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Resumo 

 

O cancro da mama é uma das principais causas de morte em todo o mundo, afetando 

principalmente as mulheres. Os tratamentos mais comuns para esta doença incluem a 

radioterapia e a quimioterapia. No entanto, estas abordagens terapêuticas apresentam uma 

baixa eficácia e podem, também, induzir efeitos secundários adversos nos pacientes. Desta 

forma, existe uma enorme necessidade em desenvolver novos tratamentos mais eficazes para 

o cancro da mama. 

Neste contexto, diferentes investigadores estão a desenvolver novas abordagens terapêuticas. 

Em particular, a terapia fototérmica mediada por nanomateriais tem recebido um interesse 

crescente por parte dos investigadores e profissionais de saúde. Esta abordagem tira partido 

das propriedades físico-químicas e óticas de alguns tipos de nanomateriais. Estas 

nanoestruturas responsivas à luz conseguem acumular-se preferencialmente na zona tumoral e 

posteriormente induzir, após irradiação com luz com um comprimento de onda na região do 

infravermelho próximo (NIR), um aumento de temperatura que pode danificar as células 

cancerígenas. 

Nesta dissertação, materiais à base de óxido de grafeno reduzido (rGO) foram produzidos 

através de um método de redução ecológico e funcionalizados com um novo polímero anfifílico 

à base de ácido hialurónico (HA) para aplicação na terapia fototérmica do cancro da mama. O 

HA foi escolhido devido ao seu carácter hidrofílico e por possuir capacidade de direcionamento 

para os recetores CD44, que são sobreexpressos na membrana citoplasmática das células do 

cancro da mama. Os resultados obtidos revelaram que o tratamento do óxido de grafeno com 

ácido L-ascórbico (3 mM), durante 60 minutos, a 80 ºC, constituem as condições ideais de 

redução tendo em conta a absorção no NIR apresentada pelo rGO e a distribuição de tamanhos 

dos materiais obtidos. Posteriormente, a funcionalização do rGO com o polímero anfifílico à 

base de HA foi efetuada através de interações não-covalentes. A funcionalização melhorou a 

estabilidade, citocompatibilidade e internalização dos nanomateriais pelas células do cancro 

da mama que sobreexpressam o recetor CD44, o que confirma a capacidade de direcionamento 

desta nanoformulação. Adicionalmente, a terapia fototérmica mediada pelo rGO funcionalizado 

induziu a morte das células cancerígenas, confirmando assim o potencial desta nanoformulação 

para aplicação na terapia direcionada do cancro da mama. 
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Resumo Alargado 

 

Atualmente, o cancro é uma das principais causas de morte em todo o mundo. Em particular, 

o cancro da mama é o mais comum e o que tem uma maior taxa de mortalidade no sexo 

feminino. Este panorama deve-se à ineficácia das terapias convencionais (como a radioterapia 

e a quimioterapia) e aos elevados efeitos secundários que estas induzem nos pacientes. Deste 

modo é fundamental o desenvolvimento de novas modalidades terapêuticas para o cancro da 

mama. 

Neste contexto, a terapia fototérmica (PTT) mediada por nanomateriais tem captado a atenção 

dos investigadores e profissionais de saúde. Este tipo de terapia tira partido das propriedades 

físico-químicas e óticas de alguns tipos de nanomateriais. Estas nanoestruturas, responsivas à 

luz, conseguem acumular-se preferencialmente na zona do tumor e induzir, após irradiação 

com luz, um aumento de temperatura que pode danificar as células. Nesta abordagem 

terapêutica, é de extrema importância utilizar luz com um comprimento de onda no 

infravermelho próximo (NIR; 750-1000 nm), uma vez que esta radiação não apresenta interações 

significativas com componentes biológicos, e possui uma elevada capacidade de penetração nos 

tecidos. Esta propriedade é fundamental para que a radiação alcance os nanomateriais que se 

acumulam no tumor. Assim, os nanomateriais concebidos para aplicação na PTT devem ter a 

capacidade de absorver na região do NIR. 

De entre os diferentes nanomateriais responsivos à luz, o óxido de grafeno reduzido (rGO) tem 

demonstrado propriedades interessantes para aplicação na PTT do cancro devido à sua elevada 

absorção no NIR. No entanto, a utilização direta deste nanomaterial é limitada devido à sua  

i) baixa solubilidade em água ii) instabilidade coloidal, iii) baixa citocompatibilidade (devido à 

utilização de agentes tóxicos na sua produção) e iv) ausência de capacidade de direcionamento 

para as células cancerígenas. 

Na presente dissertação, o rGO foi produzido através de um método ecológico e funcionalizado 

com um novo polímero anfifílico baseado em ácido hialurónico (HA) para aplicação na terapia 

fototérmica direcionada do cancro da mama. O HA foi selecionado tendo por base a sua 

hidrofilicidade e capacidade de ligação aos recetores CD44 que são sobreexpressos na 

membrana das células do cancro da mama. Estes recetores podem também ser encontrados na 

membrana citoplasmática das células saudáveis, porém encontram-se num estado quiescente 

(não se ligam ao HA). Por outro lado, o poli(anidrido maleico-alt-1-octadeceno) (PMAO) foi 

selecionado devido à sua hidrofobicidade e capacidade de adsorção na superfície do rGO. Assim, 

para produzir o polímero anfifílico, procedeu-se primeiramente à desacetilação do HA, de modo 

a poder-se conjugar os grupos amina deste aos grupos carboxilo do PMAO hidrolisado, através 

da química de carbodiimida. 
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Os resultados obtidos revelaram que o tratamento do óxido de grafeno com ácido L-ascórbico 

(3 mM), durante 60 minutos, a 80 ºC, constituem as condições ideais de redução. Assim, foi 

possível otimizar pela primeira vez a redução ecológica do óxido de grafeno tendo em conta a 

absorção no NIR e a distribuição de tamanhos dos materiais obtidos. Posteriormente, o rGO foi 

funcionalizado com o polímero anfifílico à base de HA através de interações não-covalentes. A 

funcionalização do rGO melhorou a sua estabilidade, citocompatibilidade e internalização pelas 

células do cancro da mama que sobreexpressam o recetor CD44, o que indica a capacidade de 

direcionamento desta nanoformulação. Para além disto, a terapia fototérmica mediada pelo 

rGO funcionalizado induziu a morte das células cancerígenas, confirmando assim o potencial 

desta nanoformulação para aplicação na terapia direcionada do cancro da mama. 
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Abstract 

 

Breast cancer is one of the leading causes of death in the world, affecting mostly women. The 

most common treatments for this disease include radio- and chemo-therapies. However, these 

therapeutic approaches have a sub-optimal efficacy and can induce adverse side effects to 

patients. In this way, there is an urgent demand for the development of novel breast cancer 

treatments. 

