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Abstract 

 

Prostate cancer is one of the most common cancers among men worldwide, and current drug 

administration methods of front-line drugs like Docetaxel (DXL) face challenges, including 

non-specific treatment causing several side effects and the development of drug resistance, 

which affects patients' response and quality of life during treatment. Hence, there is a need for 

drug carriers such as Iron oxide nanoparticles, which are suitable for novel drug delivery 

systems due to low toxicity, biocompatibility, loading capacity, and controlled drug delivery 

to cancer cells. The purpose of the present study was to synthesize DXL-loaded pegylated 

magnetic Iron oxide nanoparticles (Fe3O4NPs) for controlled drug release in prostate cancer 

cells. In this study, Fe3O4NPs were synthesized by the co-precipitation, functionalized with 

folic acid (FA), loaded with DXL and encapsulated with polyethylene glycol (PEG). Structural 

analysis was done using ultraviolet-visible (UV-Vis) spectroscopy which showed changes in 

absorption spectra with each attached molecule a blue shift was observed due to particle size 

increase. X-ray diffraction (XRD) pattern showed that pure magnetite nanoparticles were 

synthesized. The Fourier Transform Infrared (FT-IR) results showed a peak at 583, 1089, and 

1584 cm-1 these confirmed that Fe3O4 NPs were synthesized. The Langmuir adsorption 

isotherm model (R2 =0.9947) was favoured over the Freundlich (R2 =0.9441) and Temkin 

(R2=0.8218). Drug release was faster at a potential of Hydrogen  (pH) of 4.8 compared to pH 

6.0, 7.0, and pH 7.45 with drug release percentage of 62.4%.  37.8%, 28.3%, and 24.0% 

respectively after 72 hr. Un-PEGylated Docetaxel-loaded nanoparticles showed a rapid drug 

release of about 98.8% after 7 hr. Drug release follows the Korsmeyer-Peppas kinetic model 

(R2= 0.9949) via the Fickian release mechanism. This study showed that Docetaxel-loaded 

pegylated Fe3O4NPs could be beneficial for increasing the effect of anticancer drugs on cancer 

cells while minimizing side effects. 
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Chapter One 

Introduction 

1.1 Background 

Cancer is a major global health issue with the incidence of approximately 20 million new cases 

and 10 million deaths in 2022 globally (Bray et al., 2024). Prostate cancer is the second leading 

cause of death in men, particularly in developed countries. Globally, approximately 1.5 million 

new prostate cancer cases and 396,792 deaths were recorded in 2022, of which 863 deaths were 

recorded in Zambia (Ferlay et al., 2024). Researchers are working to improve the prevention, 

detection, and treatment of cancer to ensure survivors live longer and have better quality lives. 

Conventional cancer treatment methods include chemotherapy, immunotherapy, radiation 

therapy, and surgical resection (Debela et al., 2021). Among these, chemotherapy is the 

cheapest and most effective with a high patient compliance (Bekalu et al., 2023). However, 

these methods have a poor selection between normal and tumour cells, leading to reduced 

efficacy, drug resistance, increased toxicity, and difficulty in achieving optimal dosing (Banik, 

2020, Rosenblum et al., 2018).      

The development of drug delivery systems with controlled drug release is crucial in cancer 

chemotherapy to improve efficacy and reduce toxicity of anticancer drugs. Iron oxide 

nanoparticles have been recognized as promising platforms for drug delivery due to their 

magnetic properties and biocompatibility (Chen et al., 2018). The incorporation of drugs onto 

the surface of Fe3O4NPs can improve drug efficacy by increasing and maintaining drug 

concentration at the target site (Fernandes, 2023). Controlled drug release from Fe3O4NPs can 

overcome the limitations of conventional chemotherapy, such as poor bioavailability and drug 

resistance (Li et al., 2019). 

Functionalized iron oxide nanoparticles can be conjugated with various biomolecules such as 

antibodies, peptides, and nucleic acids to target specific cells or tissues, making them ideal for 

targeted drug delivery (Sachdeva et al., 2022). Though widely used for prostate cancer 

treatment, DXL effectiveness is limited by its poor solubility and toxicity to healthy cells (Al 

Saqr et al., 2021). Therefore, controlled release of DXL using functionalized pegylated iron 

oxide nanoparticles can enhance its efficacy and reduce toxicity. 



 
 

2 
 

Docetaxel is a semisynthetic anticancer mitotic ("antineoplastic" or "cytotoxic") chemotherapy 

drug in the taxoid family. It is derived from the European yew tree (Texus baccata). The DXL 

is recommended for optional treatment in cancer patients with hormone-refractory metastatic 

prostate cancer (Rivero-Buceta et al., 2019, Markowski and Carducci, 2017, Alken and Kelly, 

2013). It is a chemotherapeutic medication against a wide range of solid tumours, including 

lung, breast, head, prostate, neck, and ovarian cancers (de Oliveira et al., 2013). Many 

researchers have established that DXL binds to β-tubulin, which interferes with the normal 

function of the microtubule polymerization dynamics, dividing cell mitosis, interface 

microtubule function, and triggering apoptosis (Kraus et al., 2003). Low water solubility, 

severe allergic reactions, and systemic toxicity are among DXL limitations (Park et al., 2014). 

To overcome these drawbacks of DXL in clinical use, nano-based drug delivery systems like 

liposomes, inorganic nanoparticles, magnetic nanoparticles, polymeric nanoconjugates, and 

nanotubes have been formulated for DXL delivery (Thambiraj et al., 2019, Sato et al., 2013, 

Hua et al., 2017). 

Recent studies have shown the potential of drug-loaded Fe3O4NPs for prostate cancer 

treatment. The use of stimuli-responsive materials and targeting ligands can enhance the 

specificity and selectivity of drug delivery to prostate cancer cells (Zhang et al., 2022, Zhou et 

al., 2017). The use of drug-loaded Fe3O4NPs for controlled drug release can improve treatment 

outcomes, reduce toxicity, and enhance patient quality of life. This research therefore seeks to 

design a drug-loaded nano drug delivery system that will enhance controlled drug release and 

establish the drug release kinetics. 

In this research, we investigated the use of functionalized iron oxide nanoparticles for the 

controlled release of DXL in vitro intended for future application prostate cancer therapy. We 

synthesized iron oxide nanoparticles with a diameter of 10-20 nm and functionalized their 

surface with folic acid (FA). The nanoparticles were loaded with DXL and encapsulated with 

PEG for increased stability then characterized using various techniques such as XRD, for 

morphology and size. Chemical structure and properties analysis was conducted using FTIR, 

and UV-VIS, also the Iron oxide nanoparticles were subjected to re-binding experiments to 

investigate their adsorption characteristics. Lastly, drug release of unPEGylated and PEGylated 

DXL-loaded Fe3O4 NPs, was carried out. The PEGylated DXL-loaded Fe3O4 NPs showed a 

steady drug release pattern compared to the unPEGylated one.  
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Overall, our findings suggest that functionalized iron oxide nanoparticles could be a promising 

platform for controlled drug release in prostate cancer therapy, with the potential to enhance 

the drug bioavailability in prostate cancer cells compared to the normal prostate cells, which 

then increases efficacy and reduces the toxicity of chemotherapy drugs like DXL. The release 

kinetics favoured the Korsmeyer-Peppas model, and the Fickian release mechanism was 

followed. 

1.2 Statement of the Problem 

Chemotherapy remains the most used treatment method for cancers such as prostate cancer and 

drugs like DXL are used for most cancers. Although DXL has significant anti-cancer effects, 

its use is limited due to systemic side effects like hepatotoxicity (Pieniążek et al., 2013), 

nephrotoxicity (Baş and Nazıroğlu, 2019) and Neutropenia (Ho and Mackey, 2014) in many 

patients. These side effects result from the non-specific distribution of chemotherapeutic 

agents, which damage both cancerous and healthy cells due to the lack of targeted delivery 

mechanisms.  This leads to reduced efficacy due to fluctuating drug concentration to exert a 

therapeutic effect, development of drug resistance (Wang et al., 2019) and difficulty in 

achieving optimal dosing (Khalid et al., 2017). Therefore, leveraging on the pH differences of 

cancer and the normal cells' microenvironment, a nano-drug delivery system that would 

differentially deliver DXL to the tumour cells and release them in a controlled manner is 

urgently needed.  

