological effect should be tested in the 

exact context of its future application [25]. As previously shown, CNM generated great interest 

in the biomedical field, nonetheless, their biosafety has to be carefully studied to make sure that 

a particular effective system for PDT/PTT presents no toxicity once introduced in the body [16]. 

Figure 2.5 summarizes some key parameters that influence CNM toxicity. 

The biocompatibility of the nanomaterials is firstly evaluated with in vitro studies where CNM 

should be placed in controlled environments and direct contact with cancer cells, leading to 

increased cellular uptake and consequently cell death, after irradiation. As previously discussed, 

in the literature several reports describe this effect in vitro. However, some studies have detected 

cytotoxicity of CNM without irradiation. Fullerenes are usually non-toxic unless photoexcited or 

used in very high concentrations, which are rarely applied in the case of phototherapy [25]. A 

relation has been established between their toxicity and their surface chemistry, given that C60 has 

been described as more toxic to human fibroblasts than derivatized fullerenol C60(OH)24 [238]. 

Authors attributed this phenomenon to the elevated amount of hydrophilic groups on the surface 

that increased biocompatibility. Pristine fullerenes can produce ROS and cause cell death, while 

the functionalized materials have lower ROS generation capability, therefore, presenting lower 

toxicity [239]. This study highlighted the importance of surface functionalization, not only to 

improve water stability, but also biocompatibility. Other reports have shown non-toxic fullerenes 

against alveolar macrophages [240] or insufficiently toxic to produce an inflammatory reaction 

[241]. CNT are one of the most controversial CNM, with studies describing cell apoptosis and 

phagocytic activity inhibition caused by them. Nevertheless, other authors describe the absence 

of cytotoxicity when using these nanomaterials, especially water-stable modified CNT [242]. Due 

to the introduction of metallic catalysts during CNT production, even after purification, residues 

can compose a problem in terms of toxicity. CNH are usually presented as non-toxic in low-

uptake conditions, however, increased uptake has been reported as cause for cell death by 

apoptosis and necrosis [242]. Also, GO effective uptake and degradation by immune cells has 
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been demonstrated, which prevents infections and other diseases and is very relevant to show 

their potential biocompatibility [243]. 

When in vivo models are used to study the effect of nanomaterials, multiple parameters are in 

constant change reducing controllability and increasing biosafety issues. The literature presents 

several inconsistent results when it comes to CNM in vivo challenges. GQD have been reported 

to have a good biodegradation efficiency [244] and CD to have a good biodistribution in mice 

and successful excretion through urine [25]. Both GQD and CD usually present no toxicity due 

to their small size and have been reported to easily be eliminated in vivo [104]. CNT in the pristine 

form have been reported to be usually toxic and to lead to pulmonary inflammation in mice [245, 

246]. However, other studies demonstrate that the right surface modification significantly reduces 

toxicity, avoiding pulmonary complications [247]. Also, CNT have been described as toxic after 

intravenous injection, being accumulated in the liver and spleen of mice, while functionalized 

CNT can be gradually excreted through biliary or renal pathways with no toxicity [116, 248]. 

Regarding in vivo biodistribution, the surface modifications used can influence CNT toxicity. A 

study has demonstrated that a heavily PEGylated CNT resulted in increased tumour uptake but 

accumulation in mouse skin. However, after optimizing the PEGylation degree, CNT rapidly 

disappeared from blood circulation into the reticuloendothelial system with a smaller but effective 

tumour uptake [16]. Besides functionalization, the size has been reported as having a key impact 

on their toxicological profile. Shorter CNT have been stated to be degraded by macrophages, 

whereas increased dimensions lead to inflammation and DNA damage [249]. CNT have been also 

described as potentially carcinogenic in humans. However, this consideration does not apply to 

every CNT once some functionalized CNT have been reported as non-toxic and biodegradable 

[243]. Other studies regarding CNT safety include non-interference with neuronal function as the 

materials supported the attachment and growth of neurons [238]. GO in its pristine form has been 

reported to cause pulmonary toxicity [250], however, other authors have shown modified GO to 

have no toxic effects in the same organ [251]. Also, PEGylated GO has been stated to accumulate 

in the liver and spleen of mice after intravenous administration, while PEGylated nanoGO has 

been reported as excretable through urinary pathways without consequences for the remaining 

tissues [252]. 

Another important parameter to be taken into account regarding in vivo studies is the way the 

nanomaterial is applied. Most successful tumour reduction results are obtained after nanomaterial 

injection directly into tumours but few studies accomplish them in a systemic way, such as 

intravenously, an administration route which can be more relevant for clinical applications where 

the disease site is deeply located [16]. Graphene and its derivatives have reported to be degradable 

by chemical reactions or natural oxidative enzymes, having GO the highest degradation rate due 

to the presence of oxygen-containing functional groups. Besides, molecules present in the human 

plasma, for example, •OH and •O2, have been also proved to degrade this nanomaterial, reinforcing 

its potential to be eliminated safely from the body [25]. Moreover, GO has been shown to have 

insignificant effect on the gastrointestinal tract as digested materials were tolerated by Caco-2 

cells after 9 days [243]. Unfortunately, animal studies with CNM using orthotopic pathologies 

models are inexistent. Indeed, all studies up to date have relied on the application of CNM to treat 

tumour xenografts induced by subcutaneous injection of cancer cell lines. These in vivo settings 

do not consider the native microenvironment of the target tumour tissue, disregarding the 

complexity of tumour-healthy tissue interactions, particularly in terms of immune cells response, 

as well as the adequate anatomic condition. Such factors might have an impact on CNM 

administration route, biodistribution, biodegradation and treatment efficiency. 
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Finally, there are currently no clinical trials with CNM and multiple challenges that still need 

to be addressed regarding their biocompatibility and safety. Nevertheless, these nanomaterials are 

expected to be continuously studied and play significant roles in biomedical applications in the 

future, namely in cancer and antibacterial phototherapy. 

 

 

Figure 2.5 – Representation of major factors underlying CNM toxicity. Particle size influences cellular uptake 

mechanisms, since larger nanomaterials may result in incomplete or mutagenic phagocytosis while smaller ones are 

successfully phagocyted. Impurities from synthesis processes (e.g., metal impurities) can trigger inflammatory 

reactions. Surface modifications improve CNM stability and reduce cytotoxicity. Biodegradation must occur to prevent 

long term blood circulation or even bioaccumulation, thereby minimizing nanomaterial-induced toxicity. Created with 

Biorender.com. Abbreviations: CNT, carbon nanotubes. 

 



 
48  Carbon nanomaterials-based cancer phototherapy 

 



 
49 

Chapter 3 
 

 

Materials and Methods 
 

 

 

3.1 - GBM production 
 

Two types of graphene-based materials (GBM) were selected for this dissertation work, 

namely nanographene oxide (GOn) and partially reduced nanographene oxide (p-rGOn). For this 

purpose, GOn was firstly produced from graphite powder (size ≤ 20 µm, Sigma Aldrich, St. Louis, 

MO, USA) by oxidation using a modified Hummers method [253]. Briefly, a mixture of 160 mL 

of sulfuric acid (H2SO4, VWR, Darmstadt, Germany) and 40 mL of phosphoric acid (H3PO4, 

Chem-Lab, Zedelgem, Belgium) was added to 4 g of graphite in a Lenz reactor, while stirring, 

and the dispersion was cooled using a cooling bath (Julabo F12). Then, 24 g of potassium 

permanganate (KMnO4, JMGS, Odivelas, Portugal) was added gradually and the solution was 

stirred at 420 rpm. Subsequently, 600 mL of H2O were slowly added under stirring and 

temperature was controlled using a cooling bath (< 40 °C). Finally, 26.5 mL of hydrogen peroxide 

(H2O2, VWR, Darmstadt, Germany) was added and the dispersion left to rest overnight, being 

then decanted to separate the solid phase from the acidic solution, centrifuged at 4000 rpm, and 

redispersed in distilled water. The process was repeated until the pH in the supernatant was 

neutral. Then, exfoliation and particle size reduction was done using a home-built circuit with a 

peristaltic pump (Matson Marlow 323) and an industrial ultrasonic probe (Hielscher) to obtain 

GOn. Afterwards, GOn was diluted to a concentration of 1 mg mL-1, placed in a Hergeus reactor 

and photoreduced under magnetic stirring to obtain p-rGOn. The temperature was kept below 40 

°C through the use of a cooling bath (Julabo F12). A schematic representation of the production 

process is presented in Figure 3.1. 
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Figure 3.1 – Different used GBM production method steps. Created with Biorender.com. 

 

3.2 - GBM characterization 
 

3.2.1 - Physical characterization 

 

3.2.1.1 - Transmission electron microscopy 

 

Morphology and particle size of GOn and p-rGOn aqueous dispersions were evaluated by 

transmission electron microscopy (TEM) with a JEOL JEM 1400 TEM (Tokyo, Japan) at a 

concentration of 40 µg mL−1. Samples were sonicated and 10 µL were deposited on a carbon-

coated TEM grid and allowed to sediment for 1 min. After, the material in excess was removed 

by capillarity with a filter paper. Nanomaterials’ lateral dimensions were measured using the 

ImageJ software. 

 

3.2.1.2 - Particle size measurements by dynamic light scattering 

 

Particle size distributions of GOn and p-rGOn aqueous dispersions were obtained by dynamic 

light scattering (DLS) using a LS230 particle size analyser (Beckman Coulter, Brea, CA, USA) 

and a Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK), as described below. 

 

3.2.1.2.1 - LS230 particle size analyser 

 

GOn and p-rGOn aqueous dispersions were sonicated, diluted to a concentration of 500 µg 

mL-1 and placed in a LS230 Beckerman Coulter. Results were collected using two scans of 60 s, 

with polarization intensity differential scattering and Fraunhofer’s model. This model adopts a 

spherical structure for every suspended particle so it does not match precise estimations of particle 

size being a relative evaluation of particle deagglomeration state [254]. 
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3.2.1.2.2 - Zetasizer 

 

GOn and p-rGOn aqueous dispersions were sonicated, prepared at a concentration of 25 µg 

mL and placed in a disposable Zetasizer cuvette (Malvern Instruments, Worcestershire, UK). 

Measurements were made in triplicate at room temperature and results are reported as mean and 

standard deviation. 

 

3.2.1.3 - Zeta potential measurements 

 

For zeta potential measurements, GOn and p-rGOn aqueous dispersions were sonicated and 

prepared at a concentration of 25 µg mL−1. A Zetasizer Nano-ZS (Malvern Instruments, 

Worcestershire, UK) was used and the aqueous dispersions were placed in a disposable Zetasizer 

cuvette (Malvern Instruments, Worcestershire, UK). Four measurements were made at room 

temperature and results are reported as mean and standard deviation. 

 

3.2.2 - Chemical characterization 
 

3.2.2.1 - Fourier transform infrared spectroscopy 

 

Infrared spectra of GOn and p-rGOn dehydrated samples were determined by Fourier 

transform infrared (FTIR) spectroscopy with a VERTEX 70 FTIR spectrometer (Bruker, 

Karlsruhe, Germany) in transmittance mode at room temperature. Samples were measured in 

attenuated total reflection (ATR) mode with a A225/Q PLATINUM ATR Diamond crystal with 

a single reflection accessory. Spectra were recorded by averaging 64 scans at a resolution of 4 

cm-1 over the wavenumber range between 4000 and 400 cm-1. 

 

3.2.2.2 - Thermogravimetric analysis 

 

Thermogravimetric analysis (TGA) of GOn and p-rGOn dehydrated samples was performed 

using a Netzsh STA 449 F3 Jupiter (Selb, Germany). Sample amounts ranged from 6 to 8 mg. 

The thermograms were recorded between 30 and 1000 °C at a heating rate of 10 °C min-1 under 

nitrogen flow. Results are presented as percentage (%) of weight loss. 

 

3.2.2.3 - Ultraviolet-visible spectroscopy 

 

Absorption spectra of GOn and p-rGOn aqueous dispersions at a concentration of 25 µg mL−1 

were obtained using a Lambda 35 UV/vis spectrometer (Perkin-Elmer, Waltham, MA, USA). 

Samples were placed in a 160 µL quartz cuvette (Hellma Analytics, Analytica Munich, Germany) 

with 10 mm light path length and their spectra were acquired between 200-850 nm. Measurements 

were made in triplicate at room temperature with baseline correction based on water as a blank 

control. 

