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Abstract 
 

Cancer continues to be one of the leading causes of death worldwide, with the number of 

cases expected to rise. Despite advances in medical science, many types of cancer still lack 

treatments capable of fully eradicating tumors due to their unique characteristics. Chemotherapy 

remains a common treatment, but it often comes with severe side effects and can sometimes be 

ineffective. Nanoparticles have gained attention for their ability to enhance cancer treatment by 

improving drug solubility, targeting tumors more effectively, increasing bioavailability, reducing 

side effects, and prolonging circulation time. 

This study focuses on the synthesis and characterization of Laponite®-based 

nanocomplexes for targeted doxorubicin delivery, aiming to improve therapeutic efficacy while 

minimizing side effects. The complexes were developed by incorporating polydopamine and 

polyethyleneimine coatings onto Laponite nanodisks, with additional functionalization using FI-

PEG-FA for enhanced targeting. 

The study successfully synthesized and characterized LAP/DOX/PDA(FI-PEG-FA) and 

LAP/DOX/PEI(FI-PEG-FA) complexes through various physicochemical techniques, including 

Nuclear Magnetic Resonance, Dynamic Light Scattering, Electrophoretic Light Scattering, and 

Ultraviolet/Visible spectroscopy. The encapsulation efficiency and loading capacity of DOX were 

calculated, achieving 99.68% and 28.53%, respectively. The LAP/DOX/PDA(FI-PEG-FA) 

complex exhibited a diameter of 214.10 nm, a PdI value of 0.45 and a negative surface charge of 

-16.60 mV. The LAP/DOX/PEI(FI-PEG-FA) complex displayed a diameter of 880.40 nm, a PdI 

value of 0.41 and a positive surface charge of 20.85 mV. 

The LAP/DOX/PEI(FI-PEG-FA) complex demonstrated superior effectiveness in 

sustaining DOX release under physiological conditions compared to the LAP/DOX/PDA(FI-PEG-

FA) complex. Furthermore, In vitro cytotoxicity assays were performed to assess the impact of 

these complexes on cancer cell viability, with LAP/DOX/PEI(FI-PEG-FA) demonstrating the most 

significant reduction in cell viability. At 0.1 µM, the activity is around 60% and drops drastically to 

about 20% at 2 µM. Cells with the LAP/DOX/PDA(FI-PEG-FA) complex maintained relatively high 

metabolic activity, ranging from 85% to 100% across all concentrations. 

The results suggest that these Laponite-based nanocomplexes, particularly those 

functionalized with FI-PEI-PEG-FA, hold promise as effective vehicles for the controlled release 

of DOX, with potential applications in targeted cancer therapy. Further studies are recommended 

to optimize these complexes and assess their performance in vivo. 

Keywords: Cancer, Drug Delivery Systems, DOX, Laponite®, PEI, PDA. 
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Resumo 
 

O cancro continua a ser uma das principais causas de morte em todo o mundo, prevendo-

se que o número de casos aumente. Apesar dos avanços da ciência médica, muitos tipos de 

cancro ainda não dispõem de tratamentos capazes de erradicar totalmente os tumores devido 

às suas caraterísticas únicas. A quimioterapia continua a ser um tratamento comum, mas tem 

frequentemente efeitos secundários graves e pode, por vezes, ser ineficaz. Nanopartículas 

ganharam atenção pela sua capacidade de melhorar o tratamento do cancro, melhorando a 

solubilidade dos fármacos, visando os tumores de forma mais eficaz, aumentando a 

biodisponibilidade, reduzindo os efeitos secundários e prolongando o tempo de circulação. 

Este estudo centra-se na síntese e caraterização de nanocomplexos à base de 

Laponite® para a administração de doxorrubicina, com o objetivo de melhorar a eficácia 

terapêutica e minimizar os efeitos secundários. Os complexos foram desenvolvidos através da 

incorporação de revestimentos de polidopamina e polietilenoimina em nanodiscos de Laponite, 

com funcionalização adicional utilizando FI-PEG-FA para melhorar o direcionamento. 

Neste estudo sintetizou-se e caracterizou-se com sucesso os complexos 

LAP/DOX/PDA(FI-PEG-FA) e LAP/DOX/PEI(FI-PEG-FA) através de várias técnicas físico-

químicas, incluindo Ressonância Magnética Nuclear, Espalhamento Dinâmico de Luz, 

Espalhamento Electroforético de Luz e Espectroscopia Ultravioleta/Visível. A eficiência de 

encapsulação e a capacidade de carga da DOX foram calculadas, atingindo 99,68% e 28,53%, 

respetivamente. O complexo LAP/DOX/PDA(FI-PEG-FA) apresentou um diâmetro de 214,10 nm, 

um valor de PdI de 0,45 e uma carga superficial negativa de -16,60 mV. O complexo 

LAP/DOX/PEI(FI-PEG-FA) apresentou um diâmetro de 880,40 nm, um valor de PdI de 0,41 e 

uma carga superficial positiva de 20,85 mV. 

O complexo LAP/DOX/PEI(FI-PEG-FA) demonstrou uma eficácia superior na libertação 

de DOX em condições fisiológicas, em comparação com o complexo LAP/DOX/PDA(FI-PEG-

FA). Além disso, foram efectuados ensaios de citotoxicidade in vitro para avaliar o impacto destes 

complexos na viabilidade celular, tendo o complexo LAP/DOX/PEI(FI-PEG-FA) demonstrado a 

redução mais significativa da viabilidade celular. A 0,1 µM, a atividade é por volta de 60%, e cai 

drasticamente para cerca de 20% a 2 µM. Células na presença do complexo LAP/DOX/PDA(FI-

PEG-FA) mantiveram uma atividade metabólica relativamente elevada, variando entre 85% e 

100% em todas as concentrações. 

Os resultados sugerem que estes nanocomplexos à base de Laponite, particularmente 

os funcionalizados com FI-PEI-PEG-FA, são promissores como veículos eficazes para a 

libertação controlada de DOX, com potenciais aplicações na terapia do cancro. Recomenda-se 

a realização de mais estudos para otimizar estes complexos e avaliar o seu desempenho in vivo. 

Palavras-Chave: Cancro, Sistemas de administração de medicamentos, DOX, Laponite®, PEI, 

PDA. 
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Chapter 1 – Introduction 
 

1. Cancer 
 

Cancer represents a significant challenge to human health, largely due to the uncontrolled 

proliferation and dissemination of anomalous cells. As reported by Bray et al., 2024, [1], nearly 

20 million new cancer cases were reported, along with 9.7 million cancer-related deaths in 2022, 

and it is estimated that there will be 35 million new cases of cancer by 2050 [1]. The early 

identification and treatment of cancer are now achievable thanks to recent advancements in 

nanotechnology and the synthesis of nanomaterials [2–4]. These nanomaterials, defined as 

materials that have at least one dimension at the nanoscale, can be designed to carry drugs and 

nucleic acids, releasing them inside the target cells in a controlled and efficacious way [5–7]. 

Nevertheless, despite these advances, cancer remains one of the most challenging diseases to 

treat and one of the major global causes of morbidity and mortality.  

The vision of cancer treatment has been dramatically transformed by the advancement 

of our understanding of molecular and tumor biology in recent years. The traditional approach of 

categorizing and treating cancer based solely on the origin of organs or basic histomorphological 

features has been superseded. It has become evident that the pursuit of molecularly targeted 

therapies and treatment decisions guided by specific molecular alterations is imperative [8]. 

This paradigm shift has been driven by two fundamental developments: the acquisition of 

new technologies for the profiling of tumor molecular characteristics and the identification of 

predictive molecular targets. The convergence of these efforts has resulted in the emergence of 

two transformative revolutions in cancer treatment. The first of these innovations focuses on 

genotype-directed precision oncology, a strategy that tailors personalized therapies to subgroups 

marked by distinct genomic abnormalities across various tumor types. The second innovation 

turns around the manipulation of elements within the tumor microenvironment, particularly the 

immune system and its antitumor immune responses. These combined efforts usher in a new era 

of cancer treatment marked by precision and a comprehensive understanding of the intricate 

tumor biology [8]. 

Conventional chemotherapy is a commonly used approach to prevent cancer cells from 

spreading and dividing throughout the body [3]. For many years, chemotherapy has been the first 

choice in the treatment of malignant tumors [9]. However, the severe systemic toxicity associated 

with a low biodistribution, the unsatisfactory therapeutic effect, and nonspecific distribution, may 

result in the damage of healthy tissue during the delivery [10,11]. Given the limits of conventional 

chemotherapy, the development of nanoscale delivery systems (e.g., nanoparticles (NPs) or 

nanotubes) is essential for the targeted delivery of chemotherapeutic drugs to cancer cells [10]. 

An example of using NPs is the study conducted by Amiryaghoubi N, et al. [12], which utilized 

various nanometric drug delivery systems for bone cancer therapy. Another example is the study 
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by Liu X, et al. [13], which demonstrates the use of nanotubes for the photothermal ablation of 

tumors. The role of chemotherapy will continue to expand and become even more significant in 

improving both the survival and quality of life for patients with cancer. 

 

2. Doxorubicin 
 

Anthracyclines belong to an important class of chemotherapeutic agents employed in the 

treatment of cancer, obtained from the Streptomyces bacterium [14]. Their therapeutic efficacy 

has been demonstrated in a wide range of cancers, including not only leukemias and lymphomas 

but also breast, uterine, ovarian, bladder, and lung cancers. Anthracyclines represent some of the 

most potent and successful cancer therapies ever developed, demonstrating efficacy against a 

broader group of cancer types when compared to other chemotherapeutic category [15–17]. This 

is due to their ability to function regardless of the cell cycle stage and the fact that anthracyclines 

have numerous molecular targets, which makes them the most widely used and potent antitumor 

medications [18]. In clinical practice, the most noteworthy anthracyclines are daunorubicin (DNR), 

doxorubicin (DOX), epirubicin, and idarubicin [15]. 

The initial two anthracyclines, DOX and DNR, were extracted from the pigment-producing 

Streptomyces peucetius. Both drugs exhibit aglyconic and sugar moieties (Figure 1). The 

aglycone exhibits a tetracyclic ring featuring an adjacent quinone-hydroquinone group, a methoxy 

substitute, and a brief side chain containing a carbonyl group. The sugar, known as daunosamine, 

is connected to one of the rings by a glycosidic bond. This sugar consists of a 3-amino-2,3,6-

trideoxyL-fucosyl moiety. The only distinction between these two molecules lies in the termination 

of the side chain. In the case of DOX, it is terminated with a primary alcohol, whereas in DNR, it 

ends with a methyl group, as shown in Figure 1. Although anthracyclines are widely employed, 

their cytotoxic effects vary considerably. Cardiotoxicity is the most recognized adverse 

outcome [19]. 
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Figure 1. Chemical structures of DOX and DNR. Structures created in Molecular Operating 

Environment (MOE) 2015.10 software [20]. 

 

The identification of DNR was first reported in the 1950s, derived from a strain of the soil-

based microorganism Streptomyces peucetius [21]. Later on, DNR entered clinical trials and 

demonstrated efficacy in the treatment of lymphoma and acute leukemia. However, it was also 

associated with the development of fatal cardiac complications [22]. A few years later, in the 

1960s, a team of researchers at Farmitalia Research Laboratories, in Italy discovered DOX. 

Arcamone and colleagues [23] induced a genetic mutation in the Streptomyces peucetius strain. 

The colonies that were still alive began to produce a reddish substance called adriamycin, which 

was later renamed DOX. The anticancer activity of this substance was found to be superior to 

that of DNR. Subsequently, it was developed as a chemotherapeutic drug, and significant 

research has been conducted over the past few decades to determine its precise mechanism of 

action [23–26]. DOX can be synthesized directly from DNR or by fermentation using Streptomyces 

peucetius var. caesius, followed by solvent extraction and chromatographic purification [23]. In 

1974, the United States approved its use as a medical treatment,  and the World Health 

Organization subsequently included it on its List of Essential Medicines [25–27]. 

DOX represents one of the most potent antineoplastic medications, either administered 

alone or in combination with other anticancer agents. It maintains its distinction as the most 

versatile compound within its category, exhibiting activity across a broad range of indications. 