1.3 Significance of the Study 

Zambia continues to face a high burden of cancer-related morbidity and mortality. The 2022 

GLOBOCAN report estimated that the overall age-standardized cancer incidence rate for both 

sexes in Zambia was 159.5 per 100,000 (15, 296 cases) for all cancers. They also estimated the 

age-standardized mortality rate to be 109.2 per 100,000 (9, 770 deaths), which means that the 

majority (~63.8%) of new cancer cases in Zambia die from the disease (Ferlay et al., 2024). 

Although potent drugs like Docetaxel are available, the current method of drug administration 

results in poor selection between normal and tumour cells, leading to side effects and lower 

therapeutic benefit. This study can potentially reduce side effects associated with anticancer 

drugs and maintain drug concentration by controlled drug release. The study aligns with 

Sustainable Developmental Goal 3, which is to promote good health and well-being (SDGs), 

which in turn will enable the achievement of other SDGs. 
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1.4 Objectives of the Study 

1.4.1 Main objective.  

The study aims to design, synthesise and characterise Docetaxel-loaded magnetic iron oxide 

nanoparticles (Fe3O4NPs) for controlled drug release and investigate the drug release kinetics 

under varying pH conditions. 

1.4.2    Specific Objectives. 

(i) To design, synthesise and characterise Docetaxel-loaded pegylated magnetic iron oxide 

nanoparticles (Fe3O4@FA@DXL@PEG) 

(ii) To investigate the effect of pH on drug release profiles  

(iii) To analyse drug release kinetics  

1.5     Research questions. 

(i)  How can Docetaxel-loaded Pegylated Magnetic iron oxide nanoparticles be 

synthesized and characterised?  

(ii) What is the effect of pH on the drug release profiles of the developed Docetaxel-

loaded pegylated magnetic iron oxide nanoparticles? 

(iii)  What drug release kinetic model and mechanism is being followed? 
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Chapter Two 

Theoretical Background 

2.1 Introduction  

This chapter discusses an overview of drug delivery systems, magnetic nanoparticles, current 

prostate cancer drugs, targeted drug delivery, and the application of magnet nanoparticles in 

drug delivery. The discussion will also briefly outline the classifications, and the pros and cons 

associated with each type. 

2.2 Drug Delivery Systems (DDS) 

Drug delivery systems play a crucial role in modern medicine, enabling efficient and targeted 

delivery of therapeutic agents to specific sites within the body (Tewabe et al., 2021). These 

systems have evolved significantly over the years (Adepu and Ramakrishna, 2021), offering 

various types of delivery mechanisms that differ in their advantages and disadvantages. Here 

is an overview of different drug delivery systems, their classifications. 

2.3 Types of Nanoparticles used for Docetaxel  Delivery  

Nanoparticles (NPs) represent a particularly smart drug delivery approach for drug delivery for 

several reasons, including composition, structure, and surface characteristics. The NP 

composition can be widely varied, which allows the carriers to be modified for specific 

applications and target specificity (Mitchell et al., 2021). Polymeric, lipid-based, and inorganic 

NPs are the most used for targeted drug delivery. NP-based drug delivery systems can be 

classified into different types, including polymeric, inorganic, and lipid-based vehicles. 

2.3.1 Polymeric Nanoparticles  

Polymeric Nanoparticles (NPs) can be synthesised using natural or synthetic materials and 

form various possible structures and can be sub-categorised as shown (Figure 1). Polymer NPs 

are synthesised using a range of methods, including emulsification (Brown et al., 2020), ionic 

gelation, nano-precipitation (Zhang et al., 2019, Le et al., 2018), and microfluidics (Zhang et 

al., 2020). Polymer NPs also have variable drug delivery capabilities which depend on where 

and how they combine with the drugs, for example, drugs can be bonded to the NP's surface, 

embedded into the polymer matrix, encapsulated within the NP's nucleus, or bound to the 

polymer through chemical reactions (Guo et al., 2022). Polymer NPs are an ideal material for 
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drug co-delivery. The loaded drugs can be hydrophilic and hydrophobic compounds or other 

small molecules and biological macromolecules, such as RNAs/DNAs, proteins, and 

anticancer drugs like Docetaxel. Moreover, biocompatible polymers used for drug delivery are 

often biodegradable and have non-harmful by-products, such as non-toxic alcohols, acids, and 

other relatively easily eliminated products (Senapati et al., 2018). These by-products can then 

contribute to drug release properties as a result of their erosion/degradation, not to mention 

drug diffusion through polymeric material. By regulating the chemical and physical properties 

of NPs, we can realize accurate control of drug loading effect and release kinetics. However, 

the disadvantages of polymeric NPs include an increased risk of particle aggregation and 

toxicity (Zielińska et al., 2020). 

 

Figure 1: Different types of nanoparticles are used for Drug (Mitchell et al., 2021). 

 

2.3.2 Lipid-based NPs 

Lipid-based NPs are mostly spherical platforms comprising at least one lipid bilayer 

surrounding at least one internal aqueous compartment (Figure 1). As a delivery system, lipid-

based NPs offer many advantages including simplicity of formulation, self-assembly, high 

bioavailability, biocompatibility, ability to carry large payloads and a range of physicochemical 
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properties that can be controlled to modulate their biological characteristics (Fonseca-Santos 

et al., 2015, Sercombe et al., 2015). For these reasons, lipid-based NPs are the most common 

class of FDA-approved nanomedicines (Fenton et al., 2018). Though they have a low 

encapsulating efficiency (Mitchell et al., 2021). 

2.3.3 Inorganic NPs  

The inorganic nanomaterials are designed into various structures, geometries, and sizes as 

shown (Figure 1). These types of inorganic NPs have unique magnetic, radioactive, and 

plasmonic properties, which make them qualified for clinical diagnosis, imaging, and 

photothermal therapy. Most of them have good biocompatibility and stability. Among them, 

gold nanoparticles (AuNPs) are the most frequently studied with their different form like 

nanospheres and nanorods, nanoshells  (Yang et al., 2019b). Additionally, the unique magnetic, 

electrical, and optical nature of inorganic NPs such as Au NPs, quantum dots (Wagner et al., 

2019), and iron oxide, decided by the substrate properties, providing them with many potential 

effects, like photo-thermal transforming effect to be a promising application for thermal-

therapy. 

Iron oxide is a common inorganic NP, it consists of Fe3O4 or Fe2O3 with superparamagnetic 

properties in some sizes and has been successfully applied in contrast agents, drug delivery 

carriers, and therapy.  The NPs account for the vast majority of clinical studies in the world, 

including prognostic imaging and nano-based radiotherapy for metabolic diseases and cancers. 

Calcium phosphate and mesoporous silica are the other important inorganic NPs used to 

transport DNA/RNA or drugs (Mitchell et al., 2021). These metal cores of NPs have been 

shown in cell and animal tests to exhibit extremely low cytotoxicity and to maintain a stable 

state during ingestion and organ targeting with few interactions with the environment (Yang et 

al., 2021). Also, effort should be made to promote the solubility and reduce the toxicity of these 

materials, especially by reducing the heavy metals in the preparation system. 

2.4 Magnetic Nanoparticles  

Magnetic nanoparticles (MNPs) have emerged as a versatile platform for targeted drug delivery 

due to their unique magnetic properties and controllable surface chemistry  (Smith et al., 2006). 