 

3.2.3 - Photothermal properties 

 

For photothermal properties evaluation, 600 µL of GOn and p-rGOn aqueous dispersions at a 

concentration of 250 µg mL-1 were placed in a 48-well plate. Samples were irradiated with a LED-
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based source with a peak emission around 810 nm (NIR region) and 150 mWcm-2 irradiance. The 

light-induced temperature change on the samples was recorded for 30 min of irradiation, by 

placing a type K thermocouple in the centre and half-height in the suspension. Nine replicates 

were performed per condition and results are presented as mean and standard deviation. Before 

the irradiation, samples were pre-heated up to 37 °C to replicate the conditions used in the 

biological assays. Samples were removed from the incubator to perform the irradiation. A control 

with water only was performed and used to correct temperature decreases caused by equilibrium 

with room temperature during the assay. 

 

3.3 - Drug loading 
 

5-Fluorouracil (5-FU) was dissolved in MilliQ water, phosphate-buffered saline (PBS) or 

phosphate buffer at a range of concentrations between 1 and 10 mg mL-1. In the case of water and 

PBS, the dissolution was accomplished using a Vortex until the drug completely dissolved, which 

took approximately 10-15 minutes. For phosphate buffer, 5-FU was dissolved by magnetically 

stirring for 2 h at 25 °C. 

To prepare GBM/drug conjugates, GBM aqueous dispersions were firstly prepared at a 

concentration of 0.25 and 0.5 mg mL-1 and mixed with the drug with or without magnetic stirring 

for 0.5 to 48 h. Controls were prepared without the nanomaterial. Afterwards, samples were 

centrifuged at 14000 rpm for 30 minutes, supernatants were collected and diluted for analysis. 

Absorbance of the supernatant was measured using a Lambda 35 UV/vis spectrometer (Perkin-

Elmer, Waltham, MA, USA) and quantify of free drug was determined. Samples were placed in 

a 160 µL quartz cuvette (Hellma Analytics, Analytica Munich, Germany) with 10 mm light path 

length and their spectra was measured between 200-300 nm. Measurements were made in 

triplicate at room temperature with baseline correction based on water as a blank control. A 

calibration curve of 5-FU dissolved in water was made using concentrations between 1 and 15 µg 

mL-1. Using the equation of this curve, absorbances at 265 nm were converted into concentrations 

that allowed to determine the quantify of free drug (drug mass in the supernatant). Loading 

capacity (LC) and loading efficiency (LE) were then calculated as shown in Equation 1.1 and 

Equation 1.2, respectively. 

 

𝐿𝐶 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑢𝑔 𝑚𝑎𝑠𝑠−𝐷𝑟𝑢𝑔 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑢𝑔 𝑚𝑎𝑠𝑠
∗ 100                              (1.1) 

𝐿𝐸 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑢𝑔 𝑚𝑎𝑠𝑠−𝐷𝑟𝑢𝑔 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑚𝑎𝑠𝑠
∗ 100                              (1.2) 

 

3.4 - Hydrogels production
 

Hydrogels were produced by dispersing Carbopol 974P NF (0.5% w/v) at a final 

concentration of 5 mg mL-1 in water, p-rGOn, 5-FU, or p-rGOn + 5-FU dispersions. The final 

concentrations of 5-FU were between 0.1-0.25 µg mL-1, and p-rGOn concentration was 100 µg 

mL-1. The hydrogels were allowed to disperse for approximately 1 h before a 10-minute sonication 

at 40 °C to assure a complete dispersion and no aggregation. Gelification was achieved through 

neutralization by dropwise addition of 2% NaOH. Concentrations of 10 mM NaOH were used for 

Carbopol 974P NF and Carbopol 974P NF/5-FU dispersions, while 12.5 mM NaOH was 

necessary to achieve the desired viscosity in Carbopol 974P NF/p-rGOn and Carbopol 974P NF/p-

rGOn/5-FU dispersions. 

 



 
3.5 - Hydrogels characterization  53 

3.5 - Hydrogels characterization 
 

3.5.1 - Ultraviolet-visible spectroscopy 

 

Hydrogels containing p-rGOn, 5-FU and Carbopol 974P NF were diluted in distilled water 

(1:5) to obtain a liquid solution with the desired drug concentration of 0.25 µg mL-1. Samples 

were analysed in a Lambda 35 UV/vis spectrometer (Perkin-Elmer, Waltham, MA, USA). 

Samples were placed in a 160 µL quartz cuvette (Hellma Analytics, Analytica Munich, Germany) 

with 10 mm light path length and their spectra was measured between 200-300 nm. Measurements 

were made in triplicate at room temperature with baseline correction based on water as a blank 

control. 

 

3.5.2 - Fourier-transform infrared spectroscopy 

 

Infrared spectra of hydrogels containing p-rGOn, 5-FU and Carbopol 974P NF dehydrated 

samples were determined by Fourier transform infrared (FTIR) spectroscopy with a VERTEX 70 

FTIR spectrometer (Bruker, Karlsruhe, Germany) in transmittance mode at room temperature. 

Samples were measured in attenuated total reflection (ATR) mode with a A225/Q PLATINUM 

ATR Diamond crystal with a single reflection accessory. Spectra were recorded by averaging 64 

scans at a resolution of 4 cm-1 over the wavenumber range between 4000 and 400 cm-1. 

 

3.5.3 - High-performance liquid chromatography 

 

5-FU concentrations in the Carbopol 974P NF hydrogels were assessed by High Performance 

Liquid Chromatography (HPLC, Merck-Hitachi 7000), by the indirect method. A calibration 

curve of 5-FU dissolved in water was made using concentrations between 1 and 15 µg mL-1. From 

the equation of this curve, absorbances were converted into concentrations. The supernatants were 

collected and tested through Xterra RP188 (5 µm) (Waters Technologies) with a guard column. 

The mobile phase was composed of acetonitrile and water (5:95, v/v) with a flow rate of 0.7 

mL/min and an injection volume of 20 µL. The absorbance wavelength used was 265 nm. 

 

3.6 - In vitro biological studies 
 

3.6.1 - Cell culture 

 

Biological studies were performed using A-431 human epidermoid carcinoma cells (ATCC, 

CRL-1555) and HFF-1 human foreskin fibroblasts (ATCC, SCRC-1041). Cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM, ATCC) supplemented with 10% (v/v) fetal 

bovine serum (Alfagene, Carcavelos, Portugal) and 1% (v/v) penicillin/streptomycin (Biowest, 

Pays De La Loire, France). Cells were maintained in a humidified atmosphere with 5% CO2 and 

95% air at 37 °C. The medium was replaced every 2-3 days and cells were detached upon reaching 

80% confluence. 

For biological experiments, the effect of 5-FU, GBM alone and GBM/5-FU loaded hydrogels 

was assessed using both healthy and cancer cells in the presence or absence of NIR irradiation, as 

described in detail below. 
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3.6.2 - Cytotoxicity of 5-FU and p-rGOn by resazurin assay 

 

To evaluate the cytotoxic effect of 5-FU or p-rGOn, cells were seeded in 48-well plates at a 

density of 1 × 104 cells/well for HFF-1 and 4 × 104 cells/well for A-431, incubated at 37 °C and 

5% CO2. Upon sub-confluence (24 h), the culture medium was replaced by either 5-FU or p-rGOn 

dispersions. In the case of 5-FU, concentrations in a range between 0.1 and 1000 µg mL-1 were 

added using a final volume of 300 µL/well (in complete DMEM). In the case of p-rGOn, the 

material was added in concentrations ranging from 50 to 500 µg mL-1 using a final volume of 600 

µL/well (in complete DMEM). Cells were incubated for additional periods of 24, 48, or 72 h. 

Then, cell viability was quantified using resazurin assay. Briefly, drug or GBM dispersions were 

removed and cells were incubated in 10% (v/v) resazurin reagent (Sigma-Aldrich, St. Louis, MO, 

USA) prepared in complete culture medium at 37 °C and 5% CO2 for 2 h. Fluorescence (λex/em 

= 530/590 nm) of the supernatant was measured using a microplate reader spectrophotometer 

(Synergy Mx, Bio-Tek Instruments, Winooski, VT, USA). Negative controls for cell viability 

decrease were performed by incubating cells with complete DMEM. Data for each sample were 

normalized to the negative control and results are presented as mean % of control and standard 

deviation. All assays were performed in triplicate with six replicates for each condition. 

Additionally, microscopic images of cells were taken using an Olympus inverted optical 

microscope to evaluate the effect of 5-FU or p-rGOn increasing concentrations on cell 

morphology over time. 

These assays allowed for the selection of suitable concentrations of 5-FU and p-rGOn to be 

incorporated in the hydrogels in subsequent biological assays in the presence or absence of NIR 

irradiation. 

 

3.6.3 - Cytocompatibility of p-rGOn/5-FU hydrogels and photothermal irradiation 

assays 

 

To evaluate the combined effect of p-rGOn/5-FU hydrogels and NIR irradiation, A-431 and 

HFF-1 cells were seeded as described above and incubated with diluted hydrogels using final 

concentrations of 100 µg mL−1 for p-rGOn and 0.25 µg mL-1 for 5-FU. After 2 h of incubation 

with the hydrogels, cells were irradiated for 10 min using a LED-based source with peak emission 

around 810 nm (NIR region) and irradiance of 150 mWcm−2. After 24, 48 and 72 h post-

irradiation, media containing hydrogels were removed, cells were washed with PBS, and analyzed 

by resazurin assay and live/dead staining. 

 

3.6.3.1 - Resazurin assay 

 

Resazurin assay was performed as described above. For this purpose, negative controls were 

performed using irradiated cells with complete DMEM. To compare the effects in the presence 

(LED on) or absence (LED off) of NIR irradiation, results are presented as mean % of control and 

standard deviation. To compare the effects of NIR irradiation, a negative control in the absence 

of materials was considered for normalization. All assays were performed in triplicate with six 

replicates for each condition tested. 

 

 



 
3.6 - In vitro studies  55 

3.6.3.2 - Live/dead staining 

 

Live/dead assay using fluorescence labelling was performed to assess cell viability after 

treatment with irradiated and non-irradiated Carbopol 974P NF/p-rGOn/5-FU. Total cell number 

was obtained with Hoechst 33342 (Invitrogen) as it permeates cell membranes and stains the 

nucleus. Live cells were identified using Calcein AM (Invitrogen) that permeates cell membranes 

and labels both the nucleus and cytoplasm. Dead cells were stained by propidium iodide (PI; BD 

Biosciences) that only permeates compromised cell membranes and stains the nucleus. Cells were 

seeded in 48-well plates by a MultidropTM Combi Reagent Dispenser (Thermo-Scientific). After 

different treatments, at 24, 48 and 72 h materials were removed, cells were washed with PBS and 

incubated with a Hoechst 33342 and Calcein AM solution in PBS at 2.5 μg mL−1 for 30 min, at 

37 °C in the dark. Then, a PI solution at 2 µg mL-1 in PBS was added to each well. Samples were 

visualized by an inverted fluorescence microscope (Carl Zeiss, Axiovert 200M) and three images 

were acquired per sample using a digital camera (AxioCam MRm5, Zeiss). 

 

3.6.3.3 - Quantitative analysis of cell viability using IN Cell Analyzer 

 

Samples stained in the live/dead assays were analysed using an IN Cell Analyzer 2000 (GE 

Healthcare), a high content screening imaging system equipped with an automated widefield 

fluorescence microscope. Images were acquired using a Nikon 10X/0.45 Plan Apo objective, 2×2 

binning and 2D acquisition mode. Eight fields were taken for each well and the excitation and 

emission filters used to detect Hoechst 33342, Calcein AM and PI were DAPI, FITC and Cy3, 

respectively. Exposure times were 1500 ms for Hoechst 33342, 150 ms for Calcein AM and 250 

ms for PI. 

 

3.6.3.4 - Image analysis with IN Cell Investigator Developer Toolbox 

 

Images were analysed with the IN Cell Investigator Developer Toolbox 1.9.2 (GE 

Healthcare). Nuclei segmentation was performed in the images from the Hoechst 33342 channel 

(Figure 3.2 (A)). To avoid segmentation errors, post-processing steps were applied: First, the 

cells’ nuclei were segmented using a “Nuclear Segmentation” algorithm (Figure 3.2 (B)). Then, 

individualized by the use of a “seed” target, this is created by an “erosion” of the initial nuclear 

mask (Figure 3.2 (C)). The previous “seed” is used to separate neighbouring nuclei touching each 

other and it is accomplished by the application of a “clump breaking” (Figure 3.2 (D)). Next, a 

“dilation” of the nuclear mask is performed that expands the nuclear outer boundary, to enlarge 

this mask for further pixel intensity quantification within the masked area (Figure 3.2 (E)). 