Unquestionably, DOX is advantageous in treating both solid tumors and hematological 

malignancies. Its applications cover a broad spectrum of conditions, including breast cancer 

[28,29], liver cancer [30], bone cancer [31], ovarian cancer, lymphomas, leukemias, and soft 

tissue sarcomas [24,32]. In addition, DOX has been used to treat childhood solid tumors, 

osteosarcomas, soft tissue sarcomas, Kaposi's sarcoma, acute myeloblastic and lymphoblastic 

leukemia, as well as Wilms Tumor [19]. 

https://en.wikipedia.org/wiki/WHO_Model_List_of_Essential_Medicines
https://en.wikipedia.org/wiki/WHO_Model_List_of_Essential_Medicines
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2.1. Mechanisms of action  
 

DOX is used in both adjuvant and neoadjuvant therapy, depending on the type and stage 

of cancer. It is typically administered intravenously, although it can also be given orally. In adjuvant 

therapy, DOX is administered following surgical resection to eradicate any residual cancer cells 

and prevent a recurrence. In neoadjuvant therapy, DOX is given before surgery to reduce the size 

of the tumor and facilitate its removal. The dosage and schedule of administration are dependent 

upon the type and stage of the cancer, as well as the patient's overall health and other factors. 

Furthermore, DOX is also used in palliative care to relieve symptoms and enhance the life quality 

in patients with advanced cancer [33,34]. DOX has multiple molecular targets, and its primary 

cytotoxic effects are attributed to two phenomena, DNA intercalation and reactive oxygen species 

(ROS) production. 

 

2.1.1. DNA intercalation  
 

Firstly, like other anthracyclines, DOX intercalates within the DNA by forming hydrogen 

bonds with guanines in adjacent GC base pairs [35]. This implies that DOX molecules are inserted 

between the base pairs of the DNA double helix [24,32]. As a result, it inhibits the activity 

of topoisomerase II, an enzyme that relaxes the DNA supercoils for transcription 

[24,36]. Consequently, the replication of cancer cells is inhibited, preventing them from dividing 

and proliferating [24,32]. This results in the prevention of DNA replication and transcription, which 

leads to the cancer cells death.  

Nevertheless, according to Kciuk et al.[35], the specific mechanisms underlying this 

interaction remain relatively unknown. One hypothesis regarding the impact of DOX on cancer 

cells is that the intercalation into the DNA molecule causes an untwisting of the DNA helix, leading 

to a positive supercoiling. Additionally, there is supporting evidence indicating that DOX enhances 

the turnover of nucleosomes surrounding promoters of active genes due to its intercalation, 

thereby inducing alterations in DNA topology. It is established that the untwisting of DNA caused 

by DOX's intercalation exerts a significant degree of positive torsional stress that destabilizes the 

nucleosome’s structure. Furthermore, research has shown that the formation of DOX–DNA 

adducts has the potential to trigger the DNA damage response pathway independently of the 

drug's effect on topoisomerase II. It is evident that DOX–DNA adducts are detectable even at 

clinically relevant drug doses. This indicates that the formation of these adducts occurs during 

chemotherapy administration. Despite that, the formation of these adducts may not represent the 

principal mechanism of DOX action [35]. 

https://en.wikipedia.org/wiki/Topoisomerase_II
https://en.wikipedia.org/wiki/Transcription_(genetics)
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Figure 2. Diagram of two DOX molecules intercalating DNA, from PDB: 1D12 [37]. 

 

2.1.2. ROS production 
 

Another phenomenon worthy of consideration is the ROS production. As described by 

Kciuk et al. [35], ROS can be generated within aerobic organisms through various mechanisms, 

including the activity of catabolic oxidases, peroxisome metabolism, and the electron transport 

chain. In the absence of elevated ROS concentrations, these molecules serve as cellular 

messengers in redox signaling processes [38]. However, excessive production of ROS can 

contribute to DNA damage, where radicals affect DNA bases and the sugar-phosphate backbone. 

In the absence of repair, this damage can lead to apoptosis and cell cycle arrest, ultimately 

resulting in the cancer cells' death [35].  

 

2.2. Properties 
 

The non-selective anthracycline DOX has a structural composition based on a water-

insoluble aglycone (adriamycinone) that possesses lipophilic characteristics, and an amino-sugar 

moiety (daunosamine) that exhibits hydrophilic character. The quinine-hydroquinone group is 

located next to a tetracyclic ring in the adriamycinone compound. A glycosidic bond connects one 

of the rings to the amino-sugar moiety [39,40].  
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Figure 3.  Chemical structure of DOX. Created in Biorender. 

 

In addition, DOX exhibits both acidic and basic properties, classifying it as an amphoteric 

molecule. It contains three ionizable groups, corresponding to the amino group at daunosamine, 

the hydroxyl group at C11, and the hydroxyl group at C6, with pKa values of 8.2, 10.2, and 13.2, 

respectively [41]. Moreover, DOX can be used as a pH indicator, as evidenced by the shift in color 

from orange-red at neutral pH to blue-violet at a pH of 9 (Figure 4). This color shift is attributed to 

the chromophore present in the DOX molecule (dihydroxyanthraquinone) [40]. 

 

 

Figure 4. The color transition of DOX solution in an acidic and basic environment. Created in 

Biorender. 

 

In addition, the DOX molecule exhibits intrinsic fluorescence properties. This fluorescence 

is frequently employed to track the uptake and localization of DOX within cells. The signal's 

intensity may change depending on the interaction between the molecule and the cell membrane, 

proteins, and/or DNA [42–44]. Given this, some studies have been performed to assess the 

relationship between solvent composition and fluorescence intensity [45,46]. Karukstis et al. [45] 

found that DOX fluorescence decreases with both an increase in concentration and a reduction 

in the pH of the surrounding environment. Moreover, two aqueous solution emission characteristic 

peaks for DOX were identified at 560 and 593 nm. 
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2.3. Side effects 
 

As previously mentioned, DOX is one of the most frequently used chemotherapy agents 

for cancer treatment. Its applications encompass a range of malignancies, including breast cancer 

[28,29], liver cancer [30], and bone cancer [31]. Despite its broad spectrum, the use of 

conventional DOX in clinical practice has been constrained due to the presence of negative side 

effects, including cardiotoxicity [24]. This was particularly the case for individuals requiring dose 

escalation due to advanced disease [47]. DOX exhibits a significant interaction with cellular 

macromolecules, resulting in a reduction in its therapeutic index [48]. Consequently, the 

administration of high doses or repeated cycles is normally required to achieve the desired 

therapeutic effect, which can simultaneously lead to several major side effects [19]. Furthermore, 

DOX exhibits high toxicity and low water solubility, which present significant challenges in its 

administration and distribution within the body. These properties can result in a range of side 

effects, some of which may be severe [26,32]. The most common side effects include nausea, 

sickness, hair loss, fatigue, and decreased appetite. More serious side effects may include heart 

damage, which can result in heart failure, myelosuppression, and an increased risk of developing 

secondary cancers [19,24,32].  

One of the major challenges associated with the use of DOX is the development of drug 

resistance. Cancer cells can become resistant to DOX through a variety of mechanisms, similar 

to what happens with other anticancer drugs. These mechanisms include increased efflux of the 

drug from the cell, decreased uptake, activation of detoxifying, DNA repair, or alterations in the 

target of the drug [40,49]. 

To mitigate the risk of side effects, patients receiving DOX are typically monitored closely, 

and the drug may be given in combination with other drugs to improve its effectiveness and reduce 

toxicity [50]. Despite its long-standing use in the treatment of cancer, researchers are currently 

focused on improving its efficacy while reducing its side effects. Some strategies are being 

explored, including the development of new formulations of the drug, such as liposomal 

formulations that can improve its delivery to tumor cells and reduce its toxicity to healthy tissues 

[51,52]. 

Prior clinical research has demonstrated that liposomal anticancer medications exhibit 

reduced toxicity and improved tolerance [53]. For the administration of DOX, several drug delivery 

methods have been studied, including polymers [54,55], such as liposomes [56] and dendrimers 

[57], which have been shown to enhance their anticancer activity [58]. The development of 

precisely controlled drug release systems capable of enhancing DOX cellular uptake and 

releasing the drug into the cytoplasm upon activation by environmental stimuli remains a 

significant challenge. Such systems would enable DOX to reach the nucleus and exert the 

intended therapeutic effects, as evidenced by several studies  [59–61]. 
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3. Nanomaterials 
 

In the intricate domain of nanotechnology, the classification of nanomaterials represents 

a fundamental framework that categorizes these materials based on their distinctive properties 

and structures at the nanoscale. As illustrated in Figure 5, nanomaterials can be categorized into 

five primary groups. Nanomaterials encompass a diverse array of types, each exhibiting unique 

characteristics that make them suitable for specific applications [62]. 

Nanomaterials find diverse applications across a multitude of industries; one noteworthy 

application is in the development of diagnostic and control tools for epidemic diseases. A pertinent 

example was the role of nanomaterials in addressing the COVID-19 pandemic, as documented 

in 2019 [62]. 

 

 

Figure 5. General classification of nanomaterials. Created in Biorender. 

 

3.1. Nanomaterials for biomedical applications 
 

NPs possess unique properties that make them attractive for biomedical applications. 

They can be designed to possess specific shapes, sizes, and surface properties, which can be 

used to control their interactions with biological systems [63]. For instance, NPs can be 

functionalized with targeting moieties such as antibodies [64] or peptides [65], which can enable 

them to selectively bind to specific cells or tissues, and can also be used to encapsulate drugs or 

other therapeutic agents, facilitating a controlled release and targeted delivery [63,66]. 

Nanomedicine is the application of nanotechnology to the field of medicine. The history 

of nanomedicine can be traced back to the 1950s when the concept of using tiny particles for drug 

delivery was first proposed. However, it was not until the 1980s that the field began to gain a 

boost, with the development of novel techniques for synthesizing and characterizing NPs [67]. 

Since then, considerable progress has been made in the development of nanomedicine, which 

has become a fast-growing field with applications in many areas of medicine [67,68].  

Nanomedicine has the potential to improve the diagnosis, treatment, and prevention of a 

wide range of diseases, such as atherosclerosis, the novel coronavirus disease (COVID-19), 

cancer, infectious diseases, cardiovascular disease, and neurological disorders [44,69–73]. 
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Among its most promising applications is regenerative medicine, where NPs can be used to 

create scaffolds for tissue engineering, providing a framework for the growth and regeneration of 

tissues and organs [74,75]. In drug delivery, NPs can be used to deliver drugs to specific cells or 

tissues, improving drug efficacy and reducing side effects, such as the systemic toxicity 

associated with conventional chemotherapy [71]. Liposomes, dendrimers, and polymer-based 

nanoparticles are some of the most commonly used drug delivery systems (DDS) [76]. 

Furthermore, in imaging, NPs can also be used as contrast agents in medical imaging, allowing 

for earlier detection and more accurate diagnosis [77,78], improving the sensitivity and specificity 

of diagnostic tests. Quantum dots, gold NPs, and iron oxide NPs are some examples of 

nanoparticle-based imaging agents [67,79]. Additionally, in diagnostics, NPs can be used as 

diagnostic tools, such as biosensors, for the early detection and monitoring of diseases. 

Nanoparticle-based diagnostic tests can be more sensitive and specific than traditional diagnostic 

tests [80]. Lastly, in tissue engineering, NPs can also be used as the development of scaffolds. 

NPs can promote cell adhesion, and proliferation, and can be used to deliver growth factors or 

other bioactive molecules [81]. 

 

3.2. Biological challenges  
 

Although nanomedicine holds great promise for revolutionizing the healthcare system, its 

biomedical applications are still limited by challenges such as toxicity, stability, and target delivery. 

A primary concern is the potential toxicity of NPs. Some have been shown to exhibit toxicity 

towards cells and tissues, yet their long-term effects on human health remain incompletely 

understood. NPs have the potential to accumulate in tissues and organs, potentially increasing 

the risk of adverse effects [82]. Efforts have been made to develop biocompatible and 

biodegradable NPs and to optimize their properties to reduce toxicity [82]. Another challenge is 

the regulatory approval process for nanomedicine products, which is still developing guidelines 

for the use of nanomedicines. Due to their unique properties, nanomedicine products may require 

additional safety and efficacy testing before they can be approved for clinical use. This can make 

the development and commercialization of nanomedicine products more challenging and time-

consuming [83]. Additionally, technical challenges are associated with the design and production 

of NPs. The production on a large scale is challenging, as their properties can be affected by 

factors such as size, shape, and surface chemistry [83]. Finally, this innovative frontier presents 

its own set of obstacles, particularly in the biological field. The interaction between nanomaterials 

and living organisms presents complex and intricate biological challenges that necessitate 

meticulous analysis, such as the case of biological barriers and targeting. 
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3.2.1. Passive targeting 
 

The passive targeting process involves the transport of NPs through the capillaries of a 

tumor. This process relies on the distinct pore sizes present in the tumor's microvasculature 

compared to normal capillaries. By engineering the optimal size, NPs can enter the tumor tissues 

while remaining confined within the capillaries of normal tissues, thereby achieving precise 

targeting [84–86]. This process occurs via passive diffusion or convection, where the transport of 

low molecular weight compounds primarily takes place through diffusion [87]. This process 

involves the movement of molecules across the cell membrane in the absence of cellular energy. 