These nanoparticles, typically ranging from 1 to 100 nanometers in size, can be engineered 

using various synthesis methods to achieve desired characteristics (Chen et al., 2018). By 

functionalizing the surface of MNPs with biomolecules such as polymers or antibodies, their 
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stability, biocompatibility, and targeting capabilities can be significantly enhanced (Yin et al., 

2015). The key advantage of MNPs lies in their responsiveness to external magnetic fields, 

which allows for precise manipulation and targeting within the body. Upon reaching the target 

site, controlled drug release can be achieved through stimuli-responsive mechanisms, such as 

changes in pH, temperature, or the application of an alternating magnetic field (Eslami et al., 

2022). This combination of magnetic guidance and controlled release offers great potential for 

improving drug delivery efficacy while minimizing off-target (Sutradhar and Amin, 2014).   
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Chapter Three 

Literature Review 
 

3.1 Introduction 

Prostate cancer is the second most common cancer in men. It is a kind of cancer that starts in 

the prostate, a small walnut-shaped gland in males that produces seminal fluid. In the last two 

decades, chemotherapy has come to play a vital role in prostate cancer treatment (Rawla, 2019). 

Docetaxel is a widely used chemotherapy drug in the treatment of various malignancies, 

including breast, lung, and prostate cancer (Sousa-Pimenta et al., 2023). Approved by the FDA 

in 2004, Docetaxel has revolutionized the treatment landscape for prostate cancer, significantly 

extending survival and improving the quality of life for many patients.  

 In this literature review, we aim to provide an overview of prostate cancer chemotherapy, 

identified challenges and recent research on the use of functionalized nanoparticles for the 

controlled release of drugs in cancer treatment, with a considerable focus on synthesis, 

characterization, drug loading, drug release, toxicity, and drug release kinetics. We also 

establish potential areas for future researchers. 

3.2 Side Effects of Docetaxel Therapy. 

While DXL  has shown efficacy in controlling tumour growth and improving patient outcomes, 

it is also associated with a range of side effects and challenges that can impact patient quality 

of life and its future administration. These side effects include Neutropenia; a decrease in white 

blood cell count. This increases the susceptibility of the patient to infections, hence, patients 

may require treatment with antibiotics and dose adjustments of docetaxel (Zhuang and Kang, 

2018). The other is Bone Marrow Suppression: Docetaxel is associated with the suppression of 

bone marrow function, leading to a decrease in red blood cells (anaemia) and platelets 

(thrombocytopenia). This has the potential to increase the risk of fatigue, bruising, and bleeding 

(Sousa-Pimenta et al., 2023) also Alopecia is the most frequent cosmetic side effect of 

docetaxel therapy. Patients experiencing hair loss may have severe psychological effects that 

alter their perception of their bodies and sense of self (Ho and Mackey, 2014). 
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3.3 Limitations of Conventional Docetaxel Therapy 

Apart from the few cited side effects, several limitations characterized the conventional 

administration of Docetaxel. Some of the limitations are discussed briefly in the sections that 

follow. 

3.4 Drug Resistance and Reduced Efficacy 

 

Docetaxel remains a cornerstone of treatment, especially for advanced prostate cancer. 

However, the emergence of resistance to docetaxel presents a significant challenge in the 

management of prostate cancer patients.  According to a study by Sekino and Jun (2020), 

specific genetic alterations are associated with resistance, also mutations impacting drug 

metabolism, DNA repair, cell survival pathways, cell cycle regulation, and the androgen 

receptor (AR) signaling pathway may be responsible for resistance to docetaxel thus leads to 

reduced efficacy. Furthermore, the research elucidated how prostate cancer cells activate 

survival mechanisms, such as the upregulation of anti-apoptotic proteins or activation of 

signaling pathways like PI3K/Akt, to evade the cytotoxic effects of docetaxel and other 

treatments (Sekino and Teishima, 2020). Expanding on this, Lima et al (2021) established drug-

resistant prostate cancer cell lines and identified several mechanisms that may be associated 

with the development of drug resistance in prostate cancer. Their findings underscore the 

complexity of docetaxel resistance and highlight the need for multifaceted therapeutic 

approaches to effectively target resistant prostate cancer cells (Lima et al., 2021). 

Additionally, the genetic landscape of small-cell neuroendocrine prostate cancer (SCNPC), a 

highly aggressive subtype linked to treatment resistance, was investigated by Aggarwal et al. 

(2019). They discovered genetic changes in genes related to DNA repair, neuroendocrine 

differentiation, and cell cycle regulation that may be responsible for SCNPC patients' resistance 

to docetaxel and other treatments (Aggarwal et al., 2018). Recently, Dong et al. (2018), study 

demonstrated that MALAT1 promotes docetaxel resistance by sponging miR-145-5p,5-5p, 

thereby upregulating its target gene AKAP12. These findings provide mechanistic insights into 

the involvement of MALAT1 and the miR-145-5p/AKAP12 axis in docetaxel resistance, 

suggesting potential therapeutic targets for overcoming resistance in prostate cancer patients 

(Xue et al., 2018). These investigations have brought to light the intricate interactions amongst 

noncoding RNA, tumour microenvironment, and genetic modifications that mediate resistance 
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to chemotherapy based on docetaxel, demonstrating why new treatment approaches are 

required to overcome docetaxel resistance and enhance the prognosis of individuals with 

prostate cancer and increase the drug efficacy. 

3.5 Dosing Optimization and Drug Stability 

Docetaxel dosage optimization presents several difficulties, particularly in balancing 

therapeutic efficacy with tolerability and minimizing the risk of toxicity. Through the 

combination of pharmacogenomics, pharmacokinetics, and pharmacodynamics, a study by 

Papachristo et al. (2023) highlighted the rising role of pharmacogenomics, pharmacokinetics, 

and pharmacodynamics in exploring the evolving landscape of dose optimization in oncology. 

To enhance drug efficacy while avoiding toxicity, it emphasizes the significance of customized 

dosage regimens based on genetic variants, drug metabolism profiles, and tumour features. 

They emphasized the necessity of using precision dosage techniques to maximize the benefits 

of docetaxel therapy while reducing side effects. Examples of these techniques include 

therapeutic drug monitoring, pharmacogenetic testing and the use of drug delivery systems 

(Papachristos et al., 2023). 

Furthermore, drug stability presents a significant challenge in the formulation and 

administration of docetaxel, particularly regarding its aqueous solubility and susceptibility to 

degradation. Research has investigated several ways to formulate docetaxel to improve its 

stability and bioavailability. Li et al. (2020), for instance, explored the creation of formulations 

based on nanoparticles for better drug delivery and stability in their work. They discussed the 

advantages of nanoparticle formulations, such as improved solubility, controlled release, and 

reduced systemic toxicity, in enhancing the stability and therapeutic efficacy of docetaxel. 

Their work points to the need for nanoparticle incorporation in drug delivery for improved 

stability (Li et al., 2019, Liu et al., 2018).  

3.6 Fluctuating drug concentration and bioavailability 

In prostate cancer treatment using Docetaxel, fluctuating drug concentrations can significantly 

impact therapeutic outcomes because chemotherapeutic agents like Docetaxel relies on 

consistent and adequate exposure to exert cytotoxic effects on cancer cells. Fluctuating 

Docetaxel concentrations may result in periods of subtherapeutic dosing, where the drug levels 

fall below the effective range needed to inhibit cancer cell growth effectively. This suboptimal 
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exposure can lead to reduced treatment responses, including slower tumour regression, shorter 

durations of disease control, and lower overall survival rates in prostate cancer patients. It also 

has the potential to contribute to the development of drug resistance in prostate cancer cells, 

where cancer cells survive and proliferate despite treatment, ultimately leading to treatment 

failure and disease progression.  

Furthermore, fluctuations in Docetaxel concentrations can also lead to periods of drug 

overexposure, resulting in increased toxicity and adverse effects impacting patient quality of 

life and treatment adherence, also affects drug bioavailability, influencing the extent and rate 

at which Docetaxel is absorbed, distributed, metabolized, and eliminated from the body 

impacting the overall pharmacokinetic profile of Docetaxel and its therapeutic effectiveness.  

Therefore, maintaining stable and optimal Docetaxel concentrations is essential for maximizing 

treatment efficacy and minimizing toxicity in prostate cancer patients.  