To improve the breast cancer treatment, researchers are developing new therapeutic 

approaches. In particular, photothermal therapy (PTT) mediated by nanomaterials has captured 

the attention of researchers and clinicians. This type of therapy takes advantage from the 

physicochemical and optical properties of some light-responsive nanostructures. These can 

accumulate preferentially in the tumor zone, and induce, after external irradiation with near 

infrared (NIR) light, a temperature increase that can damage cancer cells. 

In this thesis, reduced graphene oxide (rGO) was produced by using an environmentally-friendly 

method. Then rGO was functionalized with a novel hyaluronic acid (HA)-based amphiphilic 

polymer to be applied in targeted breast cancer PTT. HA was selected due to its hydrophilic 

character and targeting capacity to the CD44 receptors, which are overexpressed on breast 

cancer cells’ membrane. The obtained results revealed that the treatment of graphene oxide 

with L-ascorbic acid (3 mM) for 60 minutes at 80 °C is ideal considering the NIR absorption and 

the size distribution of the obtained materials. Then, rGO was functionalized with the HA-based 

amphiphilic polymer through non-covalent interactions. The functionalization of rGO improved 

its stability, cytocompatibility, and internalization by CD44 overexpressed by breast cancer 

cells, which indicates the targeting capacity of this nanoformulation. Furthermore, the on-

demand PTT mediated by HA functionalized rGO induced cancer cells’ death, thereby 

confirming the potential of this nanoformulation for targeted breast cancer therapy. 
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Introduction 



2 

 

1. Introduction 

 

1.1. Cancer development, hallmarks, and treatments 

1.1.1. Cancer 

Cancer is one of the deadliest illnesses in the world, and its incidence is still high. It is estimated 

that by the end of 2018, more than 1,735,350 new cases of cancer will be diagnosed just in the 

United States of America [1]. In the same period and country, about 609,640 patients are 

estimated to die due to this disease [1]. In the case of Portugal, the National Health Service 

reported that in 2017, about 100 thousand citizens were receiving cancer treatment [2]. 

Furthermore, this disease is also growing at a rate of 3 % per year in this country [2]. 

Cancer is a disease characterized by an uncontrolled growth and proliferation of the cells 

(carcinogenesis) in response to genetic and epigenetic changes [3]. During this process, cells 

acquire new characteristics, that were termed by Hanahan and co-workers as the cancer 

hallmarks (Figure 1) [4-6]. These hallmarks comprise cancer cells capacity to: a) sustain 

chronic proliferation, b) evade tumor growth suppressors, c) resist death mechanism, d) have 

a limitless replicative immortality, e) induce uncontrollable angiogenesis, and f) activate a 

metastatic state [6]. 

Usually, cancer cells can produce the growth factors necessary for their proliferation (autocrine 

signaling) [6, 7]. Furthermore, cancer cells can also interact with the surrounding stroma, 

stimulating these cells to produce growth factors that promote cancer cells’ proliferation [6, 

7]. Additionally, the expression of growth factors receptors in the cancer cells’ membrane is 

augmented, and these can induce an exaggerated intracellular response even if the levels of 

growth factors are low [6, 8]. Moreover, these malignant cells can bypass proliferation 

inhibitors (e.g. tumor suppressor protein 53 and Retinoblastoma (Rb) associated protein) by 

down-regulating tumor suppressor genes [6, 9, 10]. 
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Figure 1: The six hallmarks of cancer described by Hanahan and Weinberg in 2000. These 
hallmarks comprise cancer cells’ ability to i) sustain proliferative signaling through autocrine 
signaling and overexpression of growth factors’ receptor on their membrane; ii) evade growth 
suppressors by down regulating their genes (e.g. RB and p53 proteins encoding genes); iii) 
activate an invasive and metastatic state through the regulation of the expression of cell 
migration-associated molecules (e.g. N-cadherin) and cell-cell adhesion proteins (e.g. E-
cadherin); iv) have replicative immortality by overexpressing the telomerase; v) induce 
angiogenesis and vi) resist to programed death by regulating the expression of anti-apoptotic 
(e.g. Bcl-2, Bcl-xL, and Bcl-w) and pro-apoptotic proteins (e.g. Bax and Bak). (Adapted from 
[6]). 

 

Cancer cells can also resist to programmed death (apoptosis) [6]. To accomplish that, cancer 

cells up-regulate the expression of anti-apoptotic proteins (e.g. Bcl-2, Bcl-xL, and Bcl-w) and 

down-regulate pro-apoptotic proteins (e.g. Bax and Bak) [6, 10, 11]. Malignant cells also 

overexpress telomerase [6], an enzyme that is responsible for the addition of telomeric 

segments at the ends of the chromosomes, conferring to them protection from degradation 

and/or end-to-end fusion [6]. This ultimately protects the cells from senescence and apoptosis, 

that would be triggered by the shortening of the chromosomes’ ends [6, 12]. This mechanism 

gives to cancer cells a replicative immortality. 

Cancer cells induce angiogenesis to meet their increased demand for oxygen, nutrients and to 

expel metabolites and carbon dioxide [6]. This switch in the vasculature from a quiescent state 

to a continuous growth state is essential for the growth of the tumor [6, 13]. Furthermore, 

cancer cells acquire the capacity to extravasate through the newly formed vasculature, that is 

abnormal in form and architecture [6]. Then, they form micro-metastasis in other tissues that 

subsequently originate larger tumors [6]. This escape is provoked by a down-regulation of the 
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expression of cell-to-cell adhesion proteins (e.g. E-cadherin) and up-regulation of cell migration 

associated molecules (e.g. N-cadherin) [6, 14]. 

In the recent years, the researchers’ discoveries led to the introduction of two new cancer 

hallmarks: the capacity of cancer cells to reprogram their metabolism for better sustaining 

their proliferative state and the cancer cells’ capacity to evade the immune system, specially 

lymphocytes T and B, macrophages, and natural killer cells [6]. Together, these mechanisms 

depict the complexity of cancer. 

1.1.2. Breast cancer 

Breast cancer is a heterogeneous disease that begins in the epithelial cells of the milk ducts 

[15]. This type of cancer is one of the most prevalent in women all over the world, representing 

30 % of all the diagnosed cancers in this gender [1, 16]. It is estimated that 268,670 new cases 

will be identified in 2018 just in the USA [1]. In Portugal, this disease is also devastating. The 

Liga Portuguesa Contra o Cancro estimates that every year, 6,000 new cases of breast cancer 

are diagnosed and that 1,500 deaths will occur [17]. 

The main risk factors of breast cancer are the age (its incidence increases after the age of 50 

years [1]), and genetic factors (strongly related to genetic mutations in the BRCA 1 and  

BRCA 2 genes) [18]. Furthermore, lifestyle options (e.g. diet, weight, alcohol intake and 

smoking) also strongly affect the progress of this disease [18]. 