The process of selective accumulation of drugs and nanocarriers is carried throughout the 

enhanced permeability and retention (EPR) effect [87]. This is regarded as the gold standard in 

the design of cancer-targeting drugs. Nanocarriers, given their specific particle size and the 

association with the EPR effect, tend to gather and concentrate in tumor tissues [88,89]. The EPR 

effects can also be applied to all quickly growing solid tumours [90]. Passive targeting strategies 

rely solely on the EPR effect, which lacks tumor detection capabilities, as evidenced by studies 

conducted by Low et al. (2008) [91], Y. Yang et al. (2020) [89], and Zhang et al. (2019) [92]. 

It is becoming clear that the EPR effect is a prevalent phenomenon in the majority of 

human cancers, except for hypovascular tumors such as prostate and pancreatic cancers [93,94]. 

For the EPR effect to be most effective, nanocarriers must avoid detection by the immune system 

and remain circulating within the bloodstream for an extended period. Consequently, drug-loaded 

nanocarriers can accumulate in the tumor site to levels that are 10 to 50 times higher than those 

observed in normal tissues, with this accumulation occurring within a time frame of 1 to 2 days 

[95]. 

To achieve successful drug delivery, nanocarriers must possess specific characteristics. 

Firstly, the optimal size range for nanocarriers is 10 to 100 nm. Nanocarriers with a diameter of 

less than 400 nm can effectively pass through the leaky vasculature surrounding tumors. 

However, they must also be larger than 10 nm to avoid filtration by the kidneys and smaller than 

100 nm to prevent specific capture by the liver. Secondly, the charge of the nanocarriers' particles 

should be either neutral or anionic. This charge property facilitates evasion of elimination by the 

kidneys, thereby increasing circulation time in the body and enhancing the possibility of reaching 

the tumour site. Finally, nanocarriers should be designed to avoid detection by the 

reticuloendothelial system, which is responsible for the removal of foreign materials through 

opsonization and phagocytosis. By remaining undetected, the nanocarriers can avoid premature 

clearance and destruction, thereby maximizing their potential to deliver drugs effectively to the 

targeted tumor site [96,97]. 

Nevertheless, it is important to acknowledge that there are certain limitations associated 

with the passive targeting of tumors using nanocarriers. The success of this approach relies on 

the extent of tumor vascularization and angiogenesis [98]. The overexpression of angiogenesis 
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regulators, such as vascular endothelial growth factor (VEGF), plays a role in creating chaotic 

tumor vessel architecture and increasing vascular permeability, ultimately leading to enhanced 

drug accumulation [99]. Consequently, the extravasation of nanocarriers may vary depending on 

the specific type and location of the tumor within the body. Moreover, solid tumors exhibit a high 

interstitial fluid pressure, which presents a challenge for efficient drug uptake and even distribution 

within the tumour mass [100]. This elevated pressure, in conjunction with inadequate lymphatic 

drainage, contributes to the correlation between nanocarrier size and the effectiveness of the 

EPR effect. It can be observed that larger nanocarriers, which are capable of circulating in the 

bloodstream for an extended period (approximately 100 nm) are more likely to be retained within 

the tumor. On the contrary, smaller molecules may easily disperse away from the target site [101]. 

 

3.2.2. Active targeting 
 

Active targeting involves the customization of nanocarriers with special targeting ligands 

on their surface (Figure 6), such as small molecules, carbohydrates, hormones, antibodies, and 

peptides, which possess a specific affinity for molecular receptors overexpressed on the surface 

of target cells [40]. These strategies have emerged as promising approaches. 

 

 

Figure 6. Schematic representation of distinct types of nanocarriers and ligands. Created in 

Biorender. 

 

These ligands are designed to bind specifically to receptors found at the desired target 

site, as illustrated in Figure 7. The interaction between the ligand and the receptor triggers a 

receptor-mediated mechanism, facilitating the cellular internalization of the nanocarrier and 
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enhancing its effectiveness as a delivery system [102]. The selection of these ligands is crucial, 

as they must attach themselves to the receptors that are abundant in tumor cells or to the blood 

vessels surrounding the tumor [103]. 

 

 

Figure 7. Active targeting strategies. Ligands grafted at the surface of nanocarriers bind to 

receptors overexpressed by cancer cells or endothelial cells. Created in Biorender. 

 

The efficacy of active targeting relies on several factors, including the degree of receptor 

overexpression in the target cells and the strength of the bond between the targeting ligands and 

the receptors. This bond must overcome the "binding-site barrier" to effectively penetrate the 

tumor [40]. One great example is folic acid (FA), a commonly used targeting ligand that is 

frequently overexpressed in various cancer types, including those found in the ovary, brain, 

kidney, breast, colon, and lung [104]. As a result, it has been extensively employed in cancer 

treatment and detection [105].  

When targeting accessible sites such as tumor vasculature, where the bloodstream flows 

dynamically, it is advantageous to have a high-affinity binding between the ligands and the 

receptors [106,107]. The term "ligand-targeted therapeutics" is a broad term that encompasses a 

variety of anti-cancer treatments that employ this targeting approach. These therapeutics can be 

classified into distinct categories based on their specific drug delivery methods [108]. 

One category of active targeting involves the use of antibodies, either monoclonal or 

fragments, to identify and engage with specific receptors. These antibodies can interfere with 

signal transduction pathways or regulate proto-oncogenes, which are crucial for the proliferation 

of cancer cells. Examples of such antibodies include trastuzumab (Herceptin®) which targets 

ERBB2, bevacizumab (Avastin®) which targets VEGF, and etaracizumab, a humanized anti-αvβ3 

antibody (Abegrin™). In this approach, as illustrated in Figure 8, the active molecule plays a dual 

role, acting both as a targeting ligand and a drug. On the other hand, antibodies (or fragments) 

can function exclusively as targeting ligands when combined with therapeutic molecules [108]. 

For instance, 90yttrium–ibritumomab tiuxetan (Zevalin®) targets anti-CD20 and represents the first 

radioimmunotherapeutic to gain clinical approval [109].  
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Figure 8. Active targeting using antibodies to detect specific receptors. Created in Biorender. 

 

Another active targeting class involves the use of immuno-nanocarriers, in which cytotoxic 

drugs are encapsulated within nanocarriers, and antibodies (or fragments) serve as targeting 

ligands, attached to the nanocarrier's surface. Finally, targeted nanocarriers replace antibodies 

with specific molecules (peptidic or non-peptidic) that are designed to bind exclusively to certain 

receptors on the tumor cells as depicted in Figure 9 [108]. 

 

 

Figure 9. Nanocarriers presenting targeted ligands at the surface. The ligands are either 

monoclonal antibodies and antibody fragments (immuno-nanocarriers) or non-antibody ligands. 

Created in Biorender. 

 

The combination of active targeting approaches with the EPR effect has the potential to 

significantly improve the efficacy of nanocarrier-based anticancer DDS [85,89]. The use of 

nanoscale DDS offers several advantages for targeted tumor therapy. Firstly, they take advantage 

of the EPR effect, which promotes the accumulation of nanocarriers within the tumor 

microenvironment [110]. Additionally, nanocarriers can be easily modified with biological ligands, 
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thus enabling active tumor targeting and improving specificity [111]. Moreover, these systems can 

incorporate stimuli-sensitive drug release mechanisms, allowing controlled and targeted drug 

delivery [112]. In the field of cancer therapy, the combination of active targeting and the EPR effect 

represents a significant potential for overcoming the limitations of conventional chemotherapy. 

The ability of active nanocarrier platforms to specifically target cancer cells while minimizing off-

target effects paves the way for more effective and personalized treatments [113]. 

 

4. Nanoparticles for cancer treatment 
 

NPs have emerged as crucial tools for drug delivery, modifying the drug's 

pharmacokinetics to optimize effectiveness and mitigate certain side effects [114]. Focused on 

increasing the therapeutic properties and efficacy of drugs, DDS function as reservoirs for drug 

storage, precisely releasing drugs at specific locations and times, thereby influencing the body's 

pharmacokinetic and drug distribution processes [115]. 

The key benefits of NPs as carriers for anticancer agents include the capacity to deliver 

drugs to tumors, facilitate tumor imaging, proficient storage of numerous drug molecules, and the 

capacity to overcome challenges related to solubility, stability, and resistance. This not only 

enhances the bioavailability and biodistribution of drugs in the bloodstream but also ensures 

biocompatibility [116]. 

 

4.1. Polymer-based drug delivery systems 
 

Nanocarriers are extremely small vehicles that can transport drugs, vaccines, and other 

molecules to a specific area or cell in the body. These nanocarriers are designed to be adjusted 

to specific applications and consist of different types of materials, such as lipids, proteins, and 

polymers. Among these, polymer-based nanocarriers stand out as a preferred choice due to their 

flexibility, biocompatibility, and straightforward synthesis process [117]. 

Nanocarriers offer several advantages over conventional DDS. The chemical 

composition, size, and structure of these systems can be manipulated to provide properties that 

are easily adjustable [58]. They can deliver drugs to specific targets and shield drugs from the 

body's metabolic processes, eliminating the necessity of administering high doses throughout the 

entire body and prolonging their half-life. It is also worth noting their ability to create a protective 

barrier for hydrophobic drugs, thereby improving their aqueous solubility [118]. Consequently, this 

approach results in a reduction in side effects and enhanced therapeutic outcomes. Another 

significant advantage is the capacity to design and target specific types of cells, such as cancer 

cells. This can be achieved by modifying the surface of the nanocarrier with ligands [119]. Surface 

modifications involve the alteration of a material’s surface properties to enhance its performance 
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or functionality. In the context of polymer-based nanocarriers, surface modification can improve 

their stability, biocompatibility, and targeting abilities. This can be accomplished by attaching 

ligands or other macromolecules and functional groups to the polymer surface, or by coating the 

surface with another material to alter its properties (Figure 10). This indicates that drugs can be 

released gradually over a specific period, allowing for a lower overall dose to be administered to 

the entire body [120,121].  

 

 

Figure 10. Schematic representation of attaching ligands to the polymer surface to alter its 

properties. Created in Biorender. 

 

There are several techniques that allow loading drugs into the nanocarrier, such as 

physical entrapment, chemical conjugation, and electrostatic interactions. The latter involves 

noncovalent interactions, which are particularly advantageous for loading charged drugs. In this 

process, drug molecules are attracted to the surface of the nanocarrier by electrostatic forces 

between the charged groups on the drug and the polymer matrix of the nanocarrier [122]. 

Furthermore, electrostatic interactions present the possibility of controlling the release kinetics. 

This can be accomplished by adjusting the pH of the surrounding environment, influencing the 

strength of the electrostatic interaction between the drug and the nanocarrier. For instance, a 

nanocarrier designed for the treatment of cancer could be modified to respond to the acidic tumor 

microenvironment, enabling the selective release of the drug at the tumor site [121]. 

One of the most crucial aspects of creating and designing polymer-based nanocarriers is 

the meticulous selection of the most appropriate material. The selection of the polymer depends 

on the specific properties that are required for the nanocarrier. These properties may include 

biocompatibility, biodegradability, stability, drug loading capacity, nanocarrier release kinetics, and 

the ability to interact with and transport cargo to specific sites [117]. Polymers such as 

polyethyleneimine (PEI) and polyethylene glycol (PEG) are well-known for their biocompatibility, 

biodegradability, and the ability to finely tune and control their physicochemical properties [121]. 
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4.1.1. Polyethyleneimine  
 

PEI is a cationic polymer composed of repeating units of amine groups and two aliphatic 

carbons, which has gained significant attention in the field of drug delivery due to its unique 

properties. PEI can assume either a branched or linear configuration. Linear PEI contains only 

secondary and primary amino groups, while branched PEI contains primary, secondary, and 

tertiary amino groups, as illustrated in Figure 11. Branched PEI has a high charge density of amine 

groups, which makes it more chemically reactive, and is often used as a cationic polyelectrolyte 

[123–126]. Additionally, lower molecular weight PEIs, 22 and 25 kDa, exhibit reduced toxicity 

compared to high molecular weight PEIs (800 kDa) [127]. 