Therefore, addressing the challenges of systemic toxicity, drug resistance, dosing optimization 

and drug stability of docetaxel requires a multidisciplinary, among the recommendations is the 

use of drug delivery systems with improved stability that will release docetaxel in a controlled 

manner to maintain drug concentration within the therapeutic threshold, enhance its drug 

efficacy while reducing the side effect.   

Cancer treatment is a challenging and complex process that requires controlled drug delivery 

and release to the affected cells while minimizing the effect on healthy cells. Recently 

nanoparticles have gained significant attention in cancer therapy due to their potential as drug 

delivery systems, they are being extensively studied in cancer therapy due to their unique 

properties such as small size, high surface area-to-volume ratio, and ability to carry drugs (Liu 

et al., 2016). Apart from that their improved drug solubility, targeted drug delivery, and reduced 

systemic toxicity make them a promising strategy for controlled drug release in cancer 

treatment. 

3.7 Docetaxel Delivery Using Functionalized Iron Oxide Nanoparticles 

The development of effective drug delivery systems has been a focal point in enhancing 

treatment efficacy while minimizing adverse effects.  Docetaxel, a potent anticancer agent, has 

shown promising results in combating various malignancies (Tas and Keklikcioglu Cakmak, 

2021). However, its clinical utility is often hindered by poor solubility, and systemic toxicity 
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(Cheng et al., 2021). Addressing these challenges, researchers have turned to nanotechnology 

to devise innovative drug delivery strategies. Among these, functionalized iron oxide 

nanoparticles have emerged as a promising platform for docetaxel delivery. Iron oxide 

nanoparticles possess inherent magnetic properties and exhibit excellent biocompatibility, 

making them suitable candidates for biomedical applications (Montiel Schneider et al., 2022). 

Their small size facilitates cellular uptake and intracellular trafficking, crucial for drug 

delivery. Additionally, Fe3O4NPs can be easily functionalized with various molecules, 

enabling targeted drug delivery and controlled release (Song et al., 2019). 

3.8 Synthesis Methods for Fe3O4NPs  

In recent years, various methods have been developed for the synthesis of functionalized 

nanoparticles, including physical methods such as laser ablation and chemical methods such as 

co-precipitation, sol-gel, and hydrothermal methods (Li et al., 2019). In 2010, Li et al. reported 

the synthesis of chitosan nanoparticles for the controlled release of doxorubicin, a common 

chemotherapy drug used in cancer treatment while Wang et al. reported the successful synthesis 

of doxorubicin-loaded magnetic nanoparticles functionalized with a folate receptor-targeting 

ligand. They demonstrated enhanced cellular uptake and cytotoxicity against folate receptor-

overexpressing cancer cells compared to non-functionalized nanoparticles (Wang et al., 2019).  

In another study, Liu et al. synthesized folate-conjugated chitosan nanoparticles loaded with 

Doxorubicin (DOX) (Liu et al., 2018). The folate-conjugated chitosan nanoparticles showed 

enhanced cellular uptake and cytotoxicity against folate receptor-overexpressing cancer cells 

compared to non-targeted chitosan nanoparticles. Furthermore, the folate-conjugated chitosan 

nanoparticles exhibited prolonged drug release and improved therapeutic efficacy in a 

xenograft tumour model. Recently Singogo reported the synthesis of Iron Oxide nanoparticles 

by co-precipitation, he reported that it is a simple and cheaper method that uses pH for size 

control and magnetic strength. He reported that the Atomic Force Microscope (AFM) image 

showed clear small spherical nanoparticles with an overall average size of 82.7 nm (Singogo, 

2022).  

3.9 Characterization of Functionalized Fe3O4NPs for Docetaxel Delivery 

The characterization of functionalized nanoparticles is essential to determine their size, shape, 

surface charge, drug loading, and targeting efficiency. Various techniques such as 
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Transmission Electron Microscopy (TEM), XRD, and UV-Vis spectroscopy. Dynamic Light 

Scattering (DLS), zeta potential measurement, and FTIR have been used for nanoparticle 

characterization (Chen et al., 2018). TEM is a powerful tool for visualizing nanoparticles, as it 

can provide information on their size, shape, and distribution. DLS is used to measure the 

hydrodynamic diameter of the nanoparticles in solution, which can provide information on 

their stability and aggregation behaviour (Ansari et al., 2019). FTIR and UV-Vis have been 

used for chemical structure and properties analysis. Zeta potential measurement is used to 

determine the surface charge of the nanoparticles, which can affect their stability and cellular 

uptake. UV-Vis spectroscopy is also used to determine the drug loading efficiency and release 

profile of the nanoparticles (Lourenço et al., 2019). The synthesis and characterization of 

functionalized nanoparticles for drug delivery in cancer treatment have been extensively 

studied. Emulsion-based methods, chemical conjugation, and physical adsorption have been 

used to synthesize functionalized nanoparticles, and TEM, DLS, zeta potential measurement, 

and UV-Vis spectroscopy have been used to characterize them. 

3.10 Drug Loading 

Drug loading of anticancer drugs on functionalized nanoparticles for drug delivery in cancer 

treatment is an area of active research that has shown significant promise in improving the 

therapeutic efficacy and specificity of chemotherapy. By loading anticancer drugs onto 

functionalized nanoparticles, drug delivery can be targeted specifically to cancer cells, reducing 

off-target effects and improving the efficacy of treatment (Tas and Keklikcioglu Cakmak, 

2021). It is a crucial step in nanoparticle-based drug delivery systems. Various factors such as 

the type of drug, nanoparticle size, and surface chemistry, affect drug loading efficiency 

(Herdiana et al., 2024, Attia et al., 2022).  

There are various methods available for loading drugs onto functionalized nanoparticles for 

drug delivery in cancer treatment, each with its advantages and limitations (Hu et al., 2011). 

One method is adsorption, which could be physical or chemical adsorption. Physical adsorption 

involves physically adsorbing the drug onto the surface of the nanoparticles through 

electrostatic or hydrophobic interactions. It is a simple, low cost, and has a high drug loading 

capacity, but may result in rapid drug release (Gao et al., 2020).  

While chemical adsorption (Covalent conjugation) is a method that chemically attaches the 

drug to the surface of the nanoparticles through covalent bonds. This method provides stable 
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drug loading and controlled release and can improve the specificity and selectivity of drug 

delivery. However, the conjugation process can be complex and time-consuming and may 

result in reduced drug loading capacity (Fasiku et al., 2020). 

Encapsulation is another method that involves incorporating the drug into the interior of the 

nanoparticles through solvent evaporation or emulsion techniques. Encapsulation provides 

sustained release of the drug, protecting it from degradation and reducing off-target effects. 

However, encapsulation can be challenging for some drugs, and the drug loading capacity may 

be limited (Adepu and Ramakrishna, 2021). 

Physical entrapment involves physically trapping the drug within the matrix of the 

nanoparticles, typically through nano-precipitation or coacervation techniques. Physical 

entrapment provides sustained release and high drug-loading capacity but may result in 

incomplete drug release and limited drug stability (Adepu and Ramakrishna, 2021). In addition 

to these methods, the size, shape, and surface chemistry of the nanoparticles, as well as the 

physicochemical properties of the drug, can influence drug loading efficiency and efficacy 

(Banerjee et al., 2016). Therefore, selecting an appropriate drug loading method and optimizing 

the drug-nanoparticle system is critical for achieving effective drug delivery in cancer 

treatment. 

Overall, the selection of a drug-loading method for functionalized nanoparticles should be 

based on the specific drug, the desired release profile, and the characteristics of the nanoparticle 

system. Recent advancements in nanoparticle synthesis and characterization have enabled the 

development of more sophisticated drug delivery systems with improved drug-loading 

efficiency and therapeutic efficacy (Patra et al., 2018). 