In healthy breast tissues, the breast ducts are composed by several types of cells in a well-

defined organization. The basement membrane is enclosed by myoepithelial cells and by a layer 

of luminal epithelial cells that is connected to the myoepithelial cells (Figure 2) [19]. The 

basement membrane is also surrounded by constituents of the stroma, namely fibroblasts, 

myofibroblasts, leucocytes and endothelial cells [19]. Cancer development starts when 

epigenetic and genetic alterations occur in all these cells [19]. These changes will induce i) a 

decrease in the number of myoepithelial cells, ii) the degradation of the basement membrane 

and iii) an increase in the stromal population [19], leading to the development of an in situ 

carcinoma (Figure 2). This carcinoma transits to an invasive state when the myoepithelial cells 

and the basement membrane are completely depleted [7, 19]. Then, the tumor cells can evade 

the breast duct and colonize other tissues, leading to the appearance of metastasis (Figure 2). 

Furthermore, tumor-associated macrophages are recruited to the tumor site to support breast 

cancer cells’ invasive capacity and angiogenesis, thus facilitating cancer metastization [19, 20]. 

Additionally, carcinoma-associated fibroblasts secrete chemokines that induce cancer cells’ 

migration and that also support angiogenesis [20]. These interactions contribute to the 

heterogenicity of breast cancer [20]. 
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Figure 2: Schematic representation of the carcinogenesis process of breast cells. The 
appearance of breast cancer cells starts with the occurrence of genetic and epigenetic 
alterations in the cells of the breast duct. These will induce a reduction in the number of 
myoepithelial cells, the degradation of the basement membrane and an increase in the stromal 
population, thus forming an in situ carcinoma. The complete loss of the myoepithelial cells and 
the basement membrane will enable the establishment of an invasive carcinoma, which can 
originate metastasis. (Adapted from [19]). 

 

The most common treatments for breast cancer are the surgical resection of the tumor (in early 

nonmetastatic stages), and radio- and chemo-therapies (in later stages of the development) 

[21, 22]. However, the therapeutic approaches for late-stage breast cancer have sub-optimal 

efficacy and induce severe side-effects, which can be threatening to patients’ life [23]. 

Moreover, tumor cells may also develop resistance to radio- or chemo-therapies, further 

decreasing their therapeutic effectiveness [24]. In this way, it is urgent to develop novel and 

more effective breast cancer treatments to stop this devastating disease. 

1.1.3. Photothermal therapy mediated by nanomaterials 

Cancer photothermal therapy (PTT) mediated by nanomaterials has been showing promising 

results in cancer treatment [25]. This therapeutic approach takes advantage from the 

physicochemical and optical properties of nanomaterials [25]. These light-responsive 

nanomaterials, after intravenous administration, can extravasate from the tumor vasculature, 

through fenestrations (ranging from 200 to 1200 nm) leading to their accumulation in the tumor 

microenvironment. This accumulation of nanoparticles in the tumor occurs through the 

enhanced permeability and retention (EPR) effect [26] (Figure 3). Furthermore, these 

nanostructures remain accumulated within the tumor zone due to the impaired lymphatic 

drainage characteristic of tumor microenvironment [27, 28]. Afterwards, the nanomaterials are 

internalized by cancer cells, followed by external irradiation of the tumor site with laser light 

[25] (Figure 3). 
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Figure 3: Representation of the various events occurring in PTT mediated by nanomaterials. 
Initially, the nanomaterials are administrated through intravenous administration and become 
accumulated in the tumor zone through the EPR effect. Subsequently, the tumor zone is 
irradiated with NIR laser light for a determined period of time and intensity. Then, the tumor 
homed-nanostructures absorb the NIR light energy and release it as heat. Finally, depending on 
the temperature variation attained, the ablation of mice’s tumors can be achieved (Adapted 
from [25]). 

 

The tumor zone is irradiated with near infrared light (NIR; 750-1000 nm) [29] due to its minimal 

interactions with biological components (e.g. water, hemoglobin, myoglobin or melanin) [29] 

(Figure 4). This property guarantees that the NIR light achieves a deep penetration in the 

tissues (almost 2 cm) [30-32], which is fundamental for it to reach the tumor-homed 

nanostructures. Therefore, nanomaterials aimed to be applied in cancer PTT must display a 

high NIR absorption [29]. 
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Figure 4: Schematic representation of the biological transparency window. The major 
constituents of the human body (water, proteins, collagen, hemoglobin, and melanin) have a 
minimal absorption between 750 and 1000 nm (NIR region). In this way, the use of NIR light in 
PTT ensures that the radiation achieves a high penetration depth and reaches the tumor homed-
nanomaterials (Adapted from [25]). 

 

Upon interaction with NIR light, the nanomaterials absorb its energy and convert it into heat 

[25]. This interaction can produce different therapeutic outcomes depending on the 

temperature variation attained. In general, in temperature increases to about 41 - 45 ºC, such 

variations can induce i) alterations on cells’ metabolic functions; ii) inhibitions in the DNA repair 

mechanisms; iii) the formation of oxygen reactive species (ROS), and iv) sensitize cells to the 

action of other therapies [33-35]. In turn, hyperthermia to above 50 ºC can severely affect 

cells’ functions (e.g. dysfunction of the enzymatic and mitochondrial functions, protein 

denaturation and membrane collapse [33]), and ultimately can lead to cells’ necrosis [36]. 

So far, the most common nanomaterials used in cancer PTT are based on noble metal 

nanostructures (e.g. gold nanorods) [37]. Recently, researchers focused their attention in 

carbon-based nanomaterials for photothermal applications [38]. In fact, graphene oxide (GO) 

and its derivatives are one of the most recent NIR responsive nanomaterials explored in cancer 

PTT due to their high capacity to absorb NIR light and convert it into heat [39, 40]. 
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1.2. Graphene oxide and reduced graphene oxide in cancer 

photothermal therapy 

1.2.1. Graphene oxide and reduced graphene oxide 

GO is a 2D graphitic material that is decorated with oxygen-containing functional groups on the 

base and edges of its aromatic structure (e.g. carboxyl, epoxy and hydroxyl groups) [41, 42]. 

This nanomaterial is generally obtained through the chemical oxidation of graphite and 

subsequent exfoliation of the graphite oxide, yielding GO (Figure 5). Among all the synthesis 

methods used to obtain GO, the most usual are the Hummers’ method and its improved version 

(also known as Tour method) [43]. 

 

Figure 5: Schematic representation of the process used to produce reduced graphene oxide. 
First, graphite is chemically oxidized to graphite oxide. This material is then exfoliated, 
yielding GO. Subsequently, GO is treated with reducing agents (e.g. hydrazine hydrate), 
producing reduced GO (Adapted from [44]). 
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GO absorbs in the NIR region and thus can be employed as a photothermal agent [45]. 

Furthermore, the aromatic lattice of GO allows the loading of different compounds (e.g. 

chemotherapeutic drugs) on this nanomaterial through hydrophobic-hydrophobic interactions 

and π-π staking [42, 46]. Due to these two characteristics, GO is a promising agent for 

application in cancer chemo-photothermal therapy. 