 

 

Figure 11- Chemical structures of branched PEI. Structure created in Molecular Operating 

Environment (MOE) 2015.10 software [20]. 

 

PEI is soluble in water and due to its high charge density can form complexes or stable 

NPs through electrostatic interactions with negatively charged molecules, such as DNA, RNA, 

and proteins. This versatility renders it invaluable tool for the delivery of a wide range of 

therapeutic agents, including genes, proteins, and small molecules [105,124]. 

PEI has been widely studied and used in a variety of applications, including gene therapy, 

tissue engineering, drug delivery, and cancer therapy. In gene therapy, PEI is an efficient gene 

delivery vector, due to its high charge density and ability to form stable complexes with DNA and 

RNA, which can penetrate the cell membrane and enter the cell nucleus [128]. Also, PEI has been 

explored for use in tissue engineering applications, as it can also promote cell adhesion and 

proliferation. This polymer can be used to create scaffolds for tissue regeneration and cell culture. 

PEI-based scaffolds can support cell attachment, proliferation, and differentiation, making them 

promising tools  [125,129]. In addition, PEI has also been used as a drug delivery vehicle, due to 

its ability to form stable NPs with drugs. The NPs can protect the drug from degradation, improve 

its solubility, and enhance its bioavailability [123,130]. One of the most promising applications of 
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PEI is in cancer therapy [125]. PEI is effective in delivering anticancer drugs, such as DOX and 

paclitaxel, to cancer cells. PEI-based DDS can improve the solubility and stability of these drugs, 

as well as enhance their cellular uptake and retention in cancer cells, resulting in improved 

therapeutic efficacy [105,124,125]. 

However, despite its potential, there are also several challenges associated with the use 

of PEI for biomedical applications. One of the main challenges is its potential toxicity and 

immunogenicity due to the high positive charge. PEI has been shown to induce cytotoxicity and 

inflammation in vitro and in vivo, which can limit its use in some applications. Efforts have been 

made to modify the polymer structure or use alternative biodegradable polymers. To reduce its 

toxicity and improve its biocompatibility, such as the development of modified PEI-based DDS, 

for example, PEGylated PEI and acid-sensitive PEI. However, more research is needed to fully 

understand the safety and efficacy of PEI-based materials and to address the potential challenges 

associated with their use in biomedical applications [125]. 

PEI has emerged as a polyvalent polymer with considerable recognition, in the field of 

DDS. Its distinctive attributes render it an exceptional contender for augmenting the efficiency and 

efficacy of drug delivery platforms [105,124,125]. Furthermore, PEI's remarkable transfection 

efficiency renders it highly appealing for biomedical applications [124]. Moreover, PEI can be 

tailored through modifications to enhance its biocompatibility and targeting capabilities, thereby 

expanding its applicability in DDS. Its capacity to form stable complexes with diverse drugs 

enables controlled release and targeted delivery to specific tissues or cells [125]. PEI-based DDS 

can overcome barriers such as poor solubility and bioavailability, thereby enhancing the 

therapeutic efficacy of encapsulated drugs [123]. 

 

4.1.2. Polydopamine 
 

Polydopamine (PDA) is a synthetic polymer that is inspired by the adhesive properties of 

natural dopamine [131]. It was first reported in 2007, and since then, it has been extensively 

studied for its unique properties and potential applications in a variety of fields, including 

biomedicine, materials science, and environmental remediation [131,132]. Researchers 

discovered that the polymerization of dopamine in an alkaline solution produced a black coating 

that exhibited strong adhesion to a variety of surfaces. The resulting polymer exhibits a high 

degree of surface reactivity and can be used to coat a variety of surfaces, including metals, 

plastics, and ceramics [131,133]. PDA displays several unique properties that make it attractive 

for diverse applications. One of its most remarkable features is its high surface reactivity (as 

depicted in Figure 12), which allows it to form strong bonds with a wide range of substrates [133]. 

Another important property of PDA is its ability to form conformal coatings on surfaces [133,134]. 

This means that the coating can adapt the shape of the surface to which it is applied, which can 

be useful in a variety of applications. 
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Figure 12. Chemical structures of branched PDA. Structure created in Molecular Operating 

Environment (MOE) 2015.10 software [20]. 

 

PDA finds application across multiple domains, with a particular interest in some specific 

areas, such as surface modification, drug delivery, and tissue engineering. This property has been 

explored for the development of functional materials with enhanced surface properties. For 

example, PDA coatings have been used to improve the adhesion of implants, create 

superhydrophobic surfaces, and enhance the optical properties and materials biocompatibility 

[45,135,136]. In drug delivery, the high surface reactivity of PDA allows for the attachment of a 

variety of molecules, including drugs and targeting moieties, which can improve efficacy and 

specificity. This approach has been used for the targeted delivery of drugs to cancer cells 

[131,137]. Additionally, in tissue engineering, the high surface reactivity of PDA allows for the 

attachment of biological molecules, such as growth factors and extracellular matrix proteins, to 

scaffolds. This approach has been used to enhance cell adhesion and proliferation, leading to 

improved tissue regeneration [131,138]. 

Despite its potential, there are some limitations associated with the use of PDA in 

biomedical applications, including potential cytotoxicity issues [131]. Some studies have 

demonstrated that PDA can induce cell death and inflammation in vitro and in vivo. However, the 

exact mechanism of toxicity remains unclear [139]. Further research is needed to fully understand 

the safety and efficacy of PDA-based materials and to address the potential challenges 

associated with their use in biomedical applications. 

PDA has emerged as a promising material in the area of DDS, offering unique advantages 

and applications. The inherent adhesive properties of PDA enable strong interactions with a wide 

range of substrates. This property can be exploited to coat drug-loaded carriers, thereby 

enhancing their stability, biocompatibility, and targeting capabilities [131,137]. Furthermore, PDA 

exhibits pH-responsive behavior, allowing a controlled drug release in response to changes in the 

local microenvironment. This property enables precise spatiotemporal control over drug delivery, 

thereby minimizing off-target effects and optimizing therapeutic outcomes [137]. In addition to its 
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role in drug encapsulation and release, PDA can also serve as a versatile platform for surface 

functionalization. The introduction of functional groups onto PDA-coated carriers allows for the 

facilitation of specific interactions with target cells or tissues, thus enabling targeted drug delivery 

and enhanced therapeutic efficacy [137]. 

Overall, the use of PDA holds considerable potential for improving the efficacy of DDS. 

The adhesive properties, pH responsiveness, and surface functionalization capabilities make it a 

valuable means for enhancing the efficiency and specificity of DDS. 

 

4.2. Clay-based drug delivery systems 
 

Many NPs, nanodisks, or nanotubes have been identified as having potential therapeutic 

applications in cancer. DDS have been successfully modified using clays and clay minerals [140]. 

Nano-clays have attracted considerable interest due to their high specific surface area, 

biocompatibility, biodegradability, enhanced cellular uptake behaviors, controlled drug release 

capacity, and interlayer spacing, which can be employed for drug encapsulation with a high 

retention capacity [89,141,142]. At present, there is a particular focus on Laponite® (LAP), a type 

of synthetic silicate nanoparticle, which has been used as a drug carrier [143,144]. 

 

4.2.1. Laponite 
 

The first report of LAP was developed by Dr. Barbara S. Neumann in the United Kingdom 

during the 1960s. It was initially employed as a rheological additive in drilling fluids for the oil and 

gas industry [145]. Since then, it has been used in a variety of applications, such as a thickener 

in personal care products and as a dispersant in paint and ink formulations [135]. In recent years, 

there has been a marked increase in interest in the use of LAP.  

LAP is a type of synthetic clay composed of magnesium and aluminum silicate disks 

bonded together by sodium ions (25 nm in diameter and 0.92 nm in thickness) [146]. It has unique 

properties, including a high surface area (up to 700 square meters per gram) and a high degree 

of aqueous swelling [135,136]. The surface of the disks exhibits a negative charge, while the 

edges of the disks may acquire a positive charge, depending on the solution’s pH [147]. 

Another property of LAP is its ability to form stable water suspensions. This property is 

attributed to the high surface area and the presence of negative charges on the surface of clay 

particles, which repel each other and prevent aggregation. LAP can also be functionalized with 

different molecules, such as polymers or drugs, to create nanocomposites that have unique 

properties and can be used for a variety of applications [135,148]. 

According to Y. Li et al., (2011) [146], LAP can degrade when exposed to acidic 

environments into nontoxic products like Na+, Si(OH)4, Mg2+, and Li+ [146,149]. Consequently, a 
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series of drugs (including DOX), biological molecules, and fluorescent dye molecules, such as 

amoxicillin [150], glutathione  [151], and Nile-red [152], have been incorporated into LAP 

nanohybrids through intercalation, as depicted in Figure 13. 

 

 

Figure 13. Schematic Illustration of the intercalation of DOX into LAP. Created in Biorender 

(adapted from Teyssier et al., 2005 [153]). 

 

LAP has an extremely high surface area due to its layered structure. This makes it useful 

for a variety of applications where surface area is important, such as in adsorption or catalysis 

[135,148]. Its electrokinetic properties, allow it to be charged by the addition of ions or by changes 

in pH. This makes it useful in applications such as drug delivery and as a stabilizer in emulsions 

[147].  

Within the drug delivery field, LAP has attracted significant attention to be used as a 

carrier, due to its electrokinetic properties and high surface area, which facilitate the adsorption 

and encapsulation of drugs or therapeutic molecules. This adsorption capability allows for the 

controlled release of the encapsulated drug over time, leading to improved therapeutic efficacy 

and reduced side effects [135,148]. Moreover, LAP can also be functionalized or modified to 

further tailor their properties for specific drug delivery applications. It can be functionalized with 

targeting moieties, such as antibodies or peptides, to selectively bind to specific cells or tissues 

and improve drug efficacy by allowing for sustained release [148]. For example, an investigation 

led by Wu et al., 2020, [154] reported a LAP-based nanoplatform covalently modified with FA for 

tumor-targeted delivery.  

 

4.3. DOX-based nanotherapeutics currently in the clinic  
 

DOX is a potent chemotherapeutic agent used in the treatment of various cancer types, 

so, several DOX-based nanotherapeutics are currently undergoing clinical trials or are already in 

use.  
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Prior commercialization, drugs undergo a rigorous selection process starting with 

preclinical studies. These studies assess pharmacodynamics and pharmacokinetic, determining 

the drug's pharmacokinetic/pharmacodynamic profile and establishing safe dosages for initial 

human trials. The progression of Human trials is contingent upon the specific protocols that have 

been established for each phase. These protocols delineate the criteria for participants, the study 

duration, the dosage, and the methodology for data collection. After market availability, the drug's 

performance is monitored during active medical use via post-market surveillance [40]. 

The first type of DOX-based nanotherapeutics authorized for medical applications has 

been Liposomes-based. Diverse commercial versions of this system are currently available, 

including Doxil® and Myocet®, which differ in composition (Table 1). 

 

Table 1: Approved liposome nanoformulations and their composition containing DOX. 

Product name Composition Approved treatment Refs 

Doxil® HSPC, 

cholesterol, and 

DSPE-PEG2000 

Kaposi's sarcoma, 

multiple myeloma, 

breast, and ovarian 

cancer 

Gabizon et al. [51] 

Franco Muggia et al. [155]  

Symon et al. [156] 

Orlowski et al. [157] 

Myocet® EPC and 

cholesterol 

Metastatic breast 

cancer 

Bulbake et al. [158] 

Chan et al. [159] 

Leonard et al. [160] 

 

4.3.1. Doxil® 
 

The first nanosystem to achieve clinical approval by the Food and Drug Administration 

was Doxil® in 1995 [161]. An enhanced liposomal formulation carrying DOX has presented a 

better pharmacokinetic profile and less cardiotoxicity commonly associated with free DOX 

administration [40,162]. Doxil®, which is marketed as Caelyx® in Europe, was a pioneer in the field 

of drug carriers on the US market [161]. Doxil® was initially accepted for the management of 

Kaposi's sarcoma associated with AIDS, and later, in 1998, for the treatment of recurrent ovarian 

cancer [155], in 2003 for metastatic breast cancer [156], and in 2007 for multiple myeloma 

[40,157].  