Finally, to correct for segmentation errors, only nuclei with a Form Factor above 0.6 and an area 

above 60 µm2 have been taken into consideration for the quantification. After, the mean pixel 

intensity for the Calcein AM and PI channels has been determined for each of the segmented 

nuclei and collected in a spreadsheet. A threshold of mean pixel intensity for Calcein AM and/or 

PI positive cells has been chosen using the histograms of fluorescence intensity plotted on 

Spotfire®, a data exploration software. 
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Figure 3.2 – Image analysis protocol used in the IN Cell Investigator Developer Toolbox to assess cell viability. (A) 

Fluorescence image; (B) “Seed” classification; (C) “Erosion”; (D) “Clump breaking”; (E) “Dilation” and segmentation. 

Scale bar: 200 µm. 

 

3.6.3.5 - Cell ultrastructure and particle internalization by transmission electron 

microscopy 

 

To investigate the influence of p-rGOn/5-FU hydrogel on cell morphology and ultrastructure, 

as well as to assess p-rGOn particle internalization, A-431 and HFF-1 cells were seeded and 

incubated with p-rGOn/5-FU hydrogel in the presence or absence of NIR irradiation, as described 

above. Controls without materials or irradiation were made for comparisons. After 72 h, cells 

were detached, resuspended in complete DMEM and centrifuged to form a pellet. Then, cells 

were fixed in freshly prepared 2.5% (v/v) glutaraldehyde and 2% (v/v) paraformaldehyde in 0.1 

M sodium cacodylate. Afterwards, three washing steps in 0.1 M sodium cacodylate buffer were 

performed for 5 minutes each time. Post-fixation in 2% osmium tetroxide in 0.1 M sodium 

cacodylate was done for 2 h at room temperature. Next, samples were prepared in HistoGelTM and 

washed three times in water for 5 minutes each time. Samples were then incubated with 1% 

Uranyl acetate in distilled water for 30 minutes at room temperature. Dehydration was 

accomplished with 10-minute agitation in increasing concentrations of ethanol (50%, 70%, 80%, 

6x 100%). Then, samples were included in resin with agitation for 1 h in different proportions of 

ethanol 100% and EPON resin: 3:1, 1:1, 1:3 and only EPON. Finally, samples were included in 

resin for 48 h, cut into thin sections and analysed using a JEOL JEM 1400 TEM (Tokyo, Japan). 

 

3.7 - Statistical analysis
 

Statistical analyses were performed using GraphPad Prism software (version 8.4.2, San 

Diego, CA, USA). One-way analysis of variance (ANOVA) with Tukey’s tests for multiple 

comparisons were performed for the parametric data and with Dunn’s tests for multiple 

A B C 

D E 
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comparisons for the non-parametric data. Differences between experimental groups were 

considered significant with a confidence interval of 95%, whenever p < 0.05. 

 



 
58  Materials and Methods 

 



 
  59 

Chapter 4 
 

 

Results 
 

 

 

4.1 - GBM characterization 
 

4.1.1 - Physical characterization 

 

Transmission electron microscopy (TEM) allowed the study of GBM nanosheets 

morphology, as presented in Figure 4.1. The images show well-dispersed sheets with no 

agglomeration in neither GOn or p-rGOn aqueous dispersions at a concentration of 40 µg mL-1. 

 

 

 

Figure 4.1 – GBM morphology. Representative TEM images of GOn (upper row) and p-rGOn (lower row) aqueous 

dispersions at a concentration of 40 µg mL−1. Scale bars represent 100 and 200 nm. 

 

Lateral dimensions of GBM were determined by analysing TEM images, as presented in 

Figure 4.2. Measurements were made of the X and Y axis in each TEM image where the average 

particle size of GOn revealed to be 114.1 ± 63.3 nm and 99.7 ± 59.7 nm for the X and Y axis, 

respectively. As for p-rGOn, the average particle size for the X and Y axis were determined to be 

181.4 ± 169.6 nm and 156.4 ± 123.8 nm, respectively. Mean values for each GBM resulted in 
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107.0 ± 62.0 nm for GOn and 168.8 ± 148.7 nm for p-rGOn. Both materials present nanometric 

sizes, suitable for desired biomedical applications. 
 

   

  

Figure 4.2 – Particle size of GOn and p-rGOn aqueous dispersions, determined by TEM image analysis. (A) Schematic 

representation of X and Y axis used to measure GBM lateral dimensions; (B) GOn and p-rGOn particle sizes determined 

using the X (left) or Y (right) axis; (C) GOn (left) and p-rGOn (right) particle size distributions based on X and Y axis 

determinations and mean and standard deviation. 

 

Particle size distribution was also evaluated by dynamic light scattering (DLS) using Coulter 

and Zetasizer equipment (Figure A1 and Table 4.1). 

 
Table 4.1 – Particle size and polydispersity index of GOn and p-rGOn aqueous dispersions at a concentration of 25 µg mL−1, 

determined by DLS with a Zetasizer equipment (n = 5). 

GBM Size (nm) Polydispersity index (PDI) 

GOn 284.2 ± 38.4 0.490 ± 0.06 

p-rGOn 218.5 ± 25.7 0.431 ± 0.06 

 

As Zetasizer applies the DLS principle, higher size values were expected than the ones 

obtained with TEM image analysis, because this technique assumes a spherical model for every 

particle while GBM are 2D-sheets. GOn and p-rGOn presented a particle size of 284.2 ± 38.4 nm 

and 218.5 ± 25.7 nm, respectively. The numerical value of the polydispersity index (PDI) ranges 

from 0.0 (for a perfectly uniform sample with respect to the particle size) to 1.0 (for a highly 

polydisperse sample with multiple particle size populations) [255]. Furthermore, a PDI between 

0.2 and 0.5 indicates a wide particle size distribution [256], as it is the case of the produced GBM. 

GOn had a PDI of 0.490 ± 0.06, while the value for p-rGOn was of 0.431 ± 0.06. 

GOn and p-rGOn surface charges were also determined by Zetasizer analysis and are 

presented in Figure 4.3. Obtained values were of - 44 and -38 mV for GOn and p-rGOn, 

respectively, below - 30 mV for both materials, which indicates high water stability [255]. This 

GOn p-rGOn

0

100

200

300

400

P
a
rt

ic
le

 s
iz

e
, 

X
 a

x
is

 (
n

m
)

GOn p-rGOn

0

100

200

300

P
a
rt

ic
le

 s
iz

e
, 
Y

 a
x
is

 (
n

m
)

0 200 400 600 800

0

100

200

300

400

Size (nm)

%
 C

o
u

n
ts

GOn

107.0  62.0 nm

0 500 1000 1500

0

20

40

60

80

Size (nm)

%
 C

o
u

n
ts

p-rGOn

168.8  149.0 nm



 
4.1 - GBM characterization  61 

characteristic was additionally confirmed by direct observation of the water dispersions. Four 

months after production, GBM maintained their stability without material precipitation, as 

observed in Figure 4.4.  

 

 

Figure 4.3 – Surface charge of GOn and p-rGOn aqueous dispersions at a concentration of 25 µg mL-1, determined by 

Zetasizer equipment (n = 5). The dashed line indicates the good water stability limit set at - 30 mV. 

 

 

Figure 4.4 – GBM aqueous dispersions for stability evaluation. From left to right: GOn and p-rGOn dispersions 

immediately after production day at a concentration of 8.9 mg mL-1 and 0.8 mg mL-1, respectively (Production day); 

GOn and p-rGOn dispersions 4 months after production. 

 

4.1.2 - Chemical characterization 

 

Fourier-transform infrared spectroscopy (FTIR) spectra were obtained to study the presence 

of GOn oxygen functionalities along with its partial reduction into p-rGOn (Figure 4.5). GOn 

spectra showed a broad band with a wavenumber range between 3000 cm-1 and 3600 cm-1 that 

corresponds to O-H stretching vibrations. These values are normally attributed to adsorbed water 

molecules, hydroxyl and carboxyl groups. C=O stretching vibrations are present around 1731 cm-

1, representing the carbonyl and carboxyl molecules. The stretching of cyclic alkene (C=C) is also 

present at approximately 1621 cm-1 due to the unoxidized graphite. The presence of ethers is 

demonstrated by absorption bands at around 1166 cm-1 and 1041 cm-1 corresponding to C-O 

stretching vibrations and through epoxides with C-O bending vibrations around 875 cm-1 [35, 

257]. p-rGOn spectra present a reduction of the intensity of the oxygen-containing groups 

compared with GOn, confirming that the reduction procedure was successful. FTIR spectra show 

a significant decrease at around 3400 cm-1, indicating that a large amount of O-H groups was 

GOn p-rGOn

-60

-40

-20

0

S
u

rf
a
c
e
 c

h
a
rg

e
 (

m
V

)

Production day 4 months after production 

 

GOn p-rGOn GOn p-rGOn 



 
62  Results 

removed during the reduction. However, the presence of some oxygen-containing groups is 

confirmed by the C=O stretching at around 1729 cm-1 or C-O bending at 1041 cm-1. 

 

 

Figure 4.5 – FTIR spectra of GOn and p-rGOn. The lines indicate the contribution of different surface functionalities.  

 

Thermogravimetric analysis (TGA) allowed the study of the thermal stability of the produced 

GBM. Thermograms (Figure 4.6) reveal three main weight loss steps during the heating above 

100 °C. Below that temperature, there is a weight loss of approximately 10%, attributed to water 

evaporation. The first weight loss step was observed between 100 °C and 225 °C. GOn and p-

rGOn presented weight losses of approximately 24.9 and 25%, respectively, which corresponds 

to the loss of reactive oxygen-containing functional groups such as carboxyl and epoxy. The 

second weight-loss step occurred between 225 and 600 °C with a weight loss of 21.3% for GOn 

and 15.8% for p-rGOn, corresponding to the partial combustion of the carbon skeleton and other 

stable oxygen-containing functional groups, for example, carbonyls and hydroxyls. The smaller 

weight loss in p-rGOn suggests the presence of a smaller amount of stable oxygen-containing 

groups, which also confirms a successful reduction. The third and last weight loss step happened 

between 600 and 1000 °C where GOn showed a weight loss of 31.9% and p-rGOn 11.6%. This 

step corresponds to the continuous combustion of the carbon skeleton. Oxygenated groups are 

thermolabile so the decreased amount of these functional groups in p-rGOn allows superior 

thermal stability when compared with GOn that possesses increased oxygen-functional groups. 

 

 

Figure 4.6 – Thermogravimetric analysis of GOn and p-rGOn, under a nitrogen atmosphere. 

 

The optical properties of both nanomaterials were studied by UV-Vis spectroscopy (Figure 

4.7). For GOn, the absorption spectrum reveals a maximum absorbance peak around 230 nm 
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which results from the π-π* electronic transitions in sp2 clusters and a shoulder peak around 300 

nm typical from the n-π* transitions of free electron pairs in the oxygen atoms present in the 

double bonds between carbon and oxygen. For the p-rGOn, the spectrum shows a 4.4-fold 

increment in NIR absorbance (810 nm) compared with GOn. Also, the shoulder peak is not 

present due to the reduction having removed oxygen-containing functional groups. 

 

 

Figure 4.7 – UV-Vis absorption curves of GOn and p-rGOn. The inset shows a zoom-in view of the curves in the NIR 

range (750-850 nm). 

 

4.1.3 – Photothermal properties 

 

To evaluate the capacity of the nanomaterials to convert NIR light into heat, aqueous 

dispersions of GOn and p-rGOn with a concentration of 250 μg mL-1 and an initial temperature 

of 37 °C were irradiated with a custom-build LED NIR device (810 nm, 150 mWcm-2) and 

temperature measured at different time points. Figure 4.8 shows that after 30 minutes of NIR 

irradiation, GOn presented a temperature of approximately 38 °C while p-rGOn showed 

temperature increased to 52 °C. The reduction process restored the aromatic structure of p-rGOn 

that showed enhanced NIR absorbance and consequent heat production after NIR irradiation. 