In order to further improve the therapeutic potential of GO, this material can be treated with 

reducing agents, yielding reduced graphene oxide (rGO) [47, 48]. For biomedical applications, 

the chemical treatment of GO with hydrazine hydrate (HH) is the most commonly applied route 

to synthesize rGO [48, 49]. The reduction recovers the graphitic structure of this nanomaterial 

by removing the oxygen functional groups [48]. Moreover, this modification greatly improves 

the NIR absorption and the hydrophobicity of this nanomaterial. In this way, when compared to 

GO, rGO has an improved photothermal and drug delivery capacities [40, 50, 51]. 

Despite its potential, rGO has some limitations that hinder its direct use in cancer therapy. rGO 

has a sub-optimal biocompatibility, mostly related to the HH used in the reduction process, 

which is a highly hazardous reagent [40]. To overcome this limitation, new environmentally-

friendly methods aimed to reduce GO are under investigation. In this regard, L-ascorbic acid 

(LAA), or Vitamin C, has been successfully employed in the reduction of GO [52, 53]. In fact, 

this molecule can render rGO more cytocompatible than that attained using HH [52, 53]. 

However, the LAA-mediated reduction of GO is not yet optimized considering the NIR absorption 

and the nanometric size distribution of the obtained nanostructure, which are crucial features 

for the application of rGO in cancer PTT. 

Furthermore, rGO has a low water solubility, and becomes precipitated in biological fluids, thus 

displaying a low colloidal stability [48, 50]. Moreover, the surface of rGO can adsorb proteins 

during circulation and these nanomaterials can also be internalized by macrophages [54, 55]. 

These events induce the clearance of rGO, thus diminishing its ability to reach the tumor zone 

by taking advantage from the EPR effect. Furthermore, rGO is not tailored to become 

selectively internalized by cancer cells [56] and thus cannot mediate a cancer cell-selective 

therapeutic effect upon laser irradiation. These problems can be mitigated by functionalizing 

rGO with amphiphilic polymers, enabling its successful application in cancer therapy. 

1.2.2. Functionalization of reduced graphene oxide with amphiphilic 

polymers 

The problems associated with the use of rGO in cancer therapy can be surpassed through the 

functionalization of this nanomaterial with amphiphilic polymers through non-covalent 

interactions. In this process, the hydrophobic blocks of the amphiphilic polymer become 

adsorbed to the aromatic matrix of rGO, while the hydrophilic segments become projected into 

the aqueous medium (Figure 6). 
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Figure 6: Schematic representation of the functionalization of rGO with amphiphilic polymers 

through non-covalent interactions (hydrophobic-hydrophobic interactions). 

 

In this regard, the functionalization of rGO with Poly(ethylene glycol) (PEG)-based amphiphilic 

polymers has been the most studied approach [50, 57, 58]. For instance, the functionalization 

of rGO with PEG grafted poly(maleic anhydride-alt-1-octadecene) (PEG-g-PMAO) improves the 

solubility and stability of this nanomaterial, allowing its administration to tumor-bearing mice 

[57]. Furthermore, rGO functionalized with PEG-g-PMAO also displays an excellent 

biocompatibility both in vitro and in vivo [57]. PEG-based amphiphilic coatings can also reduce 

nanomaterials’ opsonization and recognition by immune system cells [59, 60]. In this way, 

coating rGO with PEG-g-PMAO improves nanomaterials’ blood circulation time, and 

consequently, their ability to accumulate in the tumor through the EPR effect [50]. 

Taking into account that PEG-g-PMAO is not commercially available, 1,2-distearoyl-sn-glycero-

3-phosphoethanolamine-N-PEG (DSPE-PEG) has also been explored in the functionalization of 

rGO [61]. In fact, DSPE-PEG coatings can also improve the hydrophilicity, colloidal stability, 

and biocompatibility of rGO [61]. However, DSPE-PEG coated nanomaterials display a lower 

blood circulation time than those coated with PEG-g-PMAO, and therefore achieve a lower 

tumor uptake [40, 61]. 

Besides PEG-based amphiphilic polymers, Dextran- and Albumin-based coatings can also 

improve the colloidal stability, biocompatibility and tumor uptake of rGO [57, 62]. However, 

the PEG-, Dextran- and Albumin-based coatings do not display targeting capacity towards 

cancer cells. In this way, rGO functionalized with these amphiphilic materials can affect, upon 

NIR laser irradiation, both the cancer and the healthy cells found within the tumor 

microenvironment. Therefore, engineering amphiphilic polymers with targeting capacity is of 

uttermost importance. 

  



11 

 

1.2.3 Engineering amphiphilic polymers with targeting capacity 

The functionalization of rGO with amphiphilic polymers with targeting capacity can further 

improve the therapeutic potential of this nanomaterial. This modification can address the 

critical problems of rGO (solubility, stability, and biocompatibility) and also ensures that the 

nanomaterials are specifically internalized by cancer cells [61]. In this way, rGO functionalized 

with amphiphilic polymers with targeting capacity may allow a cancer cell-selective PTT. 

However, the amphiphilic polymers commonly explored in the functionalization of rGO do not 

have targeting capacity. Furthermore, developing amphiphilic materials that contain ligands 

that bind to the overexpressed receptors found on cancer cells’ membrane can be complex and 

laborious to obtain. In fact, engineering such materials often requires the use of 

heterofunctional hydrophilic polymers. In this process, one of the functional groups is 

conjugated to the targeting ligand (e.g. folic acid, transferrin) [63, 64], while the other group 

attaches to the hydrophobic block, leading to the assembly of an amphiphilic polymer modified 

with a targeting ligand. 

Herein, we hypothesized to use hyaluronic acid (HA) in the formulation of targeted-amphiphilic 

polymers. HA is a hydrophilic, biocompatible and biodegradable polysaccharide [65] that can 

bind to the CD44 receptors [66, 67], which are overexpressed on the membrane of several types 

of cancer cells, including breast cancer cells [67-69]. Additionally, normal cells express the 

CD44 receptors in a quiescent state, which do not display a binding capacity to HA [67]. This 

property further demonstrates the potential of using HA in targeted therapies. 

Considering that poly(maleic anhydride-alt-1-octadecene) (PMAO) can efficiently adsorb to rGO 

surface [70], the conjugation of this hydrophobic polymer with HA seems to be a promising 

approach to obtain HA-based amphiphilic polymers (Figure 7). However, HA does not have 

active conjugation sites compatible with its conjugation to PMAO. In this way, a convenient 

route to synthesize this HA-based amphiphilic material could be using the carbodiimide 

chemistry to conjugate the amine-groups of deacetylated HA to the carboxyl-groups of 

hydrolyzed PMAO (Figure 7). 

Overall, employing this novel HA-based amphiphilic polymer in the functionalization of 

environmentally-friendly reduced GO appears to be a promising strategy to produce 

nanomaterials with improved cytocompatibility and that may be able to mediate a 

photothermal effect selective to breast cancer cells. 
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Figure 7: Schematic representation of the possible route used for synthesizing the HA-based 
amphiphilic polymer. First, PMAO must be hydrolyzed (opening of the anhydride rings) and HA 
must be deacetylated (acetyl-groups removal). These modifications yield carboxylic groups in 
PMAO and amine groups in HA. These functional groups can be conjugated through the 
carbodiimide chemistry, thus rendering the HA-based amphiphilic polymer. 
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Aims 

 

The aim of this dissertation work plan was to functionalize rGO with a novel HA-based 

amphiphilic polymer for application in targeted breast cancer PTT. 