This system has a mean diameter of between 80 and 90 nm and is based on a PEGylated 

liposome that contains DOX in the interior cavity [51]. The hydrogenated soy phosphatidylcholine 

(HSPC), cholesterol, and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(methoxy-PEG) 

(DSPE-PEG) [conjugation of distearoyl-phosphatidylethanolamine to PEG] are the three primary 

lipid components that make up a Doxil® liposome (Figure 14). Once these lipids are consumed 

and found on cell membranes, they are regarded as harmless [40,51]. 
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Figure 14. Illustration of a PEGylated Doxil® liposome [40]. 

 

4.3.2. Myocet 
 

Another example of a liposomal DOX formulation is Myocet®, a non-PEGylated liposomal 

DOX, approved five years after Doxil® in Europe and Canada [163]. This formulation was 

approved as a first-line treatment for metastatic breast cancer in combination with 

cyclophosphamide [159,160]. 

Similar to Doxil®, Myocet® utilizes liposomes to encapsulate DOX, improving its 

pharmacokinetic profile and reducing cardiotoxicity. These liposomal formulations offer improved 

patient outcomes and quality of life (fewer symptoms, such as nausea, vomiting, and stomatitis) 

compared to conventional DOX therapy [159,164,165]. 

Myocet® liposome presents a diameter size of around 150-250 nm and is composed of 

cholesterol, egg phosphatidylcholine (Egg PC), and, in the interior, a DOX citrate complex (Figure 

15) [40,158]. 

 

Figure 15. Illustration of the Myocet® liposome [40]. 
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Chapter 2 - Thesis objectives 
 

This thesis aims to develop and compare complexes based on PDA and PEI for the 

targeted delivery of DOX. To this end, a series of complexes were prepared using LAP, PEG, FA, 

and Fluorescein Isothiocyanate (FI) to create complexes that would meet the desired conditions. 

LAP has been selected for this study due to its low toxicity and its ability to interact 

strongly with numerous chemical compounds. This makes it an attractive option for protecting 

drugs from degradation in the physiological environment by intercalating them into crystal stacks, 

improving the drug efficacy by allowing a sustained release [148,166]. PEG has been shown to 

increase the half-life of NPs by encapsulating them within the structure, thereby preventing their 

detection and clearance by the immune system. Consequently, PEG prolongs their circulation 

time [167]. FA is a frequently utilized ligand in cancer therapy and diagnostics due to its efficacy 

in active targeting, and usually associated with an overexpression in various cancer types 

[104,105]). Lastly, FI, a fluorescent compound, was conjugated so that it could be possible to 

track the complexes inside the cell through confocal microscopy. 

This thesis presents a series of studies performed with the following primary goals:  

a. Synthesis of LAP-coated PDA to identify optimal conditions to generate small, highly 

negatively charged complexes by varying LAP concentration and using three different 

approaches (continuous magnetic stirring, ultrasonic bath, and microsonication) and the 

effect of the addition of mannitol as a stabilizer agent. 

b. Loading DOX into LAP nanodisks, followed by calculating the encapsulation efficiency 

(EE) and Loading capacity (LC) of DOX in the nanodisks. 

c. Synthesis of LAP/DOX/PEI(FI-PEG-FA) and LAP/DOX/PDA(FI-PEG-FA) complexes. 

d. Characterization of the synthesized compounds using suitable physicochemical 

techniques, namely by Nuclear Magnetic Resonance (1H NMR), Dynamic Light Scattering 

(DLS), Electrophoretic Light Scattering (ELS), and Ultraviolet/Visible spectroscopy 

(UV/Vis). 

e. Comparative study of the cumulative release (Cr) of DOX from the synthesized 

complexes over time. 

f. Evaluation of the in vitro cytotoxicity of the complexes using a metabolic activity assay 

(resazurin reduction assay) to correlate with cell viability. 
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Chapter 3 - Materials and Methods 
 

1. Materials 
 

Dual functional PEG with one end of a carboxyl group and the other end of an amine 

group (NH2–PEG–COOH, MW = 2 kDa) was from Seebio Biotech. 1-ethyl-3-(3-

dimethylaminopropy) carbodiimide hydrochloride (EDC) was obtained from TCI chemicals. 

Dopamine hydrochloride was purchased from Alfa Aesar. N-hydroxysuccinimide (NHS), branched 

PEI (MW = 25 kDa), FA, and FI were supplied by Sigma-Aldrich. Doxorubicin hydrochloride was 

from Biosynth. Laponite® XLG was kindly donated by BYK, Germany. Dimethyl sulfoxide (DMSO) 

was from Fisher Chemical. Regenerated cellulose dialysis membranes with molecular weight cut-

off (MWCO) of 1 or 25 kDa were acquired from SpectrumTM (Spectra/PorTM). MCF-7 cells were 

supplied from the CQM cryopreservation cell bank. Roswell Park Memorial Institute (RPMI), fetal 

bovine serum (FBS), and antibiotic-antimycotic (AA) were from Gibco™ (Thermo Fisher 

Scientific). All chemicals and materials were used as received. Water used in all experiments was 

purified using a Milli-Q Direct 3 UV Water Purification System with a resistivity higher than 18.2 

MΩ·cm.  

 

2. Coating of LAP 
 

LAP-coated PDA complexes were obtained using an adapted protocol from Zheng et. al 

(2014) [168]. LAP was dispersed in distilled water and placed in an ultrasonic bath at room 

temperature (22°C) for 30 minutes. Two different concentrations of LAP were tested (1 and 

3 mg/mL). A 2 mg/mL solution of DA was prepared in 10 mM Tris-HCl buffer at pH 8.5. 

The LAP-coated PDA complexes were prepared by mixing LAP:DA solutions in a 1:2 

(V/V) ratio in three different conditions. One sample experienced continuous magnetic stirring 

(500 rpm), another was treated in an ultrasonic bath, and the last one was subjected to a 

microsonicator (Bioblock Scientific). Each treatment lasted for 1 hour at 22°C. Subsequently, the 

reaction mixtures were left at 22°C with constant magnetic stirring (500 rpm) for an additional 

2 hours. After that, the reaction mixture was precipitated by centrifugation at a speed of 35,000xg 

for 10 minutes, three times, each one after washing with 3 mL of distilled water. The precipitate, 

corresponding to the LAP/PDA complexes, was lyophilized for 3 days and kept at -20ºC for further 

studies. The study was performed in duplicate, in one of which the complexes were lyophilized 

after the addition of 5% mannitol. 
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3. Loading of DOX into LAP Nanodisks 
 

To obtain the DOX-loaded LAP complexes, as illustrated in Figure 16, an adapted protocol 

based on the one described by Wang et. al (2013) was used [169]. 

LAP was dispersed in distilled water and kept in an ultrasonic bath at 22°C for 30 minutes. 

A 3 mg/mL LAP solution and a 1 mg/mL DOX aqueous solution was previously prepared. The 

DOX-loaded LAP complexes were prepared in a 1:1 (V/V) ratio. The reaction mixture was kept at 

22°C, protected from light, under constant magnetic stirring (500 rpm) for 24 hours. After that, the 

reaction mixture was precipitated by centrifugation at a speed of 35,000xg for 10 minutes, three 

times, each one after washing with 3 mL of distilled water. The precipitate, corresponding to the 

LAP/DOX complexes, was lyophilized for 3 days and kept at -20ºC for further studies. The free 

DOX present in the supernatant was collected after each centrifugation step and kept at 4ºC for 

later measurement in UV-Vis for further calculation of the EE% and LC%. 

 

 

Figure 16. Schematic representation of DOX-loaded LAP complexes. Created in Biorender. 

 

DOX quantification in the supernatants was determined at 480 nm through a standard 

calibration curve to determine the EE of DOX and subsequently the LC. Equations 1 and 2 

represents the DOX EE and LC of the complexes, respectively, where m0 is the initial mass of 

DOX, mS is the mass of DOX in the supernatant, and mN is the final mass of the complexes. 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1 →  𝐸𝐸 (%) =
𝑚0 − 𝑚𝑆

𝑚0
× 100 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2 → 𝐿𝐶 (%) =
𝑚0 − 𝑚𝑆

𝑚𝑁
× 100 
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4. Synthesis 
 

For all the following syntheses, an adapted protocol based on the methodology developed 

by Chen et al.,2016, [170] was employed. Each synthesis was carefully adjusted to fit the specific 

requirements of this study.  

 

4.1. Synthesis of FA-PEG-COOH 
 

For the synthesis of FA-PEG-COOH (Figure 17), FA (8.8 mg) dissolved in DMSO (5 mL) 

was activated by EDC/NHS (1 mol. equiv. of FA, 3.10 mg EDC and 2.29 mg NHS) under vigorous 

magnetic stirring for 3 hours (500 rpm). Then, the activated FA was added dropwise to a DMSO 

solution of NH2-PEG-COOH (0.5 mol. equiv. of FA, 19.94 mg, 10 mL) with magnetic stirring for 3 

days (1000 rpm). The reaction mixture was extensively dialyzed against phosphate-buffered 

saline (PBS, 3 times, 2 L) and water (6 times, 2 L) for 3 days using a dialysis membrane (MWCO 

= 1 kDa) to remove the excess reactants and by-products, followed by lyophilization to obtain the 

product of FA-PEG-COOH. 

  

 

Figure 17. Schematic representation of the synthesis of FA-PEG-COOH. Created in Biorender. 

 

4.2. Synthesis of LAP/DOX/PEI(FI-PEG-FA) 
 

To produce the LAP/DOX/PEI(FI-PEG-FA) complex, it was necessary to synthesize first 

the FA-PEG-PEI-FI before proceeding to create the desired complex (Figure 18). 

The FA-PEG-PEI-FI compound was prepared by dissolving the FA-PEG-COOH in DMSO 

(10 mol. equiv. of PEI, 19.84 mg, 5 mL) and activated by EDC/NHS (5 mol. equiv. of FA-PEG-

COOH, 12.60 mg EDC and 9.35 mg NHS) under vigorous magnetic stirring for 3 hours at 22°C 

(500 rpm). The activated FA-PEG-COOH was added dropwise into a DMSO solution of PEI (25.00 
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mg, 10 mL) under magnetic stirring for 3 days (1000 rpm), followed by the addition of FI (10 mol. 

equiv. of PEI, 3.89 mg, 5 mL in DMSO) into the above mixture solution. After 24 hours, the mixture 

was extensively dialyzed against PBS (3 times, 2 L) and water (6 times, 2 L) for 3 days using a 

dialysis membrane (MWCO = 25 kDa) to remove the excess reactants and by-products, followed 

by lyophilization to get the product of FA-PEG-PEI-FI. The intermediate products of FA-PEG-PEI 

were also collected, purified, and characterized.  

 

 

Figure 18. Schematic representation of the synthesis of FA-PEG-PEI-FI. Created in Biorender. 

 

Considering the previous trials, the best conditions for the coating were the LAP:DA 1:2 

(V/V) ratio, with a DA concentration of 2 mg/mL and an LAP concentration of 3 mg/mL. Therefore, 

for the LAP/DOX coating by FA-PEG-PEI-FI (illustrated in Figure 19), the used conditions were 

described above. A solution of 2 mg/mL FA-PEG-PEI-FI was prepared in distilled water and the 

LAP/DOX complexes were dispersed in distilled water at a concentration of 3 mg/mL. The FA-

PEG-PEI-FI solution was then added at a ratio of 1:2 (V/V). The reaction mixture was kept in an 

ultrasonic bath for 1 hour at 22°C. Subsequently, the reaction mixture was left at 22°C with 

constant magnetic stirring (500 rpm) for an additional 2 hours. After this time, the reaction mixture 

was precipitated by centrifugation at a speed of 35,000xg for 10 minutes, three times, each one 

after washing with 3 mL of distilled water. The precipitate, corresponding to the LAP/DOX/PEI(FI-

PEG-FA) complexes, was lyophilized for 3 days and kept at -20ºC for further studies.  
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Figure 19. Schematic representation of the synthesis of LAP/DOX/PEI(FI-PEG-FA). Created in 

Biorender. 