Several studies have reported successful drug loading of functionalized nanoparticles for 

cancer treatment. For instance, (Li et al., 2019), reported the successful loading of paclitaxel 

(PTX) onto folic acid-functionalized silica nanoparticles (FA-SiO2 NPs) with high drug loading 

efficiency. Another study investigated the use of a biocompatible and biodegradable polymeric 

nanoparticle system for drug delivery of paclitaxel, an anticancer drug used to treat various 

types of cancer, including breast, ovarian, and lung cancer (Yao et al., 2020). The nanoparticles 

were functionalized with a targeting ligand, hyaluronic acid, to enhance their uptake by cancer 

cells. The results showed that the drug-loaded nanoparticles had high encapsulation efficiency 
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and sustained drug release, with a significant reduction in the viability of cancer cells in vitro 

(Patra et al., 2018). 

In another study, Liu and colleagues developed a drug delivery system based on mesoporous 

silica nanoparticles functionalized with polyethyleneimine (PEI) and loaded with paclitaxel. 

The functionalized nanoparticles exhibited improved cellular uptake and enhanced anticancer 

efficacy compared to free paclitaxel. The authors suggested that the improved efficacy may be 

attributed to the increased cellular uptake of the nanoparticles through electrostatic interactions 

between the PEI and the cancer cell membrane (Liu et al., 2018). Folate receptor-targeted 

chitosan nanoparticles have also been investigated as a drug delivery system for doxorubicin, 

a commonly used anticancer drug (Zhang and Zhang, 2013). The results showed that the drug-

loaded nanoparticles had a high drug-loading capacity and sustained release, leading to 

increased cytotoxicity against cancer cells in vitro. The folate receptor-targeted nanoparticles 

also exhibited enhanced cellular uptake compared to non-targeted nanoparticles. 

In addition to targeting ligands, the physicochemical properties of the nanoparticles can also 

influence their drug loading and delivery efficacy. A study by Carvalho investigated the use of 

dynamic light scattering (DLS) as a tool for characterizing PEGylated drug delivery systems. 

The authors demonstrated that DLS could be used to determine the size, polydispersity index, 

and zeta potential of the nanoparticles, which are important parameters that can influence drug 

loading and delivery efficacy (Carvalho et al., 2018).   

Drug loading of anticancer drugs onto functionalized nanoparticles for drug delivery in cancer 

treatment is a promising area of research that has the potential to improve the therapeutic 

efficacy and specificity of chemotherapy. The incorporation of targeting ligands can enhance 

the cellular uptake and cytotoxicity of the nanoparticles, and sustained drug release can lead to 

improved therapeutic efficacy. Further studies are needed to optimize the design and synthesis 

of functionalized nanoparticles for drug delivery in cancer treatment, including investigations 

into the physicochemical properties of the nanoparticles that can influence drug loading and 

delivery efficacy. 

3.11 Controlled Drug Release:  

Controlled drug release from functionalized nanoparticles is a crucial aspect of drug delivery 

in cancer treatment. It allows for sustained and targeted release of anticancer drugs to the 
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tumour site, improving efficacy and reducing off-target effects. Various approaches have been 

developed to achieve controlled drug release from functionalized nanoparticles, each with its 

advantages and limitations (Mi et al., 2022). Controlled drug release is a critical aspect of 

nanoparticle-based drug delivery systems. There are various factors such as nanoparticle size, 

surface chemistry, and drug properties that affect drug release kinetics. Several studies have 

reported the successful controlled release of drugs from functionalized nanoparticles for cancer 

treatment. For instance, Liu et al reported the sustained release of doxorubicin (DOX) from 

polyethylene glycol (PEG)-coated gold nanoparticles (AuNPs) over 48 hours (Liu et al., 2019).  

One approach is based on stimuli-responsive materials, such as pH-sensitive polymers, that can 

release the drug in response to changes in the local environment. Compared to normal cells, 

cancer cells have unique pH, a characteristic that has been investigated for controlled drug 

release. Cells maintain an external pH (pHe) of approximately 7.4 and an intracellular pH (pHi) 

of approximately 7.2 under typical healthy conditions. However, due to increased glycolysis 

and lactic acid production known as the Warburg effect, cancer cells frequently exhibit a 

reversed pH gradient to a slightly more alkaline pHi (∼7.4) and a more acidic pHe, ranging 

from 6.5 to 7.0 (Du et al., 2015). This acidic tumor microenvironment supports cancer 

progression, metastasis, and resistance to therapy, making it ideal for pH-responsive drug 

delivery systems (Hao et al., 2018, Worsley et al., 2022). 

To exploit this characteristic, several in vitro studies have utilized artificial acidic conditions 

often pH 4.8 to mimic the tumor’s intracellular compartments such as endosomes and 

lysosomes, which are naturally acidic. For example, Dadsetan et al. (2013) developed a pH-

responsive microgels system for doxorubicin delivery and found that the release rate increased 

under acidic conditions, which are characteristic of tumor tissues, highlighting the potential for 

controlled delivery in acidic environments (Dadsetan et al., 2013). Also Yang and colleagues 

(2021) designed doxorubicin-loaded nanoparticles coated with a pH-sensitive polymer which 

were found to release the drug rapidly at acidic pH conditions (Yang et al., 2021). These studies 

demonstrate that using pH 4.8 in vitro models is valuable for evaluating the efficacy of drug 

delivery systems designed to release therapeutics in the acidic milieu of cancerous tissues or 

intracellular organelles. Thus, understanding and leveraging pH differences between cancerous 

and normal tissues holds significant promise in enhancing drug specificity and therapeutic 

outcomes. 
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Another approach is based on the use of external stimuli, such as light, magnetic fields, or 

ultrasound, to trigger drug release from functionalized nanoparticles. For example, magnetic 

nanoparticles have been used to deliver doxorubicin to cancer cells and release the drug under 

a magnetic field (Liu et al., 2019). External stimuli can provide precise control over drug 

release and spatial targeting. However, the delivery of external stimuli may require invasive 

procedures, and the safety and efficacy of some approaches are still under investigation (Pham 

et al., 2020) 

A third approach involves the use of biological triggers, such as enzymes or specific cell surface 

receptors, to trigger drug release from functionalized nanoparticles. For example, nanoparticles 

coated with an enzyme-responsive polymer were found to release the drug in response to the 

presence of the enzyme matrix metalloproteinase-2 (MMP-2) in the tumour microenvironment 

(Naz et al., 2019). Biological triggers can provide selective drug release and reduce off-target 

effects. However, the specificity and selectivity of the trigger may be limited, and the efficacy 

of the approach may vary depending on the tumour type and stage. 

In addition to these approaches, several strategies have been developed to optimize drug release 

kinetics, such as tuning the size, shape, and surface charge of the nanoparticles, as well as 

modifying the drug loading and release mechanisms (Mitchell et al., 2021). For example, lipid-

coated nanoparticles have been shown to provide sustained release of paclitaxel over 7 days, 

with minimal burst release (Bai et al., 2022). Such strategies can improve the efficacy and 

safety of drug delivery but may require complex nanoparticle synthesis and characterization 

processes. 

Overall, the selection of a drug release approach for functionalized nanoparticles should be 

based on the specific drug, the tumour microenvironment, and the desired release profile. 

Recent advancements in nanoparticle synthesis and characterization have enabled the 

development of more sophisticated drug delivery systems with improved drug release kinetics 

and therapeutic efficacy (Xia et al., 2021). 

Researchers have reported that controlled drug release from functionalized nanoparticles is a 

key factor in the development of effective drug delivery systems for cancer treatment (Yao et 

al., 2020, Dang and Guan, 2020). Various approaches have been developed to achieve 

controlled drug release, each with its advantages and limitations. Further research is needed to 
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optimize these approaches and develop more personalized and effective drug delivery systems 

for cancer therapy. 

3.12 Toxicity of iron oxide nanoparticles 

Nanoparticle toxicity is a major concern in their application for cancer treatment. Several 

factors such as size, shape, surface chemistry, and composition affect nanoparticle toxicity. 

Several studies have evaluated the safety of Fe3O4NPs as drug-delivery vehicles. In one study, 

PEG-coated Fe3O4NPs were found to have low toxicity in mice for the assessed concentration 

(0.2 mg Fe mL-1) and no significant histological changes were observed in the liver, spleen, 

and kidney (Lazaro-Carrillo et al., 2020). In another study, Fe3O4NPs functionalized with 

chitosan were found to have low toxicity and were able to effectively deliver siRNA to cancer 

cells (Zhou et al., 2017). Furthermore, Fe3O4NPs have been used in clinical trials for drug 

delivery applications with promising results. 