The specific aims of this dissertation are: 

• Optimization of the protocol to perform an environmentally-friendly reduction of GO; 

• Production and characterization of the HA-based amphiphilic polymer; 

• Functionalization of the rGO with the HA-based amphiphilic polymer; 

• Characterization of the physicochemical, optical and photothermal properties of the 

HA-functionalized rGO; 

• Evaluation of the cytocompatibility of the rGO and HA-functionalized rGO; 

• Investigation of the targeting capacity of the HA-functionalized rGO towards cancer 

cells; 

• Evaluation of the PTT mediated HA-functionalized rGO on breast cancer cells. 
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15 

 

2. Experimental Section 

 

2.1. Materials 

Dimethyl Sulfoxide (DMSO) and LAA were purchased from Fisher Scientific (Oeiras, Portugal). 

Dulbecco’s Modified Eagle’s Medium F-12 (DMEM-F12), GO nanocolloids, N-Hydroxysuccinimide 

(NHS), Paraformaldehyde, PMAO (30000-50000 Da), penicillin/streptomycin and resazurin were 

acquired from Sigma–Aldrich (Sintra, Portugal). HA sodium salt (8000-15000 Da) was obtained 

from Carbosynth (Berkshire, United Kingdom). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC) was obtained from Merck (Darmstadt, Germany). Michigan Cancer Foundation-7 (MCF-7) 

cell line was gotten from ATCC (Middlesex, United Kingdom). Normal Human Dermal Fibroblasts 

(NHDF) were brought from Promo-Cell (Heidelberg, Germany). Fetal Bovine Serum (FBS) was 

purchased from Biochrom AG (Berlin, Germany). Water used in all experiments was double 

deionized (0.22 µm filtered 18.2 MΩ cm). 

2.2. Methods 

2.2.1. Optimization of the green reduction of GO 

The optimization of the environmentally-friendly reduction of GO was performed by adapting 

a method previously described [71]. Briefly, GO was sonicated (Branson 5800, Branson 

Ultrasonics, CT, USA) for 6 h before its use. Then, 1 mL of GO (200 µg/mL) and LAA (3 mM or 

1.5 mM) were reacted at 80 °C during 30, 45, 60, 90 or 120 min. Afterwards, the reduction 

process was stopped by cooling the samples in an ice-water bath. 

2.2.2. Functionalization of rGO with HA-g-PMAO 

To perform the functionalization of GO, this material (200 µg/mL, 1 mL) was mixed with  

500 µg of HA-g-PMAO (which was synthesized as described in Appendix 6.1-6.3) and sonicated 

for 60 min. Afterward, this solution was dialyzed against water (14 kDa cut-off dialysis 

membrane) for 90 min to remove LAA and centrifuged to remove any aggregates. The 

supernatant was then recovered, yielding HA-g-PMAO functionalized rGO. 

2.2.3. Characterization of rGO and HA-rGO based materials 

The efficiency of the reduction of GO was monitored by UV-Vis spectroscopy using an Evolution 

201 spectrophotometer (Thermo Scientific Inc., MA, USA), over the wavelength range from 200 

to 1000 nm, and by Dynamic Light Scattering (DLS) in a Zetasizer Nano ZS (Malvern Instruments 

Ltd., Worcestershire, UK), at a scattering angle of 173°. The successful functionalization of 

rGO with HA-g-PMAO was confirmed through Fourier Transform Infrared Spectroscopy (FTIR) 
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using a Nicolet iS10 spectrometer (Thermo Scientific Inc., MA, USA), DLS and UV-Vis 

spectroscopy. Furthermore, HA-rGO nanosized dimensions were determined by Transmission 

Electron Microscopy (TEM), using a HT7700 microscope (Hitachi, Japan), operated at an 

accelerating voltage of 100 kV. For this purpose, samples were stained with phosphotungstic 

acid (2 % (w/v)). The photothermal capacity of HA-rGO was assessed by irradiating samples 

with NIR radiation (808 nm, 1.7 W/m2) over a period of 5 min, and the temperature changes 

were monitored with a thermocouple thermometer. 

2.2.4. Evaluation of the cytocompatibility of rGO and HA-rGO 

The cytotoxic profile of rGO and HA-rGO was characterized using MCF-7 and NHDF as model 

cells [72]. In brief, 1 x 104 cells/well were seeded in 96-well plates with DMEM-F12 medium 

supplemented with 10 % FBS and 1 % of penicillin/streptomycin, at 37 ºC, in an incubator with 

a humidified atmosphere containing 5 % CO2. After 24 h, the medium was replaced by fresh cell 

culture medium containing rGO or HA-rGO at different concentrations and then cells were 

incubated for 24 and/or 48 h. After this period, the medium was replaced with fresh cell culture 

medium containing resazurin (10 % (v/v)) and cells were incubated for 4 h in the dark (37 ºC,  

5 % CO2). Cells’ viability was then assessed by analyzing the fluorescence of resorufin  

(λex = 560 nm; λem = 590 nm) with a Spectramax Gemini EM spectrofluorometer (Molecular 

Devices LLC, CA, USA). Cells solely incubated with culture medium (without rGO derivatives) 

or treated with ethanol (70 % (v/v)) were used as negative (K-) and positive (K+) control, 

respectively. 

2.2.5. Investigation of the targeting capacity of HA-rGO 

To evaluate HA-rGO cellular uptake, this nanomaterial was labelled with Rhodamine B (Rhod 

B) as previously described elsewhere [47]. In brief, HA-rGO (200 µg/mL, 1 mL) was sonicated 

with Rhod B for 30 minutes. Afterwards, the solution was dialyzed against water for 90 min 

(1000 Da cut-off dialysis membrane) to remove the non-bounded Rhod B and centrifuged to 

remove any bigger aggregates.  

To confirm the targeting capacity of HA-rGO to CD44 overexpressing cancer cells, the uptake 

of Rhod B labelled HA-rGO by MCF-7 cells (overexpressing CD44) [73, 74] and NHDF (that do not 

overexpress CD44) [75] was analyzed by Confocal Laser Scanning Microscopy (CLSM). Briefly,  

µ-slide 8-well imaging plates (Ibidi GmbH, Munich, Germany) were seeded with 1.5 x 104 

cells/well and after 48 h, cells were incubated with cell culture medium containing Rhod B 

labelled HA-rGO (68.7 µg/mL of Rhod B equivalents) or free Rhod B (68.7 µg/mL) during 4 h. 

Subsequently, cells were fixed with paraformaldehyde 4 % for 15 min and then rinsed with a 

phosphate buffered saline (PBS) solution. Zeiss LSM 710 confocal microscope (Carl Zeiss AG, 

Oberkochen, Germany) was used for imaging experiments (λex = 514 nm; λem = 513-703 nm). 