Hyperthermia (43 - 50 °C) has been described to lead to enhanced cancer cell membrane 

permeability that increases anticancer drug uptake. Hence, the produced material is innovative 

due to its water stability, NIR absorbance and conversion to high temperatures, demonstrating its 

potential for the desired phototherapeutic application and being selected for further biological 

studies. 
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Figure 4.8 – Photothermal heating curves of water, and GOn and p-rGOn aqueous dispersions at a concentration of 

250 μg mL-1 in water. 

 

4.2 - Drug loading 
 

Drug loading capacity (LC) and loading efficiency (LE) were quantified at different GBM 

(0.25 and 0.5 mg mL-1) and 5-FU (1-10 mg mL-1) concentrations by measuring the drug optical 

absorption at 265 nm in aqueous solutions. Initially, the LC seemed to be concentration-

dependent, as observed in Figure 4.9 (A). A 5-FU concentration of 5 µg mL-1 resulted in a LC of 

1.2 mg 5-FU/mg GOn when using GOn concentrations of 0.25 and 0.5 µg mL-1. For a higher drug 

concentration of 10 mg mL-1, superior LC values of 2.7 mg 5-FU/mg GOn were obtained, for 

0.25 µg mL-1 of GOn, while a slightly lower LC of 1.0 mg 5-FU/mg GOn was observed with 0.5 

mg mL-1 GOn. Similarly, this assay was performed with p-rGOn and 10 mg mL-1 of 5-FU. Higher 

LC values were obtained with 0.25 mg mL-1 of p-rGOn (3 mg 5-FU/mg p-rGOn), compared with 

when a concentration of 0.5 mg mL-1 (1.4 mg 5-FU/mg p-rGOn) was used. (Figure 4.9 (B)). 

However, these results were not reproducible as sometimes LC and LE turned out positive and 

other times negative or even both (Figure 4.9 (C, D)). After testing multiple conditions such as 

dissolving both GBM and 5-FU in different mediums (water, PBS, phosphate buffer), trying 

different centrifugation velocities (13400, 14000 rpm), dissolving the dispersions for multiple 

time points (0, 0.5, 1, 24 and 48 h) this approach was abandoned due to lack of time to optimize 

it in the duration of the thesis work, and a strategy with more probability of leading to desired 

results followed, combining both GBM and 5-FU by dispersing them (without previous surface 

adsorption) in hydrogels suitable for target applications. 

 

 

 

Figure 4.9 – GBM loading capacity of 5-FU after different concentrations. 
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4.3 - Hydrogels characterization 
 

Carbopol 974P NF hydrogels were prepared containing p-rGOn and 5-FU. Controls with only 

Carbopol 974P NF, Carbopol 974P NF/5-FU and Carbopol 974P NF/p-rGOn were also produced 

to assess their effect in biological studies. The Carbopol 974P NF and Carbopol 974P NF/5-FU 

hydrogels were transparent while the Carbopol 974P NF/p-rGOn and the Carbopol 974P NF/p-

rGOn/5-FU presented a dark brown colour due to p-rGOn presence (Figure 4.10). 

 

 

Figure 4.10 – Images of prepared hydrogels in glass vials upside down. (A) Carbopol 974P NF hydrogel (0.5% w/v); 

(B) Carbopol 974P NF/5-FU hydrogel (1.5 µg mL-1); (C) Carbopol 974P NF/p-rGOn (600 µg mL-1); (D) Carbopol 

974P NF/p-rGOn/5-FU (600 µg mL-1 of p-rGOn and 1.5 µg mL-1 of 5-FU).  

 

To assess the phototherapeutic properties of the produced hydrogels, NIR irradiation assays 

were performed as previously described. After 30 minutes, the Carbopol 974P NF/p-rGOn/5-FU 

hydrogel reached 45.9 ± 1.9 °C, within the values required for achieving a mild hyperthermia 

effect of interest for cancer treatment (Figure 4.11). 
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Figure 4.11 – Photothermal heating curves of water, and Carbopol 974P NF hydrogel, Carbopol 974P NF/5-FU, 

Carbopol 974P NF/p-rGOn, Carbopol 974P NF/p-rGOn/5-FU aqueous dispersions at a concentration of 100 μg mL-1 

of p-rGOn and 0.25 μg mL-1 of 5-FU. 

 

The produced hydrogels were characterized by UV/vis spectroscopy, spectra of 5-FU and p-

rGOn only were also obtained. The p-rGOn concentration included in the hydrogels (100 µg mL-

1) resulted in absorbance values over 1, which is the equipment’s detection limit (Figure 4.12 (A)). 

Characterization of GBM is usually performed in the order of 25 µg mL-1 to obtain absorbances 

below 1 (results presented in Section 4.1.2). Therefore, for this assay, the concentration of p-rGOn 

was decreased by dilution with water to 10 µg mL-1, consequently diminishing the 5-FU 
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concentration to 0.025 µg ml-1 in the hydrogel with both components. The control made with 5-

FU (only) at a concentration of 0.25 µg mL-1, revealed a typical spectrum with the characteristic 

peak around 265 nm [258], however, the spectra presented low definition, due to the very small 

amount of drug present (Figure 4.12 (B)). Carbopol 974P NF presents optical absorption in the 

UV region around 200 nm [259]. When p-rGOn was present in the hydrogels, absorbance at 230 

nm increased by 6.13-fold, which was expected because this region corresponds to GBM 

maximum absorbance peak. Unfortunately, UV-visible spectroscopy was not sensitive enough to 

detect the 5-FU after incorporation in the hydrogels, because the concentration present was very 

low and the drug, Carbopol 974P NF and p-rGOn present optical absorption in similar regions 

(Figure 4.12 (C)). 

FTIR was also used to characterize the hydrogels after dehydration. Carbopol 974P NF 

spectra presented peaks correspondent to hydroxyl stretching vibrations and intramolecular 

hydrogen bonding between 2970 cm-1 and 2910 cm-1. A carbonyl stretching peak is observed at 

1700 cm-1, while between 1450 cm-1 and 1400 cm-1 C-O stretching and O-H deformation peaks 

are observed [260]. Nevertheless, the Carbopol 974P NF spectrum seemed to overlap p-rGOn and 

5-FU peaks, as all spectra revealed to have no identifiable differences. This might be explained 

due to the low concentrations of GBM and drug present in the hydrogel (Figure 4.12 (D)). 

 

  

       

Figure 4.12 – Hydrogel characterization (Carbopol 974P NF, Carbopol 974P NF/5-FU, Carbopol 974P NF/p-rGOn, 

Carbopol 974P NF/p-rGOn/5-FU). (A) UV-Vis absorption curve of p-rGOn at a concentration of 100 µg mL-1; (B) 

UV-Vis absorption curve of 5-FU at a concentration of 0.25 µg mL-1 (C) UV-Vis absorption curves of the hydrogels at 

a p-rGOn concentration of 10 µg mL-1 and a 5-FU concentration of 0.025 µg mL-1. (D) FTIR spectra of the hydrogels. 

 

Since due to the low amount of 5-FU present in the hydrogels, it has not been possible to 

confirm its presence by UV-vis or FTIR, HPLC was used for the purpose. Despite a low 

concentration of 0.25 µg mL-1 being used, the equipment was able to quantify it. A retention time 

of approximately 5.5 minutes was obtained for 5-FU, similar to other reports [261]. When the 
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drug was present, a clear and sharp peak was observed at this retention time, as it is the case of 

the 5-FU solution, Carbopol 974P NF/5-FU dispersion and Carbopol 974P NF/p-rGOn/5-FU 

dispersion (Figure 4.13). Other peaks with other retention times represent other compounds 

present in the hydrogels. Through a 5-FU calibration curve, the areas were converted to 

concentrations. The obtained values of 0.20 µg mL-1 for Carbopol 974P NF/5-FU and 0.22 µg 

mL-1 for Carbopol 974P NF/p-rGOn/5-FU were similar to the desired value of 0.25 µg mL-1 

(Table 4.2), being the errors associated with sample preparation measurements under 20%. 

 

 

  

 

  

 

  

Figure 4.13 – HPLC chromatogram obtained from the produced hydrogels in acetonitrile and water (5:95, v/v). 

 
Table 4.2 – Peak areas for tested conditions and concentrations. 

Sample Area Concentration (µg mL-1) 

p-rGOn solution 0 0 

Carbopol 974P NF solution 0 0 

Carbopol 974P NF/5-FU solution 13817 0.20 

Carbopol 974P NF/p-rGOn solution 0 0 

Carbopol 974P NF/p-rGOn/5-FU solution 14973 0.22 
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4.4 - In vitro studies 
 

4.4.1 - 5-FU cytotoxicity 

 

The cytotoxic effect of 5-FU on human skin cells has been evaluated firstly with the goal to 

identify the concentrations that would allow achieving cancer cell death without damaging 

healthy tissues. HFF-1 and A-431 cells were used as in vitro models of human normal skin and 

human skin carcinoma, respectively. Cells were incubated with increasing concentrations (0.1-

1000 μg mL-1) of the anticancer drug for 24, 48 and 72 h. These time points were chosen once it 

has been observed in the literature that the best outcomes with this anticancer drug occur after 48 

h, as some time is needed for interference with cell replication to be observed [262, 263]. At each 

time point, cell viability was assessed through the resazurin assay (Figure 4.14). Controls were 

made without the addition of 5-FU. When incubated with human skin fibroblasts (HFF-1), 5-FU 

was not considered toxic after 24 and 48 h for all concentrations tested. After 72 h, despite cell 

viability decreases with concentrations higher than 0.1 µg mL-1, 5-FU is considered non-toxic in 

concentrations up to 1 μg mL-1, as cell viability values were higher than 70%, which is considered 

the toxicity limit (ISO 10993-5:2009(E)). At higher concentrations, a tendency for cell viability 

decreasing as concentration increases was noticed at 72 h. In contrast, for A-431 cancer cells, 

after 24 h a cell viability of only 60% is observed, for a concentration of 500 μg mL-1. At 48 h 

only 0.5 μg mL-1 are already enough to decrease cell viability to 58%, and after 72 h, even 0.1 μg 

mL-1 already led to a cell viability value of 55%, while for example a concentration of 100 μg mL-

1 reduced cell viability by 84%. These results can be explained by the mechanism of action of 5-

FU that interferes with DNA replication. The accelerated cell division characteristic of cancer 

cells translates into a faster cytotoxic effect being caused by 5-FU. In opposition, the slow growth 

of the fibroblasts delays the harmful effect. These results support the efficiency of this anticancer 

drug for desired purposes, once combined PTT-chemotherapy has the goal to cause selective 

cancer cell death, without harming normal skin cells. After this assay, a concentration range from 

0.1 to 1 µg mL-1 was selected as safe for the skin fibroblasts and toxic for the skin cancer cells. 

 

 

 

    

Figure 4.14 – Cellular viability for HFF-1 cells (upper row) and A-431 cells (lower row) incubated with 5-FU and 

determined using the resazurin assay after 24, 48 and 72 h. Results are normalized to values obtained for the control 
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incubated in complete DMEM without 5-FU. Results are presented as average and standard deviation (n = 6). 

Statistically significant differences against the control with complete DMEM are shown as * p < 0.05. Dashed line 

marks the toxicity limit (ISO 10993-5:2009(E)). 

 

The HFF-1 cell line consists of spindle-like fibroblasts, being the typical elongated cell shape, 

identified and presented in Figure 4.15. After being exposed to 1 mg mL-1 of 5-FU, a decrease in 

the number of cells could be observed. The A-431 cell line has an epithelial morphology with a 

tendency to grow in clusters as can be observed in Figure 4.16. After being incubated with 1 mg 

mL-1 of 5-FU, a change in the morphology is also noticeable with cells losing the characteristic 

shape and clustering, becoming spherical and individualized. 

 

 

Figure 4.15 – Microscopy images of human foreskin fibroblasts (HFF-1) incubated with 5-FU for 24, 48 and 72 h at 

the highest concentration studied (1000 µg mL-1). Controls correspond to cells incubated in complete DMEM without 

the addition of the anticancer drug. Scale bar represents 400 µm. 