The safety of Fe3O4NPs is influenced by various factors, including their size, surface charge, 

and functionalization. Small Fe3O4NPs have been shown to have higher toxicity compared to 

larger ones (Zhang et al., 2022). Furthermore, surface functionalization can impact the toxicity 

of Fe3O4NPs. For example, PEGylation of Fe3O4NPs has been shown to improve their 

biocompatibility and reduce toxicity. Song reported that modified superparamagnetic 

Fe3O4NPs were tested in vitro and showed no significant cytotoxicity. In vivo imaging studies 

also showed that the modified Fe3O4NPs had improved contrast properties and were able to 

target specific tissues. These findings suggest that biomimetic modification of Fe3O4NPs could 

enhance their safety and effectiveness for use in biomedical applications (Song et al., 2019). 

Liu also reported the low toxicity of PEG-coated AuNPs in cancer cells. In addition, the route 

of administration and the dose of Fe3O4NPs can also impact their safety. 

In conclusion, Fe3O4NPs have shown great potential as drug delivery vehicles, but their safety 

must be carefully evaluated. The toxicity of Fe3O4NPs is influenced by various factors, 

including their size, surface charge, and functionalization. Further studies are needed to fully 

understand the safety of Fe3O4NPs and to develop safe and effective drug delivery systems. 

3.13 Drug Release Kinetics 

Drug release kinetics is a critical aspect of nanoparticle-based drug delivery systems. The 

release kinetics of drugs from nanoparticles can be controlled by various factors such as 
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nanoparticle size, surface chemistry, and drug properties. Several mathematical models have 

been developed to describe the release kinetics from functionalized nanoparticles. For instance, 

the Higuchi model has been widely used to describe the drug release kinetics from 

nanoparticles (Cong et al., 2018). These models are based on different kinetic assumptions and 

are used to fit experimental data and predict drug release profiles. Some of the common drug 

release kinetics models include zero-order kinetics, first-order kinetics, second-order kinetics, 

the Higuchi model, the Korsmeyer-Peppas model, and the Weibull model (Dash et al., 2010). 

The selection of a particular model depends on the mechanism of drug release and the 

physicochemical properties of the NPs. These models are widely used in the design and 

optimisation of drug delivery systems for cancer treatment (Li et al., 2019). 

Although significant progress has been made in the development of functionalized 

nanoparticles for the controlled release of drugs in cancer treatment, several gaps remain in the 

literature. Firstly, there is a need to optimise the drug loading and release efficiency of 

functionalized nanoparticles. Secondly, the long-term toxicity and biocompatibility of 

functionalized nanoparticles need to be evaluated. Thirdly, more studies are required to 

investigate the drug release kinetics from functionalized nanoparticles in vitro and vivo, also 

improving stability. Finally, the development of targeted functionalized nanoparticles for 

specific cancer types is an area that requires further exploration.  

3.13.1 Zero-order kinetics 

Zero-order drug release kinetics refers to a type of drug release pattern where the rate at which 

a drug is released from a pharmaceutical dosage form, such as a tablet or capsule, remains 

constant over time (Paarakh et al., 2018). This means that a consistent amount of the drug is 

released per unit of time, regardless of the concentration of the drug in the dosage form or the 

surrounding environment (Laracuente et al., 2020). 

The linearized equation for zero-order drug release kinetics is:  

Qt = −K0⋅t + Q0        [1] 

Where: 

Qt the amount of drug released at time t  

Kt is the zero-order release rate constant. 

t is the time. 
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Q0 is the initial amount of drug in the dosage form (at t=0). 

Zero-order drug release kinetics are desirable in certain pharmaceutical applications because 

they provide a controlled and steady release of the drug (Gokhale, 2014). This can be 

particularly important for drugs that have a narrow therapeutic window, where maintaining a 

constant drug level in the body is crucial for safety and efficacy. 

3.13.2 First-order drug release kinetics 

First-order drug release kinetics, in the context of pharmaceuticals, refers to a type of drug 

release pattern where the rate of drug release is directly proportional to the remaining amount 

of the drug in a pharmaceutical dosage form (Singhvi and Singh, 2011). That is, the rate of 

drug release increases as the concentration of the drug in the dosage form decreases. This leads 

to an exponential decrease in the drug release rate over time. 

The model predicts that a certain fraction or percentage of the drug remaining in the dosage 

form is released per unit of time. Mathematically, this relationship can be described using the 

first-order kinetic equation (Paarakh et al., 2018). 

Qt = Q0⋅e−k⋅t            [2] 

Where: 

Qt is the amount of drug released at time t.  

Q0 is the initial amount of drug in the dosage form (at t=0). 

k is the first-order release rate constant. 

t is the time. 

e is the base of the natural logarithm. 

The linearized equation for zero-order drug release kinetics is:  

lnQt = −K0⋅t + lnQ0                   [3] 

First-order drug release kinetics is utilized to provide controlled and sustained drug release 

over time (Donbrow and Friedman, 1975). However, the drug release rate decreases as the drug 

concentration in the dosage form decreases, which can lead to fluctuations in drug levels in the 

body (Herdiana et al., 2022). Therefore, different drug delivery systems and formulations may 
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be employed to modify these release kinetics according to the specific therapeutic goals of 

medication. 

3.13.3 Second-order drug release kinetics 

Second-order drug release kinetics, also known as second-order release, is a type of drug 

release pattern in pharmaceutical science and drug delivery systems (Gupta and Purwar, 2021). 

In this context, second-order kinetics refers to a release mechanism where the drug release rate 

is directly proportional to the square root of the remaining amount of drug in a pharmaceutical 

dosage form. 

Mathematically, second-order drug release kinetics can be described using the following 

equation: 

Qt = Q0−k⋅t2         [4] 

     

Where: 

Qt is the amount of drug released at time t. 

Q0 is the initial amount of drug in the dosage form (at t=0). 

k is the second-order release rate constant. 

t is the time. 

The linearized equation for second-order drug release kinetics is: 

1

𝑄𝑡
= 𝑘𝑡 +  

1

𝑄0
                    [5] 

In this type of release mechanism, the drug release rate increases as the remaining drug 

concentration decreases, but it does so in a quadratic or nonlinear manner due to the t2 term in 

the equation. This can lead to a more sustained release compared to first-order kinetics, which 

results in exponential drug release over time (Paarakh et al., 2018). 

Second-order drug release kinetics are employed in specific drug delivery systems and 

formulations to achieve different drug release profiles based on therapeutic needs (Singhvi and 

Singh, 2011). It can provide a prolonged and controlled release of a drug, which may be suitable 

for certain medications and clinical applications. 
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3.13.4 Higuchi Drug Release Kinetics 

Higuchi drug release kinetics, also known as Higuchi's equation, is a mathematical model used 

to describe the release of a drug from a pharmaceutical dosage form (Paarakh et al., 2018). This 

model is named after the Japanese pharmacologist Takeru Higuchi, who proposed it in the 

1960s. Higuchi's equation describes the release of a drug from a solid, non-erodible matrix, 

such as a tablet, and is based on Fick's law of diffusion (Kalam et al., 2007). It is used to explain 

the relationship between the cumulative amount of drug released (Qt) and the square root of 

time(t): 

Qt =K⋅√t                   [6] 

Where: 

Qt is the cumulative amount of drug released at time t. 

K is a constant specific to the drug and the dosage form. 

Higuchi drug release kinetics suggest that drug release from such solid dosage forms is 

primarily driven by a diffusion process, where the drug molecules move through the matrix 

and are released into the surrounding medium (Shoaib et al., 2006). The square root of time 

indicates that, as time progresses, the rate of drug release decreases, resulting in a more 

sustained release profile. 