Non-treated cells and cells incubated with free-Rhod B were used as controls. 
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2.2.6. In vitro evaluation of the phototherapeutic effect mediated by  

HA-rGO 

The photothermal effect mediated by HA-rGO was evaluated by using a previously described 

protocol [38]. In brief, MCF-7 cells at a density of 1 x 104 cells/well were seeded in 96-well 

plates with DMEM-F12 culture medium and after 24 h, the medium was replaced by fresh 

medium containing different concentrations of HA-rGO (25, 50 and 75 µg/mL). After 4 h, cells 

were irradiated with NIR light (808 nm, 1.7 W/cm2, 5 min). After 24 h of incubation, cells’ 

viability was determined through the resazurin assay as described above. 

2.2.7. Statistical analysis 

One-way ANOVA analysis with Student–Newman–Keuls test was used for multiple groups 

comparison. A p-value lower than 0.05 (*p < 0.05) was considered statistically significant. For 

data analysis, GraphPad Prism v6.0 (Trial version, GraphPad Software, CA, USA) was used. 
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3. Results and Discussion 

 

3.1. Optimization of the environmentally-friendly reduction of 

GO 

The application of reduced forms of GO in cancer therapy is appealing since these materials 

have a higher NIR absorption than GO, resulting in an improved photothermal capacity [40]. 

However, rGO is usually obtained by treating GO with HH, which is a highly hazardous reducing 

agent [76]. In order to avoid such drawbacks, herein an environmentally-friendly method was 

used to perform the reduction of GO [52, 53, 71, 77]. To achieve that, LAA solutions (1.5 and 

3 mM) were added to GO and then incubated at 80 ºC for various periods (Figure 8). 

 

Figure 8: Schematic representation of the reduction and functionalization of rGO with HA-g-
PMAO and its application in cancer photothermal therapy 

 

Overall, by increasing the LAA concentration and the reaction time, a darkening of the GO 

solution and an increase on materials’ NIR absorption were attained (Figure 9C and D). 

Nevertheless, the size distribution of the materials remained unaffected for the conditions 

tested (Figure 9A and B). This is of uttermost importance since the reduction of GO greatly 

reduces its solubility and could have increased the nanomaterials’ size through agglomeration. 

Therefore, rGO obtained by using 3 mM of LAA and 60 min of reaction time was selected for 

the subsequent assays since it presented a good balance between NIR absorption and 

preparation time. 

In comparison to a previous study where LAA was used to reduce GO [77], in this study we used 

a lower concentration of LAA (3 vs. 5.7 mM) and a shorter reaction time (1 vs. 12-48 h). Such 

results attest the convenience of the optimized green reduction method. 
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Figure 9: DLS size distribution and Vis-NIR absorption spectra of GO and rGO. DLS size 
distribution of GO (25 µg/ml) and rGO (25 µg/ml) at different times of reduction (A-B); Vis-NIR 
absorption spectra of GO (25 µg/ml) and rGO (25 µg/ml) at different times of reduction (C-D). 
(A) and (C) refer to GO reduced with 1.5 mM LAA. (B) and (D) refer to GO reduced with 3 mM 
LAA. 

 

3.2. Functionalization of rGO with HA-g-PMAO 

A simple sonication method was used to functionalize rGO with HA-g-PMAO (the 

characterization of HA-g-PMAO is reported in Appendix; Figure 17-19). In this process, the 

hydrophobic alkyl tail of HA-g-PMAO binds to the aromatic lattice of rGO through non-covalent 

interactions (hydrophobic-hydrophobic interactions). Moreover, the HA segments form a 

hydrophilic corona, which confer stability and cancer cell targeting capacity to this 

nanoformulation (Figure 8). 

The successful functionalization of rGO with HA-g-PMAO was confirmed through FTIR analysis 

(Figure 10A). Before functionalization, rGO displays a peak at 1614 cm-1 (C=C stretch) and one 

with a low intensity at 1737 cm-1 (C=O stretch), which also confirm the restoration of the 

graphitic matrix of this material upon reduction. Furthermore, the peak at 3258 cm-1 (O-H 

stretch) suggests that some LAA traces are still present in rGO. On the other hand, the FTIR 

spectrum of HA-rGO presents peaks at 2919 cm-1 (C-H stretch) and 1730 cm-1 (C=O stretch), 
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which belong to the alkyl and ketone/carboxyl groups of HA-g-PMAO, respectively, thus 

confirming the successful preparation of HA-rGO. The DLS analysis demonstrated that the 

functionalization of rGO with HA-g-PMAO did not impact on its size distribution (Figure 10B). 

In fact, when compared to rGO, HA-rGO presents a monomodal size distribution, which suggests 

that the HA-based coating can improve the stability of the nanostructures. 

 

Figure 10: Characterization of HA-rGO. FTIR spectra of rGO, HA-g-PMAO, and HA-rGO (A); DLS 

size distribution of GO, rGO (LAA stabilized) and HA-rGO (B). 

 

The nanosized dimensions of HA-rGO were then confirmed by TEM (Figure 11), revealing that 

these materials have an average lateral size of 108 ± 51 nm. These values are within the optimal 

range for passive tumor accumulation through the EPR effect [27]. The zeta potential of  

HA-rGO was determined to be slightly more negative than that of rGO (LAA stabilized) (HA-rGO: 

-28.6 ± 1.0 mV; rGO: -26.9 ± 0.3 mV). Nevertheless, the surface charge of HA-rGO is in line with 

that reported for other HA-based materials [78-80].  

 

Figure 11: TEM image of HA-rGO (A). Lateral size distribution of HA-rGO determined by 
measuring the size of HA-rGO based on TEM images (B). 
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Furthermore, rGO and HA-rGO exhibited a similar NIR absorption, thus confirming that the 

functionalized rGO preserved its photothermal potential (Figure 12A). The direct 

functionalization of as-prepared rGO with HA-g-PMAO led to the production of nanomaterials 

with suitable physicochemical properties for application in cancer therapy. In contrast, the 

functionalization of GO reduced by HH usually requires an additional purification step to 

remove this toxic reducing agent [50, 81]. This fact highlights the convenience of our approach. 

 

Figure 12: Characterization of the photothermal capacity of HA-rGO. UV-Vis absorption spectra 

of GO (25 µg/mL), rGO (LAA stabilized; 25 µg/mL of rGO equivalents), and HA-rGO  
(25 µg/mL of rGO equivalents) (A); Temperature variation curves of HA-rGO at different 
concentrations (of rGO equivalents) during 5 minutes of NIR irradiation (808 nm, 1.7 W/cm2) 
(B). 

 

3.3. Photothermal capacity of HA-rGO 

The temperature variations induced, under NIR laser irradiation, by HA-rGO were then studied 

to confirm the photothermal capacity of this nanomaterial (Figure 12B). In general, HA-rGO 

produced a time and concentration-dependent temperature increase when it was irradiated. 