 

 

Figure 4.16 – Microscopy images of human epidermoid carcinoma cells (A-431) incubated with 5-FU for 24, 48 and 

72 h at the highest concentration studied (1000 µg mL-1). Controls correspond to cells incubated in complete DMEM 

without the addition of the anticancer drug. Scale bar represents 400 µm. 
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4.4.2 - p-rGOn cytotoxicity 

 

HFF-1 cells were incubated with increasing p-rGOn concentrations (50-250 μg mL-1) for 24, 

48 and 72 h. At each time point, cell viability was assessed through the resazurin assay (Figure 

A2). Controls were made with cell culture media without the addition of p-rGOn. The results were 

not reliable as many values have surpassed 150% of cell viability, while in the microscopic 

images, cells did not appear to be that confluent (Figure A3). In some assays, GBM influence the 

resazurin assay, by a mechanism that we were not able to identify or control. To surpass this 

problem, live/dead assays were performed as described below. Nevertheless, the obtained results 

showed a tendency for cytotoxicity, only after 72 h, at a concentration of 250 µg mL-1. 

Live/dead staining of HFF-1 cells was performed using Calcein, as live cells metabolize it 

and are stained in green, and propidium iodide to see the dead or dying cells, stained in red, as the 

compromised membranes allow its penetration resulting in nuclear staining. Images were taken 

after 24 and 48 h (Figure A4) and 72 h (Figure 4.17) of incubation with p-rGOn in concentrations 

between 50 and 250 µg mL-1. The concentrations of 50 and 100 µg mL-1 resulted in low cell death 

values of 11 and 13%, respectively. However, at the highest concentrations of 175 and 250 µg 

mL-1 only the Calcein staining worked, while dead cell’s nucleus were not marked by PI. 

Graphene seems to interfere with the fluorescence, forming a layer above cells. Analysing the 

results obtained here and in the resazurin assay, a concentration of 100 µg mL-1 was selected for 

further assays, in order to minimize any toxicity eventually caused by p-rGOn, that might not 

have been identified due to the reported limitation of the characterization methods available. 
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Figure 4.17 – Live/dead staining of HFF-1 cells incubated with increasing p-rGOn concentrations (50-250 µg mL-1) 

for 72 h. Controls correspond to cells incubated in complete DMEM without the addition of the GBM. Live cells 

metabolize Calcein (green) and dead cells were stained with PI (red). Scale bar represents 400 µm. * Not possible to 

obtain an image due to interference with the signal. 

 

4.4.3 - 5-FU hydrogels cytotoxicity 

 

As mentioned before, 5-FU concentrations in the range between 0.1 and 1 µg mL-1 were found 

to be non-toxic for HFF-1 cells (Section 4.4.1.1). However, it was important to assure that the 

drug remains biocompatible and effective after incorporated in the Carbopol 974P NF hydrogel. 

Therefore, hydrogels containing 0.1, 0.5 and 1 µg mL-1 5-FU, were incubated with HFF-1 cells. 

Even though very high cell viability values were obtained, the concentration of 1 µg mL-1 

appeared to be toxic after 48 h, as cell viability values were below the 70% toxicity limit, 

according to ISO 10993-5:2009(E) (Figure A5). Therefore, a maximum concentration of 0.5 µg 

mL-1 was tested against the cancer cells to guarantee treatment efficiency, with minimal damage 

to normal cells. 

A-431 carcinoma cells were exposed to 0.1, 0.25 and 0.5 µg mL-1 5-FU and incubated for 24, 

48, and 72 h. After 24 h, cell viability was unaffected for all concentrations tested (Figure 4.18). 

However, after 48 h a cell death of 31% was observed for the 0.5 µg mL-1 concentration. Finally, 

after 72 h of incubation, a cell death of 45% was observed for a concentration of 0.5 µg mL-1, 

while a concentration of 0.25 µg mL-1 resulted in approximately 30% cell death. Also, a decrease 

in the number of cancer cells is observed (Figure 4.19) after incubation with 0.5 µg mL-1 of 5-FU, 

namely after 48 and 72 h, comparing with the control where cells were exposed to cell culture 

medium only. Considering above-mentioned results, a concentration of 0.25 µg mL-1 has been 

selected for further assays. 
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Figure 4.18 – Cellular viability for A-431 cells incubated with 5-FU hydrogels determined using the resazurin assay 

after 24, 48, and 72 h. Results are normalized concerning values of the control incubated in complete DMEM without 

5-FU hydrogel. Results are presented as average and standard deviation (n = 3). 

 

 

Figure 4.19 – Microscopy images of human epidermoid carcinoma cells (A-431) incubated with 5-FU hydrogels for 

24, 48 and 72 h at the highest concentration studied. Controls correspond to cells incubated in complete DMEM without 

the addition of the hydrogel. Scale bar represents 400 µm. 

 

4.4.4 - p-rGOn hydrogels cytotoxicity with irradiation 

 

To evaluate the ideal irradiation time for obtaining a phototherapeutic effect A-431 cells were 

incubated with Carbopol 974P NF/p-rGOn hydrogels at a concentration of 100 µg mL-1 and 

irradiated with NIR for 5, 10 and 15 minutes. An irradiation time of 10 minutes resulted in a 15% 

cancer cell death, while 15-minute irradiation originated a 53% cell death after 72 h at the same 

p-rGOn concentration (Figure 4.20). The PTT effect of the irradiated Carbopol 974P NF/p-rGOn 

is reflected in the decreased number of cells identified after 24, 48 and 72 h (Figure 4.21). 
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Figure 4.20 – Cellular viability for A-431 cells incubated with irradiated p-rGOn hydrogels at a concentration of 100 

µg mL-1 determined using the resazurin assay after 24, 48 and 72 h. Results are normalized concerning values of the 

control incubated in complete DMEM without p-rGOn hydrogel. Results are presented as average and standard 

deviation (n = 3).  

 

 

Figure 4.21 – Microscopy images of human epidermoid carcinoma cells (A-431) incubated with p-rGOn hydrogels at 

100 µg mL-1 for 24, 48 and 72 h with 15 min irradiation. Controls correspond to cells incubated in complete DMEM 

without the addition of the hydrogel. Scale bar represents 400 µm. 

 

4.4.5 - p-rGOn/5-FU hydrogels cytotoxicity with and without irradiation 

 

The cytotoxicity of the Carbopol 974P NF/p-rGOn/5-FU hydrogels was assessed in HFF-1 

and A-431 cells at the previously selected conditions of 100 µg mL-1 of p-rGOn, 0.25 µg mL-1 of 

5-FU, and a 10-minute NIR irradiation. The results were inconclusive as high cell viability values 

were obtained (≈ 200%), while cells were not confluent when observed under the microscope. 

The resazurin assay was not further used as it is unclear the influence that GBM are having on the 

method, that might lead to non-valid results in several assays (Figure A7, A8 and A9). 

Nevertheless, the results presented a tendency for A-431 cell death without lowering HFF-1 cell 

viability. 

Live/dead assays were performed using HFF-1 and A-431 cells, to evaluate the cytotoxicity 

profiles of the produced hydrogels with and without 10 and 30-minute NIR irradiation. 

Cells were incubated with p-rGOn/5-FU hydrogels (100 µg mL-1 p-rGOn, 0.25 µg mL-1 5-

FU), in the presence or absence of NIR irradiation (810 nm, 150 mWcm-2, 10 min). Controls were 

made with DMEM, Carbopol 974P NF, Carbopol 974P NF/p-rGOn and Carbopol 974P NF/5-FU 

to assess the effect of each component. The results are presented as cell number and cell 

percentage. The values for live and dead cells are calculated by the Developer toolbox, as 

described before (Section 3.6.3.3.2), Hoechst 33342 stained nuclei allow determining the total 
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number of cells present, while Calcein stained cells are counted as live, and dead ones are stained 

by PI. As both cell lines are adherent, the cells that died from the treatment detach, and, after 

replacing the medium to apply the staining, these cells are removed from the well without being 

counted. Therefore, the cells considered by the software are the live and dying ones. This explains 

the high cell viability values present in the cell percentage results presented next. The cell number 

results allow a more correct analysis as it considers the cells removed during the staining, which 

were dead. 

Regarding the cancer cells, after each timepoint, a decrease in the number of cells in the tested 

therapeutic conditions is observed when compared with the control (Figure A11, A12, 4.22, 4.23 

and 4.24). After 24 h, the effect of the treatment was noticeable with a statistically significant (p 

≤ 0.05) lower number of cells in the non-irradiated Carbopol 974P NF/p-rGOn/5-FU condition (≈ 

36% reduction), comparing with the control with cell culture medium only (Figure 4.22). 

However, the correspondent live/dead percentage showed that ≈ 99% of the cells were alive 

meaning that there was a reduction in the number of cells but the ones that remained in the well 

were alive. The NIR effect was only significant (p ≤ 0.05) for Carbopol 974P NF/p-rGOn, which 

induced a 31% decrease in the number of cells without irradiation, while when irradiated a 

decrease of 65% in the cell number has been observed. After 48 h, a similar cell number reduction 

occurred in the irradiated Carbopol 974P NF/p-rGOn/5-FU (≈ 63%), without statistically 

significant differences being found comparing with the non-irradiated condition. Carbopol 974P 

NF/5-FU led to a statistically significant (p ≤ 0.05) cell number decrease of 60% without 

irradiation, compared with the control, confirming that the anticancer drug increases its effect 

over time. The irradiated condition presented a lower number of cells (≈ 69%), however, not 

significantly different from the non-irradiated one, which could arise from a higher drug 

internalization, potentiated by an eventual cell membrane permeability increase after irradiation 

and local temperature increase. In opposite, irradiated Carbopol 974P NF/p-rGOn induced a lower 

cell number decrease (≈ 41%) at 48 h, when compared with the value obtained at 24 h, which 

might indicate that the treatment was not powerful enough to completely stop cell proliferation. 

After 72 h, a statistically different (p ≤ 0.05) number of cells has been identified between the 

non-irradiated Carbopol 974P NF/p-rGOn (≈ 46% reduction), Carbopol 974P NF/5-FU (≈ 80% 

reduction) and Carbopol 974P NF/p-rGOn/5-FU (≈ 77% reduction), while no significant 

differences were found when NIR irradiation is applied to those conditions. Also, the irradiated 

controls (cells in culture medium only, and Carbopol 974P NF only), haven´t shown any changes 

after the treatment. These results point out that the irradiation time might have been too low, as 

the photothermal effect is only identified in one case (Carbopol 974P NF/p-rGOn, 24 h). As 

expected, the anticancer drug increased its effect compared with the previous time points, being 

the treatment that results in higher cell death after 72 h. The chemo-phototherapeutic synergistic 

effect is also not observed, as the irradiated Carbopol 974P NF/5-FU results in a higher decrease 

in the number of cells (≈ 82%) than the irradiated Carbopol 974P NF/p-rGOn/5-FU (≈ 78% 

reduction). To address this problem, a higher irradiation time was tested and results presented 

next. Figure A10 and Figure 4.23 provide representative images from stained nuclei, to allow 

observation of the total number of cells present in each condition and Figure A11 and Figure 4.24 

present Calcein and PI stained representative images. 
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Figure 4.22 – Live/Dead assay. Carbopol 974P NF hydrogels (100 µg mL-1 of p-rGOn and 0.25 µg mL-1 of 5-FU) 

effect on A-431 cells, with and without a 10-minute NIR irradiation, after 24, 48 and 72 h, in cell number per 0.0225 

cm2 (upper row) and percentage of live/dead cells (lower row). Statistically significant differences are presented as * 

(p < 0.05) (n = 3). 

 

 

     
 

     

Figure 4.23 – Hoechst 33342 fluorescence representative images of A-431 nuclei incubated with selected hydrogels 

(100 µg mL-1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 10-minute NIR irradiation, after 72 h. Scale 

bar represents 400 µm. 
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Figure 4.24 – Live/Dead assay. Representative images of A-431 cells incubated with selected hydrogels (100 µg mL-

1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 10-minute NIR irradiation, after 72 h. Live cells are stained 

with Calcein and dead cells with PI. Scale bar represents 400 µm. 