Higuchi's equation is commonly used to analyze and design controlled-release drug delivery 

systems where a gradual and consistent release of a drug is desired (Paarakh et al., 2018). It 

provides a fundamental understanding of the drug release process and helps in optimizing the 

formulation of pharmaceutical products for controlled drug delivery. 

3.13.5 Korsmeyer-Peppas drug release Kinetics model 

The Korsmeyer-Peppas model, also known as the Korsmeyer-Peppas drug release kinetics or 

the Power Law model, is a mathematical model frequently used to describe drug release from 

pharmaceutical dosage forms, particularly in the context of controlled-release drug delivery 

systems (Permanadewi et al., 2019). This model is an extension of the Higuchi model and is 

often used to analyze non-Fickian or anomalous drug release, where release behaviour deviates 

from simple diffusion. 
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The Korsmeyer-Peppas equation is represented as follows: 

𝑀𝑡

𝑀∞
= 𝐾. 𝑡𝑛         [7] 

Where 

Mt is the amount of drug released at time t. 

M∞ is the total or maximum amount of drug that can be released. 

K is a constant related to the characteristics of the drug and the pharmaceutical formulation. 

t is the time. 

n is the release exponent, which provides information about the mechanism of drug release: 

If n = 0.5, it indicates Fickian diffusion (Higuchi model). 

If 0.5 < n < 1.0, it suggests anomalous or non-Fickian release, involving a combination of 

diffusion and other mechanisms. 

If n=1.0, it indicates Case II transport, where the drug release is dominated by polymer 

relaxation. 

If n >1.0, it suggests super case II transport. 

The Korsmeyer-Peppas model allows researchers to determine the release exponent (n) and, 

thereby, gain insight into the underlying mechanisms controlling drug release from a particular 

dosage form (Paarakh et al., 2018). This model is particularly useful when dealing with 

complex release patterns, such as those observed in polymeric matrices and other controlled-

release systems. It is commonly employed in pharmaceutical and biomaterial sciences to study 

and design drug delivery systems for various therapeutic applications (Rehman et al., 2020). 

3.14. Recent Advancement in Nanoparticle based drug Delivery systems 

 

Nanoparticle-based drug delivery systems have emerged as a transformational platform in 

oncology, providing more selectivity, lower systemic toxicity, and better therapeutic outcomes. 

Traditional chemotherapy is frequently hampered by low absorption, nonspecific distribution, 

and significant adverse effects. Recent advances in nanotechnology are tackling these 
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constraints by allowing for site-specific delivery of anticancer drugs, better pharmacokinetics, 

and real-time monitoring of therapy outcomes. 

A significant advancement in this field is the development of ligand-functionalized 

nanoparticles that are designed to target specific biomarkers expressed on cancer cells. 

Overexpressed receptors include the folate receptor alpha, the epidermal growth factor receptor 

(EGFR), and the human epidermal growth factor receptor 2 (HER2). These approaches 

improve drug accumulation at the tumor site and reduce off-target toxicity by functionalizing 

nanoparticles with ligands such as antibodies, peptides, or aptamers, resulting in selective 

absorption by tumor cells via receptor-mediated endocytosis (Zhou et al., 2022). 

These carriers frequently include imaging agents (such as MRI or fluorescence contrast 

materials) in addition to chemotherapeutic medicines, allowing for concurrent therapy and 

tumor response monitoring. Gold nanoparticles, for example, are often utilized due to their 

optical characteristics and biocompatibility; when coupled with photothermal agents and 

anticancer medications, they enable for dual photothermal-chemotherapy, resulting in 

synergistic anticancer effects (Wang et al., 2023). 

Collectively, these recent advancements in nanoparticle-based drug delivery systems represent 

a major leap forward in the precision and personalization of cancer therapy. As these 

technologies progress through preclinical and clinical stages, they hold the potential to 

significantly improve therapeutic efficacy while minimizing adverse effects, marking a 

paradigm shift in oncological treatment. 

We have established that different methods are used for Synthesis, Characterization, and Drug 

Loading. Furthermore, Controlled Drug Release can be achieved by encapsulating the drug in 

a polymer like PEG, also drug release can be triggered by various factors like pH. Lastly, the 

literature provides that Drug Release Kinetics can be established using mathematical models 

such as Higuchi, and the Korsmeyer-Peppas model.  

Preclinical studies have demonstrated the efficacy of functionalized Fe3O4NPs for Docetaxel 

delivery in various cancer models, showcasing improved therapeutic outcomes and reduced 

systemic toxicity compared to free Docetaxel. Encouraged by these findings, we synthesized 

functionalized Pegylated Fe3O4NPs for Controlled released Docetaxel vitro a step forward in 

increasing the stability of the Docetaxel loaded Fe3O4NPs. We also studied the Docetaxel 

release kinetics at different pH levels to appreciate the stability of the delivery system at 
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physiological pH which is a step in the right direction that has the potential to reduce Docetaxel 

accumulation in normal cells. 
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Chapter Four 

Experimental Techniques and Characterization 
 

4.1 Materials  

Iron trichloride hexahydrate (FeCl3·6H2O) reagent grade, ≥98%, Iron dichloride tetrahydrate 

(FeCl2·4H2O) reagent grade, ≥99 %, Folic acid ≥97% Bioreagent ammonium hydroxide 

reagent grade, 98%, Polyethylene Glycol(PEG-8000) BioUltra, 8000≥99.0% (GC), 28% 

Ammonium Hydroxide (NH4OH)≥98%, N-(3-dimethylamino propyl)-𝑁-ethyl carbodiimide 

(EDC)≥99.0%, Tetrahydrofuran(THF) ≥99.0%, N-Hydroxysuccinimide(NHS) ≥99.0%, 2-

Morpholinoethanesulfonic acid, Dichloromethane(DCM) ≥98%, 4-(dimethylamino) pyridine 

(DMAP) ≥98%,  were all purchased from Merck. Docetaxel was donated by the University 

Teaching Hospital (UTH), University of Zambia (UNZA). Acetone ≥99.5%, ethanol ≥ 99.5%, 

and chloroform ≥99.0% were purchased from Sigma-Aldrich. All chemicals and solvents in 

this work were used as received. 

4.2 Instrumentation  

Fourier transform infrared (FT-IR), a Perkin Elmer Spectrum RXI FT-IR spectrometer, 

Shimadzu 2000 UV-Vis spectrophotometer, and X-ray Diffraction (XRD) Olympus TERRA-

538, were used for characterization. 

4.3 Preparation of materials 

4.3.1 Synthesis of Iron oxide Nanoparticles (Fe3O4NPs). 

Synthesis of Fe3O4 magnetic nanoparticles was done by co-precipitation of iron trichloride 

hexahydrate (FeCl3·6H2O) and iron dichloride tetrahydrate (FeCl2·4H2O) using the earlier 

reported method (Singogo, 2022). Briefly, 15.20 g of FeCl3·6H2O and 5.30 g of FeCl2·4H2O 

were dissolved into 200 mL of deionized water. The mixture was then stirred for 30 minutes, 

and chemical precipitation was achieved by adding 2.0 M NaOH solution. The reaction system 

ran for 1.5 hr. Co-precipitation of Fe3O4 NPs was completed at pH 9. The precipitates were 

separated by a permanent magnet and washed with deionized water until pH neutral. Finally, 

Fe3O4 NPs were washed with acetone and dried in an oven at 70 
o 

C. 
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4.3.2 Synthesis of the Iron Oxide Folate Conjugate (Fe3O4@FA) 

Magnetic iron oxide NPs were functionalized with folic acid (FA) using a method reported by 

(Ancira-Cortez et al., 2017a) with a few modifications. Briefly, a solution of FA (0.055 g) in 

5mL of dichloromethane (DCM). The solution was mixed with an ethanolic solution of N-(3-

dimethylaminopropyl)-𝑁-ethylcarbodiimide (EDC) (0.582 g in 50 mL) and 4-(dimethylamino) 

pyridine (DMAP) (0.045 g in 50 mL). The solution was then sonicated using a high-intensity 

ultrasound probe for 2 hr and then allowed to stand overnight. Furthermore, the solution was 

shaken vigorously at room temperature for 24 hr, and the Fe3O4NPs@FA was recovered and 

washed via magnetic decantation, using deionized water. The product was stored for use in the 

subsequent steps. 