After 5 min of irradiation, HA-rGO could induce a temperature increase of about 22 ºC at  

25 µg/mL (of rGO equivalents) (Figure 12B). In turn, a photoinduced heat of 33 ºC was achieved 

for the highest concentration tested (75 µg/mL of rGO equivalents) (Figure 12B). The 

attainment of such temperature increase is of paramount importance since it can induce the 

death of cancer cells [25, 33]. Furthermore, the response of water (control) to NIR light was 

meaningless (< 2 ºC) (Figure 12B). Together, these results confirmed the photothermal 

efficiency of HA-rGO. 

In a previous work, our laboratory developed a hydrothermal treatment (80 ºC for 24 h) to 

reduce GO and functionalize it with a PEG derivative [38]. When compared to the previous 

protocol, the HA-rGO preparation method is more convenient since it requires a lower reduction 

time (1 vs. 24 h) [38]. Moreover, HA-rGO also produced a higher photoinduced heat  
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(33 vs. 27 ºC, at 75 µg/mL of rGO equivalents) [38], thus displaying an enhanced photothermal 

capacity. 

3.4. Cytocompatibility of HA-rGO 

Before assessing the phototherapeutic capacity of HA-rGO, the cytocompatibility of this 

nanomaterial was investigated in MCF-7 cells (breast cancer cell model) and NHDF (healthy cell 

model). HA-rGO did not induce an acute cytotoxic effect to both cell lines, in the tested 

concentration range (1-75 µg/mL of rGO equivalents) and incubation times (24 or 48 h) (Figure 

13). In contrast, rGO (non-functionalized) was showed to induce some cytotoxicity to both cell 

types (Figure 14). In this way, the functionalization of rGO with HA-g-PMAO improved its 

cytocompatibility, which is fundamental for the application of HA-rGO in cancer on-demand 

therapy.  

 

Figure 13: Evaluation of the biocompatibility of HA-rGO. Evaluation of the cytocompatibility of 
HA-rGO towards MCF-7 cells (A) and NHDF (B) at different concentrations (of rGO equivalents) 
for 24 and 48h. Data represent mean ± SD, n=5. K- and K+ represent negative and positive 
controls, respectively. 

 

HA-rGO displayed an enhanced cytocompatibility in comparison to other functionalized rGO 

materials previously reported in the literature [40, 82]. For instance, PEGylated rGO displayed 

an IC50 towards MCF-7 cells of about 80 µg/mL [40], while HA-rGO did not affect meaningfully 

the viability of these cells up to 75 µg/mL (of rGO equivalents). In another work, HH-reduced 

GO functionalized with HA decreased the viability of epidermal carcinoma cells (KB cells) to 

about 80 % at 40 µg/mL (of rGO equivalents) [82]. Therefore, the environmentally-friendly 

approach used to reduce GO produces materials with improved cytocompatibility upon 

functionalization with HA-g-PMAO, that may be able to perform a spatial-temporal controlled 

therapy. 



24 

 

 

Figure 14: Biocompatibility of rGO at different concentrations towards MCF-7 cells and NHDF 

after 48 h of incubation. Data represents mean ± SD (*p < 0.05; **p < 0.01), n=5. K+ and K- 
represent positive and negative controls, respectively. n.s. = non significant 

 

3.5. Targeting capacity of HA-rGO 

To confirm the targeting capacity of HA-rGO, the internalization of this nanostructure by  

MCF-7 cells (CD44 overexpressing cell line) [73, 74] and NHDF (low CD44 expression) [75] was 

analyzed by CLSM. Prior to this assay, HA-rGO was labelled with Rhod B for its cellular uptake 

be visualized [47]. The Rhod B labelling was confirmed by analyzing the UV-Vis spectrum of 

Rhod B labelled HA-rGO (Figure 15A and 20A), which displays an absorption peak at 575 nm 

that is attributed to the fluorescent probe [47].  

Moreover, DLS analysis confirmed that the Rhod B labelling did not affect the size distribution 

of the nanomaterials (Figure 15B). Taking into account that rGO based materials have a high 

fluorescence quenching capacity, we then studied the fluorescence emitted by Rhod B labelled 

HA-rGO (Figure 20B). Compared to free Rhod B, the Rhod B labelled HA-rGO emitted 

fluorescence with a lower intensity (Figure 18). Despite of the quenching effect, the emitted 

fluorescence signal by Rhod B labelled HA-rGO should still enable its use in CLSM studies [83]. 

The uptake of Rhod B labelled HA-rGO by MCF-7 cells and NHDF was then studied by CLSM 

(Figure 15C). The results revealed that the internalization profile of the nanostructures by 

MCF-7 cells and NHDF were different (Figure 15C). Fluorescence signals with a higher intensity 

were observed in the cytoplasm of MCF-7 cells incubated with Rhod B labelled HA-rGO when 

compared to those found on NHDF (Figure 15C). As expected, the internalization of free Rhod 

B appeared to be similar on both types of cells (Figure 15C). In other reports, nanomaterials 

functionalized with HA also demonstrated a higher uptake by MCF-7 cells [84, 85].  
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Taken together these results suggest that HA-rGO has a preferential internalization in MCF-7 

cells, thus confirming the nanostructures’ CD44 targeting ability. 

 

Figure 15: Targeting capacity of HA-rGO. UV-Vis absorption spectra of Rhodamine B labelled 
HA-rGO (A); DLS size distribution of HA-rGO and Rhod B labelled HA-rGO (B); Representative 
CLSM images of Rhod B labelled HA-rGO and Free Rhod B uptake by MCF-7 and NHDF cells (C). 
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3.6. Phototherapeutic effect mediated by HA-rGO 

After assessing the HA-rGO cytocompatibility and preferential uptake by MCF-7 cells, the 

phototherapeutic effect mediated by this nanomaterial was investigated (Figure 16A). HA-rGO 

produced, under NIR laser irradiation, a dose-dependent reduction on MCF-7 cells’ viability 

(Figure 16B). At the lowest concentration tested (25 µg/mL of rGO equivalents), HA-rGO did 

not induce meaningful cytotoxicity towards cancer cells (viability of ≈ 96 %). In stark contrast, 

the photothermal effect mediated by HA-rGO at 75 µg/mL (of rGO equivalents) induced a 

reduction of cancer cells’ viability to ≈ 6 %. Furthermore, the use of NIR light alone did not 

induce any toxicity on cancer cells (Figure 16B). Additionally, non-irradiated HA-rGO did not 

induce any deleterious effect on cancer cells (Figure 16B). Taken together, these results 

confirm that HA-rGO can produce an on-demand therapeutic effect upon NIR laser irradiation. 