 

For human skin fibroblasts (HFF-1), after each timepoint, the number of cells in the wells 

where the treatment applied, remained relatively close to the controls with cell culture medium 

only, and above the 70% toxicity limit (ISO 10993-5:2009(E)), which indicates that the treatment 

can be considered generally non-toxic when using the Carbopol 974P NF loaded with p-rGOn 

(100 µg mL-1), 5-FU (0.25 µg mL-1) or both, until a maximum irradiation time of 10 min (Figure 

A12, A13, 4.25, 4.26 and 4.27). Exceptionally, an unsuitable Hoechst 33342 staining at the non-

irradiated Carbopol 974P NF/p-rGOn after 24 h (Figure 4.26), led to incorrect image 

segmentation. Nevertheless, the Calcein and PI stained cells were manually counted and the non-

toxicity of the condition was confirmed (≈ 113% cell viability). This problem had occurred before 

due to graphene and it will be further discussed. Also, due to an experimental error, the non-

irradiated Carbopol 974P NF/p-rGOn/5-FU condition were not obtained at 24 h, and there was no 

time to repeat the assays before the completion of the thesis. After 48 h, statistically significant 

differences (p ≤ 0.05) were identified for both the non-irradiated (≈ 122% cell viability) and 

irradiated Carbopol 974P NF/p-rGOn (≈ 73% cell viability). After 72 h, similar cell number 

decreases can be observed in Figure 4.25, all above the toxicity limit. HFF-1 exposed to non-

irradiated Carbopol 974P NF/p-rGOn presented cell viabilities of around ≈ 87%, while irradiated 

ones had values of 80%. A cell viability of ≈ 85% was obtained when using non-irradiated 

Carbopol 974P NF/5-FU, which decreased to 71% when irradiated. Cell viabilities of ≈ 91 and 

78% were obtained for the non-irradiated and irradiated Carbopol 974P NF/p-rGOn/5-FU, 

respectively. Figure A12 and Figure 4.26 provide representative images from stained nuclei, to 

allow observation of the total number of cells present in each condition and Figure A13 and Figure 

4.27 present Calcein and PI stained representative images. 
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Figure 4.25 – Live/Dead assay. Carbopol 974P NF hydrogels (100 µg mL-1 of p-rGOn and 0.25 µg mL-1 of 5-FU) 

effect on HFF-1 cells, with and without a 10-minute NIR irradiation, after 24, 48 and 72 h, in cell number per 0.0225 

cm2 (upper row) and percentage of live/dead cells (lower row). Dashed line marks the toxicity limit (ISO 10993-

5:2009(E)) Statistically significant differences are present as * (p < 0.05) (n = 3). NP - Not performed due to an 

experimental error. 

 

 

     
 

     

Figure 4.26 – Hoechst 33342 fluorescence representative images of HFF-1 nuclei incubated with selected hydrogels 

(100 µg mL-1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 10-minute NIR irradiation, after 72 h. Scale 

bar represents 400 µm. 
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Figure 4.27 – Live/Dead assay. Representative images of HFF-1 cells incubated with selected hydrogels (100 µg mL-

1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 10-minute NIR irradiation, after 72 h. Live cells are stained 

with Calcein and dead cells with PI. Scale bar represents 400 µm. 

 

Since an irradiation of 10 minutes was not enough to achieve an ideal PTT effect, NIR 

irradiation time has been increased to 30 min, seeking attaining higher cancer death values. As 

previously observed, the number of cells in the other tested conditions was decreased when 

compared with the control with cell culture medium only (Figure A14, A15, 4.28, 4.29 and 4.30). 

After 24 h, significant differences (p ≤ 0.05) were obtained between the non-irradiated and the 

irradiated Carbopol 974P NF/p-rGOn. However, a decrease of ≈ 22% in the cell number was 

obtained in the irradiated Carbopol 974P NF/p-rGOn/5-FU, smaller than the one with the 

irradiated Carbopol 974P NF/p-rGOn (≈ 53%). Therefore a synergistic effect between 5-FU and 

p-rGOn under irradiation could not be observed. Furthermore, statistically significant difference 

between non-irradiated and irradiated Carbopol 974P NF/p-rGOn/5-FU have not been observed. 

At 48 h, statistically significant differences (p ≤ 0.05) were found when NIR irradiation was 

applied or not to both Carbopol 974P NF/p-rGOn and Carbopol 974P NF/5-FU/p-rGOn. Carbopol 

974P NF/p-rGOn + NIR irradiation induced a 74% A-431 cell number reduction, presenting 21% 

less cells than when non-irradiated. While Carbopol 974P NF/5-FU/p-rGOn + NIR irradiation 

induced a 45% A-431 cell number reduction, presenting 34% less cells than when non-irradiated. 

After 72 h, the irradiated Carbopol 974P NF/p-rGOn led to a 86% A-431 cell number reduction, 

presenting 24% less cells than the non-irradiated condition, being the difference statistically 

significant (p ≤ 0.05). Carbopol 974P NF/p-rGOn/5-FU with NIR irradiation originated a 90% 

cell number reduction, presenting 36% less cells than the non-irradiated (p ≤ 0.05). Also, from 

the cells that remained in the wells, 80% were dead, highlighting the treatment efficiency, as the 

few cells that did not detached from the wells already are dead or dying. Statistically significant 

differences (p ≤ 0.05) between the non-irradiated and irradiated p-rGOn hydrogels were 

identified, highlighting the PTT effect. Furthermore, the non-irradiated Carbopol 974P NF/5-FU 

and Carbopol 974P NF/p-rGOn/5-FU demonstrated cell number reductions of ≈ 80 and 72%, 

respectively. Images of the cells' nuclei after being exposed to the different treatments are 

presented in Figure A14 and 4.29 and live/dead cells in Figure A15 and 4.30. The low drug 

concentration of 0.25 µg mL-1 applied was powerful enough to cause extensive eradication (80% 

reduction without irradiation and 84% with irradiation) of A-431 cells, however, a statistically 

significant synergistic effect when combined with p-rGOn + NIR irradiation has not been 

identified. 
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Figure 4.28 – Live/Dead assay. Carbopol 974P NF hydrogels (100 µg mL-1 of p-rGOn and 0.25 µg mL-1 of 5-FU) 

effect on A-431 cells, with and without a 30-minute NIR irradiation, after 24, 48 and 72 h, in cells number per 0.0225 

cm2 (upper row) and percentage of live/dead cells (lower row). Statistically significant differences are present as * (p 

< 0.05) (n = 3). 

 

 

     
 

     

Figure 4.29 – Hoechst 33342 fluorescence representative images of A-431 nuclei incubated with selected hydrogels 

(100 µg mL-1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 30-minute NIR irradiation, after 72 h. Scale 

bar represents 400 µm. 
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Figure 4.30 – Live/Dead assay. Representative images of HFF-1 cells incubated with selected hydrogels (100 µg mL-

1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 10-minute NIR irradiation, after 72 h. Live cells are stained 

with Calcein and dead cells with PI. Scale bar represents 400 µm. 

 

Increasing the irradiation time led to almost complete A-431 cancer cells eradication, however 

human skin fibroblasts (HFF-1) were also killed in the process. After 24 and 48 h, statistically 

significant differences (p ≤ 0.05) were obtained between HFF-1 exposed to non-irradiated and 

irradiated Carbopol 974P NF/p-rGOn and Carbopol 974P NF/p-rGOn/5-FU. After 24 h, cell 

number decreases of ≈ 73 and 79% were obtained for irradiated Carbopol 974P NF/p-rGOn and 

Carbopol 974P NF/p-rGOn/5-FU, respectively. At 48 h, for the same conditions in the same order, 

cell number reductions were of ≈ 72 and 85%. Also, the irradiated Carbopol 974P NF/5-FU had 

a cell number reduction of 45%, which might indicate cell membrane permeability increase after 

irradiation, which facilitates drug internalization. After 72 h, a cell number reduction of 80% was 

observed, indicating that the irradiation has been performed for too long and that selective effect 

was not achieved (Figure 4.31). Representative images of the cells' nuclei after being exposed to 

the different treatments are presented in Figure A 16 and 4.32 and live/dead cells in Figure A17 

and 4.33. 

Therefore, this cancer phototherapy treatment could only be used with careful placement of 

the formulations at the tumour site and with radiation focused on it, to minimize damages in 

healthy cells. Future work will focus on optimizing the irradiation doses needed to achieve a 

selective treatment, and achieve synergy between p-rGOn and 5-FU effects if possible. Different 

drugs will also be screened for joint action with PTT, and surface functionalization strategies will 

be explored. 
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Figure 4.31 – Live/Dead assay. Carbopol 974P NF hydrogels (100 µg mL-1 of p-rGOn and 0.25 µg mL-1 of 5-FU) 

effect on HFF-1 cells, with and without a 30-minute NIR irradiation, after 24, 48 and 72 h, in cells number per 0.0225 

cm2 (upper row) and percentage of live/dead cells (lower row). Dashed line marks the toxicity limit (ISO 10993-

5:2009(E)) Statistically significant differences are present as * (p < 0.05) (n = 3). 

 

 

     
 

     

Figure 4.32 – Hoechst 33342 fluorescence representative images of HFF-1 nuclei incubated with selected hydrogels 

(100 µg mL-1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 30-minute NIR irradiation, after 72 h. Scale 

bar represents 400 µm. 
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Figure 4.33 – Live/Dead assay. Representative images of HFF-1 cells incubated with selected hydrogels (100 µg mL-

1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 10-minute NIR irradiation, after 72 h. Live cells are stained 

with Calcein and dead cells with PI. Scale bar represents 400 µm. 

 

4.4.6 - Cell ultrastructure and particle internalization 

 

Cell ultrastructure and particle internalization were assessed by TEM. A-431 and HFF-1 cells 

were incubated with cell culture medium, non-irradiated and irradiated hydrogels (100 µg mL-1 

of p-rGOn and 0.25 µg mL-1 of 5-FU) for 72 h. TEM images indicate the presence of particles 

(highlighted in white circles) in the conditions with the hydrogels but to obtain a confirmation 

other analysis would be required. Nevertheless, similar laminated-like structures have been 

identified in the literature as GBM [264]. 

For A-431 cells, the particles were not observed in non-irradiated conditions. In the 10-minute 

irradiated conditions, few materials were found in the cytoplasm with no organelle or membrane 

damage being observed. However, an increased amount of lipid droplets was noticed after 

incubation with the hydrogels. HFF-1 cells presented some organelle disruption after incubation 

with the hydrogels, while some particles were present in the cytoplasm and inside vesicles. Due 

to an experimental error, the controls of HFF-1 were not obtained and the images presented below 

are from previous works in the team. Furthermore, ribosomal accumulation was observed after 

incubation with the hydrogels, which might indicate a metabolism activation. Further studies are 

necessary to understand the obtained results (Figure 4.34). 
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Figure 4.34 – Representative TEM images of A-431 and HFF-1 cells incubated with cell culture medium, non-

irradiated and irradiated hydrogels (100 µg mL-1 of p-rGOn and 0.25 µg mL-1 of 5-FU) after 72 h. ld, lipid droplets; nc, 

nucleus; pm, plasma membrane; rb, ribosome; vs, vesicle; white circles indicate possible hydrogel presence. 
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Chapter 5 
 

 

Discussion 
 

 

 

The main goal of this dissertation was to develop graphene-based materials (GBM) and 

anticancer drug-containing hydrogels for combined chemotherapy and photothermal therapy of 

skin cancer, namely basal cell carcinoma. To achieve this purpose, objectives were set: production 

of GBM, namely nanographene oxide (GOn) and partially reduced nanographene oxide (p-rGOn); 

characterization of GBM; production and characterization of GBM/anticancer drug-containing 

Carbopol 974P NF hydrogels; evaluation of hydrogels biocompatibility and phototherapeutic 

effect under near-infrared radiation (NIR). 

The most common way to obtain graphene oxide (GO) from graphite for biomedical 

applications is the modified Hummers method [253], that is solidly implemented in our laboratory 

and has been therefore used for this study [35]. Furthermore, to achieve high water stability, 

biocompatibility and skin penetration sizes below 200 nm are preferable, a recirculation system 

has been implemented to break down GO particles under high-power ultrasonication [265]. This 

method allows to obtain nanographene oxide (GOn) with sizes as low as 100 nm. Also, to achieve 

high NIR radiation absorption and temperatures of interest for phototherapy (> 45 °C), GOn has 

been subjected to UV photoreduction, with the goal to obtain a water-stable partially reduced 

nanographene oxide (p-rGOn).  