 

4.3. Synthesis of LAP/DOX/PDA(FI-PEG-FA) 
 

To synthesize the LAP/DOX/PDA(FI-PEG-FA) complex, we must first synthesize the 

LAP/DOX/PDA before proceeding to create the intended formulation. 

Considering the previous experiments, the optimal conditions for the coating were the 

LAP:DA 1:2 (V/V) ratio, with a DA concentration of 2 mg/mL and an LAP concentration of 3 mg/mL. 

So, for the coating of the LAP/DOX complexes by PDA (as shown in Figure 20), the conditions 

described above were used. A solution of 2 mg/mL DA was prepared in 10 mM Tris-HCl buffer at 

pH 8.5. The LAP/DOX complexes were dispersed in distilled water at a concentration of 3 mg/mL. 

The DA solution was then added at a 1:2 (V/V) ratio. The reaction mixture was kept in an ultrasonic 

bath for 1 hour at 22°C. Subsequently, the reaction mixture was left at 22°C with constant 

magnetic stirring (500 rpm) for an additional 2 hours. After this time, the reaction mixture was 

precipitated by centrifugation at a speed of 35,000xg for 10 minutes, three times, each one after 

washing with 3 mL of distilled water. The precipitate, corresponding to the LAP/DOX/PDA 

complexes, was lyophilized for 3 days, after the addition of 5% mannitol, and kept at -20ºC for 

further studies.  
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Figure 20. Schematic representation of the synthesis of LAP/DOX/PDA. Created in Biorender. 

 

Following the LAP/DOX/PDA preparation, the synthesis proceeded for the intended 

complex, as illustrated in Figure 21. FA-PEG-COOH dissolved in DMSO (1 mol. equiv. of PDA, 

41.00 mg, 10 mL) was activated by EDC/NHS (5 mol. equiv. of FA-PEG-COOH, 26.04 mg EDC 

and 19.33 mg NHS) under vigorous magnetic stirring for 3 hours at 22°C (500 rpm). The activated 

FA-PEG-COOH was added dropwise into a DMSO solution of LAP/DOX/PDA (10.00 mg, 5 mL) 

under stirring for 3 days (1000 rpm), followed by addition of FI (2 mol. equiv. of PDA, 16.22 mg, 5 

mL in DMSO) into the above mixture solution. After 24 hours, the mixture was extensively dialyzed 

against PBS (3 times, 2 L) and water (6 times, 2 L) for 3 days using a dialysis membrane (MWCO 

= 1 kDa) to remove the excess reactants and by-products, followed by lyophilization to get the 

product of LAP/DOX/PDA(FI-PEG-FA). The intermediate products were also collected, purified, 

and characterized. 

 

Figure 21. Schematic representation of the synthesis of LAP/DOX/PDA(FI-PEG-FA). Created in 

Biorender. 
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5. Drug release 
 

Drug release studies were performed considering the methodology described by Bi, D. 

et. al (2018) [171]. After performing a series of trials for the determination and quantification of 

DOX, it was selected a 2.5 µg/mL fixed concentration of DOX (data not shown). In the case of the 

complexes, the LC was used to ensure that the mass of DOX was identical in all samples. Briefly, 

300 µL of each solution was transferred to dialysis cassettes (MWCO = 2 kDa, Slide-A-Lyzer MINI 

Thermo Fisher Scientific). The cassettes were placed in vials containing 10 mL of 1x PBS pH 7.4 

and incubated at 37°C. At different time intervals, 100 µL aliquots of PBS were withdrawn for 

fluorescence analysis using a microplate reader (Perkin Elmer Victor 3 Multilabel Reader). The 

withdrawn 100 µL was immediately replenished with fresh PBS (pH 7.4), and the vials were 

incubated again at 37°C. PBS was used as a control and the amount of DOX was determined 

using a standard curve. 

The Cr of DOX over time was calculated according to Equation 3, where Vl is the volume 

of the release medium, Cn is the average concentration of DOX at a certain time point (four 

replicates were performed for each condition, n=4), and m is the initial mass of DOX within the 

dialysis system; Vt corresponds to the volume of the removed aliquots, and Ci is the 

corresponding concentrations of DOX in these aliquots. 

 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3 → 𝐶𝑟 (%) =
𝑉𝑙. 𝐶𝑛 + 𝑉𝑡. ∑ 𝐶𝑖𝑛−1

1

𝑚
× 100 

 

6. Cytotoxicity evaluation 
 

For the cytotoxicity study, it was used a modified protocol derived from the one described 

by Chen et al., 2016, [170], with MCF-7 cells (breast cancer cell line). 

For the MCF-7 cell expansion, the passage P25 was utilized with a cell seeding density 

of 3 x 105 cells per 100 mm culture dish. First, cryopreserved MCF-7 cells were thawed and 

centrifuged at 300xg for 8 minutes at 20 °C in a superspeed refrigerated centrifuge (Sigma, Model 

3-30K). The pelleted cells were resuspended in 1 mL of complete cell culture medium (RPMI) 

containing 10% (V/V) FBS and 1% (V/V) AA and cell viability was evaluated through trypan blue 

dye exclusion. The cells were cultured in 100 mm culture dishes with 10 mL of complete RPMI 

supplemented with 1% (V/V) 100x NEAA (Gibco), 1 mM Sodium Pyruvate (Sigma-Aldrich), and 

3.3 µg/mL human insulin (Biomedicals). The cells were maintained in an incubator (Nuaire) at 37 

°C, in a humidified atmosphere with 5 % CO2, with the medium being changed two times a week. 

Before reaching maximum confluency, the cells were trypsinized. Briefly, the culture medium was 

removed, and the cells were washed with PBS. Subsequently, 1 mL of 0.25 % trypsin-EDTA 
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solution (Thermo Fisher Scientific) was added to each culture dish, followed by an incubation at 

37°C for 5 minutes. After cell detachment, 2 mL of complete medium was added to stop the trypsin 

action. Viability and cell density were determined using a 0.2% (W/V) trypan blue (Sigma-Aldrich) 

solution and a hemocytometer (Neubauer chamber).  

For the cell culture experiments, the cells were seeded in 48-well plates for 24 hours at a 

density of 5x104 cells per well. The following day, solutions at 0.1, 0.5, 1.0, 1.5, and 2.0 µM (with 

equivalent DOX concentrations) were prepared in filtered distilled water and added to the cell 

culture. After 48 hours of compound exposure, the resazurin reduction assay was performed to 

assess cell viability. The cell culture medium was replaced with fresh medium containing 10% 

(V/V) of a resazurin solution (0.1% (W/V) in PBS) and incubated at 37°C for 3 hours. 

Subsequently, 100 µL aliquots of the medium were transferred to an opaque 96-well plate, and 

the fluorescence of resorufin was measured in a microplate reader at λex = 530 nm and λem = 

590 nm (Perkin Elmer Victor 3 Multilabel Reader). Cell viability was indirectly quantified by 

measuring the metabolic activity of the cultured cells. The study was performed in duplicate, and 

all samples were carried out in quadruplicate. The results are expressed as a percentage of cell 

viability in relation to the control (cells not exposed to the complexes).  

Cell imaging throughout this work was acquired with a widefield and confocal microscopy 

platform (Mica, Leica Microsystems). The cells were fixed with 200 µL formaldehyde (3.7%) for 

25 min at 22°C, and counterstained with 4’,6-diamidino-2-phenylindole (DAPI, 2.5 µg/mL, in 200 

µL PBS) for 20 min at 22°C. 

 

7. Characterization techniques 
 

1H NMR spectra were recorded on a Bruker Avance II+ UltraShield™ 400 Plus Ultra Long 

Hold NMR spectrometer. Samples were dissolved into D2O before NMR measurements. UV-Vis 

spectroscopy was carried out using a Genesys 180 ultraviolet-visible spectrophotometer from 

Thermo Fisher Scientific. Samples were dissolved in water. DLS and ELS were conducted at 25ºC 

with a Zetasizer Nano ZS (Malvern Panalytical), with a measurement angle of 173°. All 

measurements were performed in triplicate with 11 runs each, using filtered distilled water as a 

solvent, except for DA, for which a filtered 10 mM pH 8.5 tris-HCl buffer was used. 
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Chapter 4 - Results and discussion  
 

1. Coating of LAP 
 

Considering that the main purpose of this thesis was the preparation of DOX-loaded LAP 

complexes coated with different polymers, such as PEI and PDA, for a targeted and sustained 

drug delivery, the first step in this phase of the study was to obtain complexes that are both small 

and possess a maximized negative charge. The process started with the dispersion of LAP in 

distilled water, followed by an ultrasonic bath at room temperature for 30 minutes. The 

concentrations of LAP tested were 1 and 3 mg/mL. Simultaneously, a DA solution of 2 mg/mL was 

prepared with a 10 mM Tris-HCl buffer pH 8.5, as the polymerization of DA is favored in an alkaline 

environment [172]. 

The polymerization process of DA can be monitored by observing changes in the color of 

the solution: initially, the solution is transparent (Figure 22.A), and gradually changes to black 

(Figure 22.B). The black color of the solution is due to the oxidation of o-quinone groups [173].  

 

Figure 22. Color change in DA solution, before (A) and after (B) stirring for 3 hours. 

 

The LAP:DA solutions were formulated in a 1:2 (V/V) ratio under three distinct conditions. 

The first experienced continuous magnetic stirring at 500 rpm, the second an ultrasonic bath, and 

the third a microsonication. Each treatment spanned 1 hour at room temperature. Following this, 

the reaction mixtures were left at room temperature with constant magnetic stirring at 500 rpm for 

an additional 2 hours. Subsequently, the reaction mixtures were precipitated by centrifugation at 

a speed of 35,000xg for 10 minutes, three times, each one after washing with 3 mL of distilled 

water. The resulting precipitates, corresponding to the LAP/PDA complexes, were lyophilized for 

A B 
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3 days and stored at -20ºC for further studies. This study was performed in duplicate. In one 

instance, the complexes were lyophilized after adding a 5% mannitol solution to assess whether 

its presence would result in smaller complex sizes, as demonstrated by Guimarães (2019), for 

freeze-dried liposomes in drug encapsulation. In this study, the size of liposomes without 

saccharides in their composition increased from 113.8 ± 0.99 nm to 859.0 ± 56.14 nm after 

undergoing the freeze-drying process. However, with the addition of Mannitol, the size of the 

liposomes post-freeze-drying was reduced to approximately 500 nm [174]. 

Using the ELS/DLS technique, the zeta potential and hydrodynamic size of the complexes 

were determined, as shown in Tables 2 and 3, respectively (in supplementary information Figures 

S1 and S2 show the Volume mean (%) particle size distribution of complexes, with and without 

Mannitol, respectively). 

 

Table 2: Zeta potential of LAP/PDA complexes. 

 Sample Condition 
Zeta Potential (mV) 

Without Mannitol With Mannitol 

LAP 

3 mg/mL 

Continuous magnetic stirring -54.40 ± 3.73 0.01 ± 0.86 

Ultrasonic bath -56.30 ± 1.66 -29.20 ± 1.19 

Microsonication -63.60 ± 4.38 -26.60 ± 2.03 

LAP 

1 mg/mL 

Continuous magnetic stirring -53.20 ± 1.40 -25.25 ± 0.35 

Ultrasonic bath -46.35 ± 0.05 -25.20 ± 0.55 

Microsonication -56.30 ± 2.30 -24.60 ± 1.02 

Note: All data represent the mean ± standard deviation (n = 4). 

 

Table 3: Hydrodynamic diameter and polydispersity index (PdI) of LAP/PDA complexes. 

 Sample Condition 

Without Mannitol With Mannitol 

Volume mean 

(nm) 
PdI 

Volume mean 

(nm) 
PdI 

LAP 

3 mg/mL 

Continuous 

magnetic stirring 
1974.50 ± 669.95 0.43 251.85 ± 64.98 1.00 

Ultrasonic bath 1360.00 ± 197.21 0.48 165.15 ± 75.69 1.00 

Microsonication 1424.00 ± 190.96 0.40 204.45 ± 77.33 1.00 

LAP 

1 mg/mL 

Continuous 

magnetic stirring 
604.50 ± 171.57 1.00 320.35 ± 166.74 1.00 

Ultrasonic bath 429.35 ± 120.77 1.00 332.00 ± 56.27 0.94 

Microsonication 754.40 ± 171.57 0.80 408.75 ± 68.02 0.95 

Note: All data represent the mean ± standard deviation (n = 4). 
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After the analysis of the acquired data and considering the aim to create small complexes 

with the highest negative charge possible, the most favorable condition for the study revealed to 

be LAP 3 mg/mL, DA 2 mg/mL (in a 1:2 ratio), using an ultrasonic bath with the addition of 

mannitol. These conditions returned complexes with sizes around 165.15 nm and a surface 

charge of -29.2 mV. Therefore, the study proceeded under these conditions. 