Yu et al., reported that the rGO produced using dopamine as a reducing agent and 

functionalized with the antiarrhythmic peptide 10 (AAP10) produces a phototherapeutic effect 

towards MCF-7 cells similar to that of HA-rGO, although it required a higher power density (2 - 

2.2 vs. 1.7 W/cm2) and a higher dose (120 vs. 75 µg/mL) [86]. In another work, Akhavan and 

collaborators demonstrated that the PTT mediated by Arginine-glycine-aspartic acid (RGD)-

functionalized PEGylated reduced GO nanoribbons induces cancer cells ablation at a low dose 

(10 µg/mL) but demands a higher intensity (7.5 W/cm2) and a longer period of irradiation (8 

min) [87]. In this way, HA-rGO is a promising nanomaterial to be applied in CD44 targeted 

cancer PTT. 

 

Figure 16: Evaluation of the photothermal capacity of HA-rGO. Schematic representation of the 

photothermal therapy mediated by HA-rGO (A); Phototherapeutic effect of HA-rGO in MCF-7 
cells without NIR (w/o NIR) and with NIR laser irradiation (808 nm, 1.7 W/cm2, 5 min.) (B). K- 
w/o NIR represents the negative control. Data represents mean ± SD, n=5 (*p < 0.01;  
**p < 0.0001), n.s.= non significant. 
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4. Conclusion and Future Perspectives 

 

Despite all the intensive research on breast cancer, this disease remains as one of the main 

causes of death in the word. Such is in part due to the sub-optimal efficacy of the currently 

available treatments (chemotherapy and radiotherapy). Furthermore, these therapeutic 

approaches also induce severe side effects on patients, thereby contributing for breast cancer 

mortality.  

Researchers have been developing new therapeutic approaches in order to improve breast 

cancer treatment. In particular, PTT mediated by rGO has been receiving a lot of interest for 

application in breast cancer treatment. However, this NIR-responsive nanomaterial displays 

critical limitations (low water solubility, poor colloidal stability, sub-optimal cytocompatibility 

and non-selectivity towards cancer cells) that hinder its direct use in cancer PTT. The 

functionalization of rGO with amphiphilic polymers can address the limitations associated to 

this nanomaterial, except the selectivity problems. Therefore, engineering amphiphilic 

polymers with targeting capacity is of uttermost importance. 

In this dissertation, rGO produced using an environmentally-friendly method was functionalized 

with a novel HA-based amphiphilic polymer for application in breast cancer PTT. HA was 

selected due to its hydrophilic character and targeting capacity to the CD44 receptors. The 

results revealed that treating GO with 3 mM of L-ascorbic acid at 80 ºC during 60 minutes is the 

optimal green-reducing condition considering the NIR absorption and the size distribution of 

the produced materials. Then, rGO was functionalized with the HA-based amphiphilic polymer 

through non-covalent interactions (hydrophobic-hydrophobic interactions). The 

functionalization of rGO improved its stability, cytocompatibility, and internalization by CD44 

overexpressing breast cancer cells, which indicates the targeting capacity of this 

nanoformulation. Furthermore, the on-demand PTT mediated by HA functionalized rGO induced 

cancer cells’ death. 

Overall, the HA functionalized rGO nanomaterials developed in this study are promising 

platforms for targeted breast cancer therapy. In the future, the encapsulation of 

chemotherapeutic drugs and imaging agents on the HA functionalized rGO can be explored in 

order to develop multifunctional theragnostic platforms. 
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6. Appendix 

 

6.1. Deacetylation of Hyaluronic acid 

Deacetylated Hyaluronic Acid (dHA) was prepared following a method described elsewhere with 

slight modifications [88]. Briefly, 250 mg of HA)were dissolved in 12.5 mL of NaOH 13.7N. This 

solution was left to stir for 2 h at 60 ºC. Afterward, the solution’s pH was adjusted to 7 with 

HCl 5N. The resulting solution was dialyzed against water (3.5 kDa cut-off dialysis membrane) 

for 3 days and it was then freeze-dried (ScanVac CoolSafe, LaboGene Aps, Lynge, Denmark), 

yielding deacetylated HA. 

Previous to the deacetylation, the FTIR spectrum of HA exhibited a small peak at 1737 cm-1 

(C=O stretch), that can be attributed to ketone groups (Figure 17). The intensity of this peak 

decreased after deacetylation, thus demonstrating the successful of production of dHA (Figure 

17). 

 

Figure 17: FTIR spectra of HA and dHA. 
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6.2. Opening of the Anhydride ring of PMAO  

Hydrolyzed PMAO (oPMAO) was produced by adapting a method previously described in the 

literature [89]. In brief, 4 mL of a solution of NaOH 2N was added to 200 mg of PMAO and 

allowed to stir for 5 h at room temperature (RT). After adjusting the pH to 7, the opaque 

solution was dialyzed against water (14kDa cut-off dialysis membrane) for 1 day and then was 

freeze-dried, yielding oPMAO.  

Previous to the hydrolysis, the FTIR spectrum of PMAO displayed peaks at 1856 cm-1 and 1776 

cm-1 (C=O stretches), which are characteristic of the anhydride ring. After the base-catalyzed 

hydrolysis of PMAO, the previous peaks disappeared. Furthermore, the FTIR spectrum of oPMAO 

displayed new peaks at 1698 cm-1 and 1558 cm-1 (C=O stretches), which can be attributed to 

carboxylic acid groups, thereby confirming the opening of the PMAO anhydride rings (Figure 

18). 

 

Figure 18: FTIR spectra of PMAO and oPMAO. 
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6.3. Preparation of HA grafted PMAO 

To obtain HA-grafted PMAO (HA-g-PMAO), oPMAO was conjugated with dHA through EDC 

chemistry [90]. In brief, 50 mg of oPMAO was activated with EDC (27.3 mg) and NHS (16.4 mg) 

for 1 h (RT) in 25 mL of DMSO. Afterward, 50 mg of dHA dissolved in water was added dropwise 

to the former solution. This solution was allowed to stir for another 5 h, at RT. Then, the 

solution was dialyzed against water (14 kDa cut-off dialysis membrane) and it was freeze-dried, 

yielding HA-g-PMAO. 

HA-g-PMAO FTIR spectrum displayed peaks at 2919 and 2850 cm-1 (C-H stretch), which are also 

present in the spectrum of oPMAO. Furthermore, a peak at 1043 cm-1 (primary alcohol  

C-O stretch) is also present on the FTIR spectra of dHA and HA-g-PMAO (Figure 19). The 

spectrum of HA-g-PMAO displays a peak at 1639 cm-1 (secondary amide stretch), which confirm 

the conjugation of the primary amines of dHA with the carboxylic acid groups of oPMAO  

(Figure 19). Taken together these results confirm the successful preparation of HA-g-PMAO. 

 

Figure 19: FTIR spectra of oPMAO, dHA, and HA-g-PMAO. 
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6.4. Characterization of Rhodamine B labelled HA-rGO 

 

Figure 20: UV-Vis absorption and fluorescence spectra of Rhodamine B and Rhodamine B-
labelled HA-rGO. UV-Vis absorption spectra of free Rhodamine B (dissolved in water) (A); 
Fluorescence spectra of free Rhod B, Rhod B labelled HA-rGO and water (excitation at 560 nm) 
(B). 