Upon both GBM production, physicochemical characterization has been performed to 

evaluate their morphology, size, water and thermal stability, oxygen functionalities, NIR 

absorption and heat production. Transmission electron microscopy (TEM) revealed that most 

sheets were individualized with no extensive agglomeration being found, with particle size for 

both materials being below 200 nm, which was the target taking into consideration the desired 

applications. Usually, the removal of oxygen-containing functional groups leads to the formation 

of unstable aqueous dispersions, limiting their potential for biomedical applications. The oxygen-

containing functional groups are responsible for the high water stability of GO, and their removal 

during reduction translates into lower water stability. Hence the partial reduction achieved in this 

work allowed the production of a GBM with fewer oxygen-containing functional groups, useful 

to increase NIR absorption properties while maintaining its water stability, necessary for 

biological applications. The produced p-rGOn presented good water stability, being water stable 

for 4 months and revealing a zeta potential value below -30 mV. Dispersions with zeta potential 

values higher than 30 or lower than -30 are considered to have high stability [255]. 
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The presence (GOn) and partial removal (p-rGOn) of oxygen-containing functional groups 

were confirmed by Fourier transform infrared spectroscopy (FTIR). GOn spectra revealed a band 

between 3000 and 3600 cm-1, reported to correspond to O-H stretching vibrations. This same band 

presented decreased intensity in the p-rGOn spectra, confirming the removal of some oxygen-

containing functional groups. However, the presence of absorption bands in 1731, 1166, 1041 and 

875 cm-1, indicate the incomplete reduction as it corresponds to the presence of C=O and C-O 

bonds [35]. 

GBM thermal stability was tested by thermogravimetric analysis (TGA) where both materials 

revealed three main weight loss steps above 100 °C. Values below this limit have been attributed 

to water evaporation as reported in the literature [257, 266, 267]. The first step between 100-225 

°C corresponds to the loss of reactive oxygen-containing groups such as carboxyl and epoxy [35, 

257]. Both GBM presented an approximate weight loss of 25% which was expected once the p-

rGOn is only partially reduced and still presents some oxygen-containing functional groups. The 

second loss (225-600 °C) is attributed to the partial combustion of the carbon skeleton and stable 

oxygen-containing functional groups like carbonyl and hydroxyl [35, 268]. In this step, GOn 

presented a higher weight loss (21.3%) than p-rGOn (15.8%), due to the presence of a higher 

amount of oxygen-containing functional groups. The partial removal of the thermolabile oxygen-

containing functional groups resulted in p-rGOn increased thermal stability [267]. The third and 

final step (600-1000 °C) can be assigned to the complete combustion of the carbon skeleton. 

Values of 31.9% and 11.6% were obtained for GOn and p-rGOn, respectively. The increased total 

weight loss of 95.5% from GOn compared to the 68.9% from p-rGOn supports the partial 

reduction that allowed superior thermal stability. 

Optical properties evaluation revealed that p-rGOn NIR absorption in the region of interest 

for phototherapy (750-850 nm) increased 4.4-fold, compared with GOn, once UV-reduction 

restored the aromatic structure partially [159]. Furthermore, a higher light to heat conversion 

ability was observed for p-rGOn after a 30-minute NIR irradiation (810 nm, 150 mWcm-2), when 

compared with GOn. Phototherapeutic temperatures of 52 °C were obtained for p-rGOn, 

compared to the lower value (38 °C) achieved by GOn. While in the literature, most studies use 

high irradiance NIR lasers (< 3 Wcm-2), which increase GBM temperatures above 50 °C, causing 

necrosis of the irradiated tissues unselectively [36, 166]. Herein the irradiation system we have 

developed is based on LEDs with lower irradiance (150 mWcm-2) but still reaching temperatures 

within the mild PTT range (43-50 °C) sufficient to increase membrane permeation, facilitating 

GBM and anticancer drug internalization, to maximize treatment efficiency and selectivity. Due 

to p-rGOn presenting superior photothermal performance, it was selected for further assays. 

5-FU is an anticancer drug commonly used for skin cancer treatment, however, high 

recurrence rates in the case of non-melanoma skin cancer can be observed, and high 5-FU doses 

can lead to toxicity [269]. One of the goals of this work was to combine the chemotherapeutic 

properties of this drug with phototherapy using p-rGOn, reducing 5-FU required doses, targeting 

a synergistic effect that would result in more effective and selective treatment, reducing associated 

toxicity and side effects. Guimarães et al. reported 50% A-431 cancer cell death and 40% 3T3-

L1 fibroblasts cell death, after 72 h incubation with 12.5 µg mL-1 of 5-FU [270]. In the thesis 

work, higher A-431 cell death of 70% was obtained with a drug concentration of 10 µg mL-1, and 

a lower human skin fibroblasts (HFF-1) cell death of ≈ 35% was obtained, using the same 5-FU 

concentration. The cytotoxic effect of this anticancer drug was assessed in HFF-1 and A-431 cells 

after 24, 48 and 72 h as it was observed in the literature that higher efficiency is obtained after 48 

h [258, 259]. The drug was considered non-toxic for human skin fibroblasts in every concentration 
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tested (0.1-1000 µg mL-1) after 24 and 48 h. Considering the toxicity limit (ISO 10993-5:2009(E)) 

a tendency for toxicity was observed after 5 µg mL-1 when cell viabilities below 70% were 

obtained after 72 h. In contrast, a low concentration of 0.1 µg mL-1 is enough to decreased skin 

cancer cells viability to 55%, after 72 h. These results might be explained by 5-FU’s influence on 

DNA replication. After this assay, a concentration range from 0.1 to 1 µg mL-1 was selected as 

safe for the fibroblasts and toxic for the cancer cells. 

The cytotoxic effect of p-rGOn was studied using HFF-1 cells incubated with increasing 

concentrations from 50 to 250 µg mL-1 and evaluated with the resazurin assay. High cell viability 

values were obtained (>≈ 150%) while a low confluence was observed in the wells of the cell 

culture plates by microscopy. Jiao et al. have reported graphene’s influence with the reagents used 

in MTT or CCK-8 assays due to factors such as adsorption, optical properties or electron transfer. 

Furthermore, these authors have brought attention to the fact that this same influence can be 

present in other in vitro assays, as is the case of the resazurin assay or Hoechst staining [271]. 

Other reports of this influence have been made [272]. Nevertheless, a tendency for toxicity only 

after 250 µg mL-1 was identified in the present work based on the data obtained. Due to the 

difficulties in using the resazurin assay, the Live/Dead assay was adopted as a more reliable 

method, since it involves direct observation of the cells. p-rGOn concentrations of 50 and 100 µg 

mL-1 led to low HFF-1 cell death. GBM’s influence was identified at the concentrations of 175 

and 250 µg mL-1, as cells labelled with Calcein were less visible and propidium iodide (PI) 

staining did not work. Nevertheless, a concentration of 100 µg mL-1 was chosen for further assays 

based on the resazurin and live/dead results. Liao et al. described no toxicity in human skin 

fibroblasts (BJ) when exposed to rGO concentrations up to 200 µg mL-1, after 24 h of incubation 

[272]. 

5-FU potential for selective anticancer therapy after incorporation in Carbopol 974P NF 

hydrogels was assessed using HFF-1 and A-431 cell lines. The previously selected range between 

0.1 and 1 µg mL-1 was used, with a tendency for toxicity in the HFF-1 cell line being observed 

above 1 µg mL-1, which led us to set the maximum concentration to be used in the formulations 

in 0.5 µg mL-1. Against A-431 cancer cells, a concentration of 0.25 µg mL-1 was enough to cause 

approximately 30% cell death, being that value selected for further assays with the hydrogels. No 

similar studies have been found in the literature with Carbopol 974P NF/5-FU hydrogels. 

p-rGOn photothermal effect after incorporated in the Carbopol 974P NF hydrogels was also 

tested at the selected concentration of 100 µg mL-1, using an A-431 cell line. After incubation 

with Carbopol 974P NF/p-rGOn, an irradiation time of 10 minutes was tested with a LED-based 

system (810 nm, 150 mWcm-2), leading to approximately 15% cancer cell death. The previously 

mentioned conditions were selected for further assays, combining both p-rGOn and 5-FU, to 

assure biocompatibility and hoping for a synergistic effect. 

HFF-1 and A-431 cells were exposed to Carbopol 974P NF/p-rGOn/5-FU hydrogels (p-rGOn 

100 µg, mL-1, 5-FU 0.25 µg mL-1) with or without a 10-minute NIR irradiation. Despite p-rGOn 

slightly influencing the resazurin assay, as high cell viability values were obtained (>≈ 150%) a 

tendency for biocompatibility in the normal cell line and phototherapeutic effect in the cancer cell 

line was observed (≈ 55% cell death). To confirm these results, the Live/Dead assay was 

performed in the same conditions. This approach has been used before by Rehman et al. to assess 

rGO hydrogels toxicity in endothelial, keratinocyte and fibroblast cells [273]. In the thesis work, 

results are presented as total cell number per condition and live/dead cell percentages, as most of 

the dead cells detached during the staining procedure, therefore not being counted as dead in the 

results of live/death percentage. For that reason, both results of total cell number per condition 
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and live/death cell percentages need to be evaluated together to withdraw conclusions on the 

biocompatibility and effectiveness of the treatments. 

After a 10-minute NIR irradiation, the number of A-431 cells decreased in the tested 

therapeutic conditions after each evaluated time point (24, 48 and 72 h) indicating that the 

treatment is either killing them or inhibiting their growth. After 72 h, the irradiated Carbopol 974P 

NF/p-rGOn/5-FU had a cell number reduction of about 78%, compared with the control. 

Nevertheless, the irradiated Carbopol 974P NF/p-rGOn only presented a 66% cell number 

reduction, indicating that the PTT effect from p-rGOn is not the main effect when both PTT and 

chemotherapy are combined. This was further confirmed after the irradiated Carbopol 974P NF/5-

FU presenting a superior cell number reduction of 82%. Therefore, a synergistic effect was not 

observed. In order to increase the PTT effect, a longer irradiation time of 30 min was tested, using 

the same irradiance of 150 mWcm-2. Such an increase led to a 86% A-431 cell number reduction 

for irradiated Carbopol 974P NF/p-rGOn. Irradiated Carbopol 974P NF/5-FU caused a cell 

number reduction of 84%. Finally, irradiated Carbopol 974P NF/p-rGOn/5-FU led to a 90% cell 

number reduction. Furthermore, the assays with HFF-1 cells demonstrated that 30 minutes was a 

too high irradiation time to assure normal skin cells viability, as the irradiated Carbopol 974P 

NF/p-rGOn/5-FU led to a 80% cell number reduction, after 72 h. Hence the presented approach 

could only be employed with a selective application of the hydrogels at the tumour site and 

directed irradiation to prevent side effects in the healthy surrounding tissues. No study was found 

in the literature using Carbopol 974P NF/rGO/5-FU hydrogels for combined PTT and 

chemotherapy but some similar strategies have been explored. Zhou et al. applied a doxorubicin-

loaded SWNT hydrogel for gastric cancer chemo-PTT. The hydrogel presented no toxicity against 

a BGC-823 gastric cancer cell line, but induced cell death after being irradiated with a NIR laser 

(976 nm, 200 mWcm-2) for 3 minutes (≈ 30%) [274]. Zhu et al. prepared a functionalized GO 

hydrogel loaded with the anticancer drug docetaxel for combined chemotherapy with PTT. The 

hydrogel resulted in an inhibition rate of over 80% of breast cancer cells (MCF-7) [275]. Yang et 

al. studied 5-FU/rGO/Brassica chinensis extract hydrogels for combined chemotherapy, PTT and 

PDT. After 5 minutes of NIR laser irradiation (808 nm, 1 Wcm-2), the hydrogel originated 

approximately 60% cell death of a cervical cancer cell line (HeLa) with low toxicity (80% cell 

viability) to a normal cell line (Chinese hamster ovary cells) [276]. Chang et al. combined spinach 

extract, rGO, gold nanocages and 5-FU in a hybrid hydrogel for multimodal cancer therapy. After 

a 10-minute NIR laser irradiation (660 nm, 200 mWcm-2) and a 48 h incubation with the 

hydrogels, HeLa cell viability decreased to 1.2% while CHO cell viability remained above 50% 

[23]. 

Despite several studies have explored GBM different technical and biomedical applications, 

not much effort has been done in understanding their biological interaction or toxicity. Some 

proposed mechanisms include cell membrane damage, mitochondrial activity loss, oxidative 

stress and DNA damage, ultimately resulting in cell death through apoptosis and/or necrosis 

[264]. In this work, after 72 h incubation with the selected hydrogels, A-431 cells demonstrated 

a higher lipid production, while HFF-1 cells showed a ribosome accumulation, which was not 

present in the controls. However, no studies were found with the same outcomes. Liao et al. 

reported GBM as disruptors of the plasma membrane of erythrocytes [272]. In opposite, Chang 

et al. did not observe significant side adverse from GBM on the plasma membrane integrity of 

human lung cell line A459 [277]. 