 

2. Loading of DOX into LAP Nanodisks 
 

To proceed with the DOX loading into the LAP nanodisks, a solution of LAP (3 mg/mL) 

was mixed with a DOX solution (1 mg/mL) in a 1:1 (V/V) ratio. The reaction mixture was kept at 

room temperature for 24 hours, protected from light, under constant magnetic stirring (500 rpm) 

to promote the encapsulation of DOX through the electrostatic interactions between the surfaces 

of the negatively charged LAP disks and the positively charged DOX [169]. The fact that DOX is 

encapsulated through a cation exchange mechanism, rather than covalent bonds, allows the 

interactions between the drug and the discs to be both strong enough to transport DOX, but also 

weak enough for it to be released easily and effectively at lower pH sites (pH<7.2) [169]. Figure 

23 shows the appearance of the LAP/DOX complexes before (A) and after (B) centrifugation. It 

can be seen that the DOX has been loaded efficiently, as the supernatant is almost clear. 

 

 

Figure 23. Appearance of the LAP/DOX complexes before (A) and after one centrifugation cycle 

B1 and B2 showing different viewpoints. 

 

 

The EE and LC of DOX were determined by quantifying the drug remaining in the 

supernatant. To do this, a calibration curve was drawn (Figure S3 in the supplementary 

B1 B2 A 
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information, r2= 0.9915,) and the absorbance of the supernatant was measured at 480 nm, which 

corresponds to the maximum absorption wavelength of DOX [169]. From this, it was possible to 

calculate the EE (equation 1) and LC (equation 2): values of 99.68 ± 2,5×10-4 % and 28.53 ± 

4,7×10-4 % were obtained, respectively (n=4). The value obtained for the EE is in line with the 

results obtained by Wang et al. (2013) [169].  

 

3. Synthesis 
 

To verify the successful synthesis of FA-PEG-COOH by 1H NMR, the starting material 

(NH2- PEG-COOH) was also characterized by the same technique to identify the signals that will 

arise from the FA in the conjugation. 

A solution of NH2-PEG-COOH in deuterium oxide (D2O) was analyzed by 1H NMR, which 

revealed the presence of the respective chemical groups. This data is illustrated in Figure 24. It 

was possible to see two signals, one at δ = 3.71 ppm and the second at δ = 4.79. The first one, 

identified with number 1, corresponds to the repeating CH2−CH2−O units and the other 

corresponds to the solvent (D2O). The signals detected from de NH2-PEG-COOH are in 

agreement with those found in the literature [175]. 
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Figure 24. 1H NMR spectrum for NH2-PEG-COOH in D2O. 

 

After this analysis, we proceeded to characterize the synthesized FA-PEG-COOH 

through 1H NMR spectroscopy, being dissolved in D2O. Its molecular structure with identified 

chemical groups that produced signals in the NMR spectrum and the obtained spectrum are 

represented in Figure 25. Three signals corresponding to FA were identified in the spectrum at δ 

= 6.91, 7.68 and 8.77 ppm. The first signal corresponds to the protons of the two CH2 groups from 

the aromatic ring, labeled as number 4 in the structure. The second, at δ = 7.68 ppm, corresponds 

to the other CH2 groups from the same aromatic ring, identified as number 3 in the structure. 

Lastly, the signal at δ = 8.77 ppm, corresponds to the CH group labeled as number 2. The signals 

detected from the FA molecule agree with those found in the literature [176]. With this in mind, we 

have been able to obtain the FA-PEG-COOH. 

The number of FA moieties conjugated onto each PEG chain can be estimated by 

comparing the difference among the 1H NMR integration areas. The average number of FA 

moieties conjugated onto each PEG was estimated to be 0.11. Since the integration area of the 

signal at δ = 3.70 ppm corresponds to a PEG molecule and considering that for every 176 we 

have 0.11 in the area at δ = 8.77 ppm, and this signal is unique to the FA molecule, therefore, for 

every 1 PEG, we have 0.11 of FA. 

1 
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Figure 25. 1H NMR spectrum for FA-PEG-COOH in D2O. 

 

To verify the formation of the FA-PEG-PEI by 1H NMR, the signals from FA-PEG-PEI were 

compared to those from FA-PEG-COOH using the same technique to identify the signals that will 

arise from the PEI in the conjugation. 

FA-PEG-PEI was also dissolved in D2O and the chemical groups present in its structure 

produced the respective signals in the 1H NMR spectrum that is present in Figure 26. It was 

possible to observe the signal at δ = 2.60-3.60 ppm, which corresponds to the repetitive CH2-

CH2-NH units of the PEI structure identified as number 5. The signal detected from de FA-PEG-

PEI agrees with those found in the literature [123]. Considering this, the synthesis to obtain the 

FA-PEG-PEI was successful. 

To determine the number of PEG molecules conjugated to each PEI molecule, the 

integration area of the PEI signal was set to 1, so the PEG integration area was estimated at 1.40. 

This means that for each PEI molecule, there are 1.40 PEG molecules. 

 

3 4 

4 3 
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Figure 26. 1H NMR spectrum for FA-PEG-PEI in D2O. 

 

To ensure the conjugation, UV-Vis spectroscopy was employed to verify the modification 

of FI onto the PEI surface, because no signals could be seen in the 1H NMR spectrum. The 

resultant FA-PEG-PEI-FI complex exhibits a peak at 500 nm, as can be seen in Figure 27, 

indicating successful conjugation of FI onto the PEI surface, consistent with the literature [170]. 

 

Figure 27. UV-Vis spectrum of FI, FA-PEG-PEI, and FA-PEG-PEI-FI complexes. 
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4. Dynamic Light Scattering and Electrophoretic Light 

Scattering analysis 
 

After synthesis, starting materials such DOX, LAP, PEI, DA, PDA, and the synthesized 

complexes like LAP/DOX, LAP/PEI, LAP/PDA, LAP/DOX/PEI, LAP/DOX/PDA, 

LAP/DOX/PDA(FI-PEG-FA), and LAP/DOX/PEI(FI-PEG-FA) were characterized by DLS and 

ELS. 

These techniques allow the determination of the hydrodynamic size (volume, intensity, 

and number means), PdI, and zeta potential (this last one through ELS), to provide critical insights 

into their size distribution and stability.  

The hydrodynamic diameter was determined through DLS, which measures the time-

dependent fluctuations in the intensity of scattered light due to the Brownian motion of the 

particles. The PdI is a measure of the broadness of the size distribution of particles in a sample. 

Where samples with values close to or equal to 1 mean that the sample is very heterogeneous or 

with clusters, samples with values close to 0 represent samples with little particle size diversity. A 

lower PdI is desirable for many applications, including drug delivery. Zeta potential analysis was 

carried out to obtain the surface charge of the particles, which can affect their stability and 

interaction with biological systems [177,178]. 

The DLS analysis provides comprehensive data on the size distribution of various drug 

delivery systems, highlighting the influence of different components on the hydrodynamic 

diameter. The variability in particle sizes, especially in complex systems, underscores the 

importance of optimizing formulation processes to achieve the desired therapeutic outcomes 

[179]. The hydrodynamic diameters, PdI, and the zeta potential means are shown in Table 4. 

 

 

 

 

 

 

 

 

 



40 
 

Table 4: Hydrodynamic diameter, PdI, and zeta potential of complexes.  

Sample Name Hydrodynamic Diameter (nm) PdI Zeta Potential (mV) 

DOX 424.25 ± 85.92 0.94 17.45 ± 2.01 

LAP 8.18 ± 2.96 0.46 -46.35 ± 5.67 

PEI 3.69 ± 0.86 1.00 24.95 ± 2.37 

DA 557.00 ± 196.55 0.67 -36.05 ± 2.54 

PDA 838.60 ± 311.00 0.42 -42.05 ± 0.60 

LAP/DOX 497.55 ± 389.59 0.95 -14.10 ± 0.24 

LAP/PEI 238.30 ± 77.35 1.00 34.75 ± 5.20 

LAP/PDA 165.15 ± 75.69 1.00 -29.20 ± 1.19 

LAP/DOX/PEI 366.80 ± 57.29 0.77 71.40 ± 1.37 

LAP/DOX/PDA 432.50 ± 128.34 0.99 5.06 ± 0.45 

LAP/DOX/PDA(FI-

PEG-FA) 
214.10 ± 41.80 0.45 -16.60 ± 1.69 

LAP/DOX/PEI(FI-
PEG-FA) 

880.40 ± 124.70 0.41 20.85 ± 2.10 

Note: All data represent the mean ± standard deviation (n = 4). 

 

Considering the data obtained, it is possible to see that the complexes were successfully 

synthesized. However, the high PdI values for DOX, PEI, LAP/DOX, LAP/PEI, LAP/PDA, and 

LAP/DOX/PDA indicate the formation of large aggregates/ clusters and an undesired distribution 

of nanoparticle hydrodynamic diameter [178]. 

Figure 28 illustrates the dispersion graph of the percentage intensity of particles as a 

function of their hydrodynamic size, revealing the different sizes of particles in the sample, which 

may include agglomerates of smaller particles. Additionally, Figure 29 depicts a dispersion graph 

of the percentage volume in relation to the hydrodynamic size of the particles, offering insight into 

the more abundant particles in the sample and providing a better analysis considering that 

particles in small volumes will present lower peaks in this graph. Lastly, Figure 30 highlights a 

dispersion graph plotting the percentage number of particles as a function of their hydrodynamic 

size, providing valuable insights into the size distribution and uniformity of the synthesized 

nanoparticles [178]
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Figure 28. Intensity means (%) vs particle size distribution of samples and complexes. 
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Figure 29. Volume means (%) vs particle size distribution of samples and complexes. 
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Figure 30. Number means (%) vs particle size distribution of samples and complexes. 
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Focusing on the final products, Figure 31 presents the key findings. The 

LAP/DOX/PDA(FI-PEG-FA) complex had a diameter of 214.10 nm, which is relatively good since 

particles with sizes from 70 nm to 200 nm were shown to remain in the bloodstream for a longer 

period without being eliminated [179]. The PdI value and a negative superficial charge (-16.60 

mV) also revealed to be of relevance, showing that the sample is relatively homogenous and 

negative enough to interact with the cell membrane  [128,180]. In contrast, the LAP/DOX/PEI(FI-

PEG-FA) complex had a diameter of 880.40 nm, indicating larger particle sizes that could 

potentially limit its applicability in certain drug delivery scenarios, since particles with diameters 

greater than 200 nm are typically sequestered by the spleen and eventually removed by 

phagocytes [179]. Despite the bigger diameter this sample exhibited a similar PdI value to the 

one obtained for the LAP/DOX/PDA(FI-PEG-FA) complex and a positive surface charge of 20.85 

mV.  

 

 

 

Figure 31. Hydrodynamic diameter, PdI, and zeta potential of LAP/DOX/PDA(FI-PEG-FA) and 

LAP/DOX/PEI(FI-PEG-FA). Note: All data represents the mean ± standard deviation (n=4). 

 

5. Drug release 
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environments, for 2 weeks at 37°C [171]. At different time intervals, aliquots were collected for 

fluorescence analysis to quantify the amount of DOX released. The drug Cr% over time was 

calculated based on the amount of DOX released, as illustrated in Figure S4 in the supplementary 

information.  

 

 

Figure 32. Drug release of DOX in PBS, pH 7.4 at 37 °C as a function of time (10 hours). 

 

Based on Figure 32, which depicts the Cr% in the first 8 hours, it is evident that DOX 

release was significant in the initial hours. Generally, the subsequent hours showed a gradual 

release of the drug, with slightly decreasing variations that could reflect fluorescence 

measurement errors.  