Finally, there is still much to explore using the Carbopol 974P NF/p-rGOn/5-FU hydrogels. 

The present work demonstrates their potential for PTT but a selective treatment and a synergetic 
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effect with chemotherapy is not yet observable. Future work perspectives are presented in the 

conclusions.
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Chapter 5 
 

 

Conclusions 
 

 

 

The present dissertation focuses on the development of Carbopol 974P NF/p-rGOn/5-FU 

hydrogels for combined photothermal therapy and chemotherapy of skin cancer. Currently, 

available therapies effectiveness and safety are not ideal, therefore new strategies are required to 

offer more selective and effective treatments to patients, such as phototherapy. 

The state-of-the-art review shows that CNM have great potential to be used in cancer 

phototherapy. PDT, PTT, and combined PDT/PTT studies have revealed two major CNM groups. 

The first comprises fullerenes, CD and GQD, with excellent PS activity through ROS generation 

but poor NIR absorption if unmodified. These materials have been increasingly explored to 

bypass the need for using photoactive agents. A second group includes CNT, CNH and GBM, 

which exhibit poor PDT performance if unmodified, but hold strong potential for PTT through 

their intrinsic NIR absorption capability and consequent local heat generation for cancer thermal 

ablation. These CNM are often combined with PS agents in PDT therapies. In the case of PTT, 

GBM have been the most extensively studied CNM in the literature. In the future, these materials 

are expected to play significant roles in cancer phototherapy due to efficient outcomes already 

presented in the literature. However, there are still some biocompatibility and safety challenges 

to be addressed. Among the discussed nanomaterials, GBM have been selected due to their unique 

characteristics such as large surface area and increased NIR absorption that makes them ideal 

platforms for photothermal therapy. Overall, the variable experimental settings (CNM and 

drug/photosensitizer (PS) concentration, incubation times and irradiation times) and, most often, 

the poor methodological description found in the literature hinder the reproducibility of the studies 

and make comparisons quite difficult. The state-of-the-art review performed sets a call for 

attention toward future studies to include careful and detailed experimental reports, enabling a 

better understanding of the role of CNM and their potential translation to clinics. 

GOn was produced using the modified Hummers method (MHM), followed by recirculation 

through a custom-built high-power ultrasonication probe, while p-rGOn was partially photo-

reduced by UV irradiation. Physical characterization by TEM and Zetasizer revealed that 

graphene sheets with nanometric sizes were achieved, ideal for biomedical applications. Particle 

size measured by TEM image analysis was 107.0 ± 62.0 and 168.8 ± 149.0 nm for GOn and p-

rGOn, respectively. Both materials presented very good water stability for at least 4 months, 

having zeta potential values below -30 mV. Typical oxygen-containing functional groups were 
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identified in GO and the intensity of their bands decreased after UV reduction. Similarly, TGA 

revealed weight losses of 95.5% in GOn correspondent to oxygen-functionalities, which were 

lower in p-rGOn (68.9%), further confirming that an effective partial reduction took place. UV-

Vis spectroscopy demonstrated that p-rGOn presented a 4.4 fold NIR (810 nm) absorption 

increase, compared with GOn. NIR irradiation assays (810 nm, 150 mWcm-2, 30 min) revealed 

that p-rGOn presented a higher light to heat conversion, within temperatures of interest for 

phototherapy (> 50 °C), while GOn only achieved a maximum temperature of ≈ 38 °C when 

irradiated. After identification of p-rGOn increased photoproperties, and previous confirmation 

of its water stability, this material was selected for further assays envisioning the desired 

phototherapeutic application. The achievement of a material with such properties constitutes a 

complete novelty. The new GBM, p-rGOn, was further studied envisioning incorporation in a 

Carbopol 974P NF hydrogel together with 5-FU, to assess a potential combined PTT and 

chemotherapeutic effect. 

Regarding the biological assays, first, 5-FU was incubated with human skin fibroblasts (HFF-

1) to select a safe range that could be used in pharmaceutical formulations. Concentrations 

between 0.1 and 1 µg mL-1 were considered non-toxic after an exposure time of 72 h (> 70% cell 

viability, ISO 10993-5:2009(E)). Similarly, 5-FU concentrations that could induce cancer cell 

death were studied. It has been observed that a concentration of 0.1 µg mL-1 was enough to lead 

to 45% A-431 cancer cells death, after 72 h of incubation. 

The biocompatibility of p-rGOn was also evaluated envisioning assuring treatment 

selectivity. Concentrations below 100 µg mL-1 were considered non-toxic to HFF-1 cells after 72 

h of incubation. 5-FU was then incorporated in a Carbopol 974P NF hydrogel and incubated with 

the same cells in the same concentration range, to assess its efficacy when included in the 

hydrogel. The maximum non-toxic concentration was identified to be 0.5 µg mL-1. Regarding 

anti-cancer efficacy, a concentration of 0.25 µg mL-1 was found to be sufficient to kill 30% of A-

431 cells after 72 h. 

After ideal p-rGOn (100 µg mL-1) and 5-FU (0.25 µg mL-1) concentrations for incorporation 

in the Carbopol 974P NF being selected, both HFF-1 and A-431 cells were exposed to NIR 

irradiation (810 nm, 150 mWcm-2, 10 min) in presence of Carbopol 974P NF/p-rGOn/5-FU 

hydrogels. It has been observed that after 72 h, A-431 cell number reductions of about 78% were 

achieved. However, without irradiation, similar values were obtained. Moreover, no synergistic 

effect was observed between 5-FU and p-rGOn. However, all conditions tested were non-toxic 

for HFF-1 cells. 

Hence, a higher irradiation time of 30 minutes was tested, which resulted in almost complete 

eradication of the cancer cells (90%) after incubation for 72 h with Carbopol 974P NF/p-rGOn/5-

FU. However, the increased exposure to irradiation also caused a reduction of 80% on HFF-1 cell 

number. Therefore, this cancer phototherapy treatment could only be used with careful placement 

of the formulations at the tumour site and with NIR irradiation focused on it, to avoid damages in 

healthy cells. 

Future work will focus on optimizing the irradiation doses needed to achieve a selective 

treatment, and achieve synergy between p-rGOn and 5-FU effects if possible. Different drugs will 

also be screened for joint action with PTT, and surface functionalization strategies will be 

explored. Nevertheless, this dissertation breaks ground for the development of GBM/anticancer 

drugs-based selective phototherapy of cancer. 
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In this Appendix, a supplementary figure with GBM particle size distribution (Figure A1) is 

presented. Regarding biological studies, inconclusive p-rGOn cytotoxicity assays with HFF-1 are 

presented in Figure A2, as well as the respective microscopy images in Figure A3. 5-FU hydrogels 

cytotoxicity assays results, after incubation with HFF-1 cells are shown in Figure A4. p-rGOn/5-

FU hydrogels effect, with and without 10-minute irradiation are presented in Figure A5. Figure 

A6 and A7 present the respective microscopy images. Results from the live/dead assay with HFF-

1 incubated with p-rGOn, at 24 and 48 h are presented in Figure A8. Figure A9 to Figure A1 

present fluorescence images of the live/dead assay, where cells were incubated with p-rGOn/5-

FU hydrogels, with or without a 10 or 30-minute irradiation, at 24 and 48 h. 

 

 

Figure A1 – Particle size distribution of GOn and p-rGOn aqueous dispersions at a concentration of 500 µg mL−1 in 

number (%), determined by DLS with Coulter equipment. 
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Figure A2 – p-rGOn cytotoxicity in HFF-1 cells after 24, 48 and 72 h (n = 17). Dashed line marks the toxicity limit 

(ISO 10993-5:2009(E)). Statistically significant differences are present as * (p < 0.05). 

 

 

Figure A3 – Microscopy images of human foreskin fibroblasts (HFF-1) incubated with p-rGOn for 24, 48 and 72 h at 

the highest concentration studied. Controls correspond to cells incubated in complete DMEM without the addition of 

the GBM. Scale bar represents 400 µm. 
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Figure A4 – Live/dead staining of HFF-1 cells incubated with increasing p-rGOn concentrations (50-250 µg mL-1) for 

48 h. Controls correspond to cells incubated in complete DMEM without the addition of the GBM. Live cells 

metabolize Calcein (green) and dead cells were stained with PI (red). Scale bar represents 400 µm. * Not possible to 

obtain an image due to interference with the signal. 

 

 

  

Figure A5 – 5-FU hydrogels cytotoxicity in HFF-1 cells after 24 and 48 h (n = 3). Dashed line marks the toxicity limit 

(ISO 10993-5:2009(E)). 

 

C
ontr

ol

W
at

er 0.
1

0.
5 1 

0

50

100

150

200

250

300

350

[5-FU] (g/mL)

C
e
ll
 v

ia
b

il
it

y
 (

%
o

f 
c
o

n
tr

o
l)

C
ontr

ol

W
at

er
0.

1 0.
5 1

0

50

100

150

200

250

[5-FU] (g/mL)

C
e
ll
 v

ia
b

il
it

y
 (

%
o

f 
c
o

n
tr

o
l)

        24 h           48 h 

H
F

F
-1

 c
e
ll

s 

5
0

 µ
g

 m
L

-1
 

1
0

0
 µ

g
 m

L
-1

 
1

7
5

 µ
g
 m

L
-1

 
2

5
0

 µ
g
 m

L
-1

 

* 

* 

* 



 
  97 

 

 

 

 

Figure A6 – p-rGOn/5-FU hydrogels cytotoxicity after 10 minutes of NIR irradiation in HFF-1 (upper row) and A-431 

(lower row) cells after 24, 48 and 72 h (n = 3). Dashed line marks the toxicity limit (ISO 10993-5:2009(E)). 

 

 

Figure A7 – Microscopy images of human foreskin fibroblasts (HFF-1) incubated with selected hydrogels for 24, 48 

and 72 h with 10 minutes of NIR irradiation. Controls correspond to cells incubated in complete DMEM without the 

addition of the hydrogels. Scale bar represents 400 µm. 
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Figure A8 – Microscopy images of human foreskin fibroblasts (HFF-1) incubated with the selected hydrogels for 24, 

48 and 72 h with 10 minutes of NIR irradiation. Controls correspond to cells incubated in complete DMEM without 

the addition of the hydrogels. Scale bar represents 400 µm. 
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Figure A9 – Hoechst 33342 fluorescence representative images of A-431 nuclei incubated with produced hydrogels 

(100 µg mL-1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 10-minute NIR irradiation, after 24 and 48 h. 
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Figure A10 – Live/Dead assay. Representative images of HFF-1 cells incubated with produced hydrogels (100 µg mL-

1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 10-minute NIR irradiation, after 24 and 48 h. Live cells are 

stained with Calcein and dead cells with PI. Scale bar represents 400 µm. 
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48 h 

     
 

     

Figure A11 – Hoechst 33342 fluorescence representative images of HFF-1 nuclei incubated with produced hydrogels 

(100 µg mL-1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 10-minute NIR irradiation, after 24 and 48 h. 
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Figure A12 – Live/Dead assay. Representative images of HFF-1 cells incubated with produced hydrogels (100 µg mL-

1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 10-minute NIR irradiation, after 72 h. Live cells are stained 

with Calcein and dead cells with PI. Scale bar represents 400 µm. 
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Figure A13 – Hoechst 33342 fluorescence representative images of A-431 nuclei incubated with produced hydrogels 

(100 µg mL-1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 30-minute NIR irradiation, after 48 h. 
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Figure A14 – Live/Dead assay. Representative images of A-431 cells incubated with produced hydrogels (100 µg mL-

1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 30-minute NIR irradiation, after 24 and 48 h. Live cells are 

stained with Calcein and dead cells with PI. Scale bar represents 400 µm. 
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Figure A15 – Hoechst 33342 fluorescence representative images of HFF-1 nuclei incubated with produced hydrogels 

(100 µg mL-1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 30-minute NIR irradiation, after 48 h. 
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Figure A16 – Live/Dead assay. Representative images of HFF-1 cells incubated with produced hydrogels (100 µg mL-

1 of p-rGOn and 0.25 µg mL-1 of 5-FU) with and without a 30-minute NIR irradiation, after 24 and 48 h. Live cells are 

stained with Calcein and dead cells with PI. Scale bar represents 400 µm. 
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