After 8 hours, around 100% of the free DOX and the DOX from the LAP/DOX complex 

had been entirely released, whereas the polymer-coated complexes showed significantly lower 

release levels as intended, except for the LAP/DOX/PDA(FI-PEG-FA) complex, which released 

about 150%, an unexpected outcome. The LAP/DOX/PEI complex released 33% of DOX, the 

LAP/DOX/PDA complex released about 40%, and the LAP/DOX/PEI(FI-PEG-FA) complex 

released 46%. At 48 hours, all complexes showed an increased DOX release as expected. The 

LAP/DOX/PEI, LAP/DOX/PDA, LAP/DOX/PEI(FI-PEG-FA), and LAP/DOX/PDA(FI-PEG-FA) 

complexes released about 45%, 50%, 59%, and 253% of DOX, respectively.  
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These findings indicate that the complexes generally allow for a more controlled drug 

release over time (except for the LAP/DOX/PDA(FI-PEG-FA) complex). However the differences 

are not extremely pronounced for some complexes, such as in the study by BI, D. et al., 2018, 

[171], which reported only 22.4% drug release for the DOX/PDA complex throughout 48 h. 

Notably, the LAP/DOX/PEI, LAP/DOX/PDA, and LAP/DOX/PEI(FI-PEG-FA) complexes showed 

the least DOX release in a physiological environment. 

These results contradict the purpose of the FI-PDA-PEG-FA coating on the 

LAP/DOX/PDA(FI-PEG-FA) complex, which was supposed to allow a more controlled drug 

release. Therefore, additional characterization methods should be conducted to confirm the 

presence of the coating and evaluate its thickness and dimension. Additionally, since this study 

was conducted in PBS at pH 7.4, and bearing in mind that previous studies have reported a 

greater release of DOX at lower pH, it would be beneficial for future research to test DOX release 

at pH 5 and 6.5, which is representative of the endosomal or lysosomal systems of tumor cells 

and the tumor microenvironment, respectively [169,171,181].  

 

6. Cytotoxicity evaluation 
 

The cytotoxicity of the complexes was determined using the resazurin reduction assay, 

an indirect measure of cell viability, which correlates cellular metabolic activity with the number of 

viable cells in culture. This assay is based on the principle that only living cells are metabolically 

active and can reduce resazurin (a membrane-permeable compound), into resorufin (a 

fluorescent product), while non-viable cells lack this capability. Resazurin enters the cells and is 

reduced to resorufin, which is then excreted and accumulates in the medium [182,183]. When 

excited at a wavelength of 579 nm, resorufin emits a fluorescent signal at 584 nm, providing a 

measure of cell viability. The assay's reliance on the unique fluorescence properties of resorufin, 

rather than resazurin, ensures accurate measurement of metabolic activity and, consequently, 

cell viability [184]. 

Figure 33 represents the metabolic activity of cells exposed to different complexes at 

different DOX concentrations (0.1, 0.5, 1, 1.5, and 2 µM), with the metabolic activity expressed 

as a percentage relative to the solvent control, which is set at 100%. 
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Figure 33. Cell viability of MCF-7 cells after 48h exposure to the complexes (at different concentrations). Data are expressed as the mean ± SD.
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The metabolic activity of LAP ranges between approximately 70 - 80% across all 

concentrations, indicating a consistent reduction in metabolic activity compared to the control, but 

it does not show a trend with increasing concentration. LAP/PDA displays notably higher 

metabolic activity at 0.1 and 0.5 µM, reaching around 120%. However, as the concentration 

increases, the activity drops significantly to about 60% at 2 µM, indicating that higher 

concentrations of LAP/PDA reduce the number of viable cells. Both LAP/PEI and DOX exhibit 

similar behavior to LAP, showing no evident trend with increasing concentration, with metabolic 

activity remaining fairly stable at around 70-75% and 75-85%, respectively. The LAP/DOX 

complex shows a decrease in metabolic activity (greater cytotoxicity), with increasing 

concentration. At lower concentrations (0.1 and 0.5 µM), the metabolic activity is similar, but it 

drops significantly to around 20% at 1 µM and higher. The LAP/DOX/PDA and LAP/DOX/PEI 

complexes exhibit high metabolic activity at 0.1 µM (around 120%), similar to LAP/PDA, but the 

metabolic activity decreases to around 80-90% at other concentrations. The LAP/DOX/PEI(FI-

PEG-FA) complex demonstrates a substantial reduction in metabolic activity at higher 

concentrations, indicating its cytotoxic effect. At 0.1 µM, the activity is around 60%, but it drops 

drastically to about 20% at 2 µM. In contrast, the LAP/DOX/PDA(FI-PEG-FA) complex maintains 

relatively high metabolic activity, ranging from 85% to 100% at all concentrations, indicating that 

increasing concentration does not significantly affect metabolic activity. 

The primary objective of this cell viability assessment was to determine if cells retained 

their proliferative ability when exposed to the complexes. Only in some of the complexes, such 

as LAP/DOX and LAP/DOX/PEI(FI-PEG-FA), did higher concentrations result in a considerable 

lower activity. At lower concentrations (0.1 µM), some complexes, such as LAP/PDA, 

LAP/DOX/PEI, and LAP/DOX/PDA, exhibit higher metabolic activity compared to the control, 

indicating that, at this concentration, the complexes are not toxic to the cells and that low doses 

can stimulate cellular activity. This may be because when cells are exposed to an unknown 

compound, their metabolic activity increases as a defense response. Therefore, at lower 

concentrations, this increase in activity as a defense reaction turns out to be higher compared to 

the control. 

The presence of DOX in the complexes was expected to reduce metabolic activity due to 

its cytotoxic nature, which targets and kills cancer cells, as demonstrated by Chen et al., 2016, 

[170] study. In that work, the PEI-FI-(PEG-HA)/DOX complex exhibited a roughly 20% reduction 

in metabolic activity compared to the same complex without DOX (at a DOX concentration of 4.0 

µg/mL). However, this anticipated effect is not observed in complexes such as LAP/PEI, 

LAP/PDA, LAP/DOX/PEI, and LAP/DOX/PDA, since these complexes (the ones without DOX) 

show lower cell viability. 

From the data collected, it is evident that, among the two final complexes, the 

LAP/DOX/PEI(FI-PEG-FA) complex most significantly reduces the metabolic activity of the cells. 

Even at the lowest concentration, this complex resulted in a greater reduction in cell viability than 

any of the concentrations tested for LAP/DOX/PDA(FI-PEG-FA). 
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To further validate the therapeutic efficacy of the complexes, the morphology of MCF-7 

cells was observed (Figure 34). It can be seen that the MCF-7 cells treated with the complexes 

display strong green (due to FI conjugation) and red (due to the loaded DOX) fluorescence 

signals. Notably, a significant portion of the cells appeared rounded and detached after being 

exposed to the complexes for 48 hours, indicative of cell death. The images captured for the 

LAP/DOX/PEI(FI-PEG-FA) and LAP/DOX/PDA(FI-PEG-FA) complexes align with the results 

obtained from the resazurin reduction assay. A higher number of viable cells were observed in the 

assays where cells were exposed to the LAP/DOX/PDA(FI-PEG-FA) complex, correlating with its 

higher metabolic activity values. Conversely, the images of cells treated with the LAP/DOX/PEI(FI-

PEG-FA) complex reveal more detached and rounded cells, which are clear indicators of cell 

death. Notably, this complex demonstrated the greatest reduction in metabolic activity, with only 

59% of DOX released after 48 hours. 
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Figure 34. Confocal microscopy: staining with DAPI of MCF-7 cells treated with free DOX, 

LAP/DOX/PEI, LAP/DOX/PDA, LAP/DOX/PEI(FI-PEG-FA) and LAP/DOX/PDA(FI-PEG-FA) 

complexes at [1.5] µM after 48 h exposure at 37°C. Scale bar = 100 μm. 
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Chapter 5 - Conclusions and future perspectives 
 

Cancer remains one of the deadliest diseases today, with the number of cases expected 

to rise in the coming years. Despite significant advancements in medicine and healthcare, 

effective therapies capable of completely eradicating tumors remain elusive for many cancer 

types due to their distinct characteristics. Chemotherapy remains the most widely used treatment, 

yet it is often accompanied by severe side effects and can sometimes result in treatment failure. 

In recent years, NPs have garnered increasing attention as drug carriers and tools for cancer 

diagnosis, imaging, and therapy. These nanocarriers enhance the solubility of anti-cancer drugs, 

target the tumor site more effectively, improve bioavailability, reduce side effects, and increase 

the half-time in circulation, among other benefits. 

In this thesis, the well-established properties of the PEI and PDA polymers were exploited, 

including their high charge density, the ability to form stable NPs with drugs, protect them from 

degradation, improve solubility, and enhance bioavailability. These characteristics make them an 

ideal platform for surface functionalization to carry DOX, a widely used drug in cancer treatments. 

DOX exerts its cytotoxic effects primarily through two mechanisms: DNA intercalation and the 

production of ROS, targeting multiple molecular pathways. 

In addition to these polymers, other molecules were incorporated into the complexes. LAP 

was chosen due to its low toxicity and strong interactions with various chemical compounds, 

making it an appealing option for protecting drugs from degradation in the physiological 

environment. PEG was also chosen as it has been shown to extend the lifetime circulation of NPs 

by camouflaging them, thus preventing their detection and elimination by the immune system. FA 

was also selected as it is often used in cancer therapy and diagnosis due to its efficacy in active 

targeting, attributed to its overexpression in many types of cancer. Finally, FI, a fluorescent 

compound, was conjugated to allow microscopy techniques to be used for screening and analysis. 

Regarding the synthesis of LAP-coated PDA, the most favorable condition for this study 

was LAP 3 mg/mL, DA 2 mg/mL (in a 1:2 ratio), using an ultrasonic bath together with the addition 

of mannitol. DOX loading into LAP nanodisks achieved an EE high value of 99.68 % and LC of 

28.53%, similar to what is reported in the literature. Considering the performed synthesis, the 

complexes were successfully obtained and characterized by 1H NMR, DLS, ELS, and UV/Vis. 

The LAP/DOX/PDA(FI-PEG-FA) complex exhibited a diameter of 214.10 nm, a PdI of 0.45, and 

a negative surface charge of -16.60 mV. In contrast, the LAP/DOX/PEI(FI-PEG-FA) complex 

displayed a larger diameter of 880.40 nm, a PdI of 0.41, and a positive surface charge of 20.85 

mV. The Cr% results of DOX from the synthesized complexes over time, allowed to conclude that 

the LAP/DOX/PEI(FI-PEG-FA) complex is more effective than LAP/DOX/PDA(FI-PEG-FA) in 

terms of achieving a sustained DOX release in a physiological environment. Finally, the evaluation 

of the in vitro cytotoxicity of the complexes, between the two final complexes, showed that the 
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LAP/DOX/PEI(FI-PEG-FA) complex exhibits the most substantial reduction in cellular metabolic 

activity even at the lowest concentration. Based on this findings, Laponite-based nanocomplexes 

functionalized with FI-PEI-PEG-FA show great potential as efficient carriers for the controlled 

delivery of DOX, presenting promising applications in cancer treatment. 

According to the results obtained, further studies are needed to assess the effectiveness 

of the FI-PDA-PEG-FA and FI-PEI-PEG-FA coating processes. These studies should include 

characterization techniques to confirm the presence of the coatings and evaluate their thickness 

and dimensions, as these factors can significantly impact DOX release. Additionally, future 

research should investigate DOX release at pH levels of 5 and 6.5, which represent the 

endosomal or lysosomal environments of tumor cells and the tumor microenvironment, 

respectively, given that previous studies have shown increased DOX release under acidic 

conditions. It would also be interesting to evaluate the cellular uptake and the targeting capabilities 

and how effectively FA binds to cancer cells, including its effectiveness in different types of cancer. 

The efficacy of active binding depends on several factors, including the degree of receptor 

overexpression in the target cells and the strength of the bond between the binding ligand and 

the receptor. 
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Supplementary information 
 

 

Figure S1. Volume mean (%) vs particle size distribution of all the conditions tested and with the addition of Mannitol. 
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Figure S2. Volume mean (%) vs particle size distribution of all the conditions tested and without the addition of Mannitol.
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Figure S3. Calibration line for DOX at 480nm.
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Figure S4. Cr% of DOX in PBS, pH 7.4 at 37 °C as a function of time (2 weeks). 

0

50

100

150

200

250

300

350

0 50 100 150 200 250 300 350

C
u
m

u
la

ti
v
e
 R

e
le

a
s
e
 (

%
)

Time (hours)

DOX LP/DOX LP/DOX/PEI LP/DOX/PDA LAP/DOX/PEI(FI-PEG-FA) LAP/DOX/PDA(FI-PEG-FA)



 

 
 

 