4.3.3 Docetaxel loading onto Iron Oxide Folate Conjugate (Fe3O4@FA) 

Drug loading was conducted using a covalent method, briefly 20 mg of Fe3O4@FA was 

ultrasonically dispersed in a 20 mL solution of Docetaxel (DXL) in water (DXL conc 1mg 

mL
−1

) for 15 min. The suspension was left under shaking for 24 hr at room temperature and 

protected from light using aluminium foil. Fe3O4@FA@DXL was collected using magnetic 

decantation and washed with distilled water until the supernatant became clear, indicating the 

absence of free DXL particles in the wash (Thambiraj et al., 2021, Day et al., 2021). 

4.3.4 Encapsulation of Fe3O4@FA@DXL using Poly (Ethylene) Glycol 

(Fe3O4@FA@DXL@PEG). 

PEGylation of Fe3O4@FA@DXL was carried out using a method used by (Thambiraj et al., 

2021) with modification. Briefly, 2.0 mg of PEG 8000 was dissolved in 5.0 mL of distilled 

water, then added drop-wise into 100 mL of 1.0 mM concentration of Fe3O4@FA@DXL 

solution and shaken for 12 hr at room temperature. After encapsulation, the solution was 

maintained at the pH range of 6.5 to prolong the stability of the Fe3O4@FA@DXL@PEG 

nanoparticles. Further, the Fe3O4@FA@DXL@PEG were collected using magnetic 

decantation, stored, and characterized. 
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Experimental Design 

 

Figure 2: Experimental Design for the Synthesis of Docetaxel-loaded Iron Oxide 

Nanoparticles  

4.4 Nomenclature of multilayered nanoparticles 

The design above is of a multilayered polymer nanoparticle (MLNP), comprising of Iron Oxide 

nanoparticles named as Fe3O4NPs. The surface was functionalized with Folic acid (FA), hereby 

referred to as Fe3O4@FA. Then loaded with Docetaxel (DXL) named Fe3O4@FA@DXL and 

finally encapsulated with Polyethylene Glycol(PEG). The full name of the MLNP is 

Fe3O4@FA@DXL@PEG. The symbol @ represents the addition of a layer on the core 

nanoparticle. 

4.5 Characterization 

The Structural analysis included UV-VIS measurements recorded using a Shimadzu 2000 UV-

Vis spectrophotometer. The absorbance measurements were taken for Fe3O4 NPs, Fe3O4@FA, 

Fe3O4@FA@DXL, Fe3O4@FA@DXL@PEG, and pure samples of each FA, DXL, and PEG 

8000 using a 1.0 mL cuvettes from which different spectra were obtained. The crystal structure 

of the products was characterized by X-ray Diffraction (XRD) Olympus TERRA-538. The 

patterns with the Co Kα radiation (λ = 1.7889 Å) at 30.3 kV, 0.006 mA were recorded in the 
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region of 2θ range 0 to 55o for both the Fe3O4 nanoparticles and Fe3O4@FA. Briefly, Fe3O4 

NPs and Fe3O4@FA were crushed and sieved using a 100-micrometer sieve. Then about 5mg 

of each sample was loaded on a slide, the XRD machine. The FT-IR spectra were recorded 

using KBr powder on a Perkin Elmer Spectrum RXI FT-IR spectrometer. The samples were 

scanned over a range of 400 cm-1 to 4000 cm-1
.   

4.6 Drug Release Studies 

Drug release experiments were carried out on both Pegylated and unPegylated Docetaxel-

loaded Iron Oxide nanoparticles. Briefly, 50 mg of the unPegylated nanoformulation was 

suspended in 20 mL Phosphate Buffer saline (PBS) at pH 4.80, and absorbance was taken at 

intervals for 72 hr. Then Pegylated nanoparticles were also suspended in PBS at pH 4.80, 6.00, 

7.00 and 7.45, taking the absorbance for 72 hr. For each sample, the experiment was repeated 

thrice, and the mean was calculated. 
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Chapter Five 

Results And Discussion 

5.1 Introduction  

 

This chapter focuses on the presentation of results obtained from experimental work and 

discusses each of the findings.  These include structural analysis results obtained using FT-IR 

and UV-Vis spectrometers and those for morphology characterization from XRD. The results 

from the adsorption, and drug release experimental results are also discussed. 

5.2 Ultraviolet-Visible spectroscopy analysis 

The UV-Vis studies were carried out to validate the formation of Iron oxide nano particles and 

subsequent modifications as shown in Figure 3. The synthesized Fe3O4NPs showed a 

continuous absorption in the visible range of 200- 700 nm. It can be observed that the spectra 

that the absorption peaks shifted slightly towards the higher wavelength after addition of FA. 

The shift was attributed to an increase in the particle size and it is in perfect agreement with 

(Singogo, 2022).  
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Figure 3: UV-Vis spectra of Fe3O4 NPs, FA, Fe3O4@FA, DXL, Fe3O4@FA@DXL, PEG and 

Fe3O4@FA@DXL@PEG 



 
 

32 
 

The folic acid peak was observed at 285 nm and 320 nm (Pourjavadi et al., 2016, Wei et al., 

2017), this peak shows that there were structural changes on the surface of Fe3O4NPs due to  

folic acid functionalization.  UV–Vis spectra of the DXL were observed at 231 nm ascribed to 

π–π* transition of carbonyl and hydroxyl groups were present in the sample (Rivero-Buceta et 

al., 2019). Also, observable is the peak at 528 nm characteristic of PEG which disappeared 

after PEGylating the DXL-loaded Fe3O4NPs These results indicate the formation of Fe3O4NPs 

drug delivery system with step-by-step conjugation of FA, DXL, and PEG. Figure 4 shows the 

step-by-step development of the Pegylated docetaxel-loaded systems, the spectra of the 

intermediates and pure compounds used for modifications are shown. It is observed that pure 

folic acid (FA) showed a notable peak at about 320 nm, the same peak is observed on the 

functionalized iron oxide nano particles (Fe3O4@FA). The same trend was observed with pure 

DXL and PEG, this was observed also by Singogo (Singogo, 2022) and Wei et al (Wei et al., 

2017).  

5.3 X-Ray Diffraction Spectroscopy Analysis 

The XRD data of iron oxide magnetic nanoparticles agree with the standard value of Fe3O4 

(JCPDS file no: 19-0629). XRD analysis of the particles (Figure 4) shows well-defined Bragg 

reflection characteristics of Fe3O4. The data shows diffraction peaks at 2Ɵ = 21.3°, 31.0°, 35.1°, 

41.38°, 45.86°, and 50.52°, which can be indexed to the (111), (200), (220), (311), (222), and 

(400) planes of Fe3O4 in a cubic phase, respectively, which are characteristics of Fe3O4 

nanoparticle diffraction pattern according to JCPDS standard data 19-0629. These results are 

in perfect agreement with (Mishra and Sardar, 2015). The height of the peaks is reduced from 

Fe3O4 NPs to Fe3O4@FA as the particle increases. The reduction in peak height and 

disappearance of some peaks on the Fe3O4@FA pattern can be attributed to the effect of the 

FA masking of the Fe3O4 nanoparticle. It can be seen from an XRD diffraction pattern that 

synthesized iron oxide nanoparticles have high purity and good crystal quality. Moreover, the 

broadening of the diffraction peaks confirms the small particle size and high crystalline nature 

of the material which agrees with (Ali et al., 2013, Singogo, 2022). 
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Figure 4: XRD patterns for Fe3O4 NPs, and Fe3O4@FA 

 

The average crystallite size of nanoparticles was estimated using the Debye Scherrer formula  

                                     𝐷 =
𝑘𝜆 

𝛽𝑐𝑜𝑠Ɵ
 

Where D is the crystallite mean size, k is a shape function for which a value of 0.94 for spherical 

crystalline, λ is the wavelength of the radiation in nm, β is the full width at half-maximum 

(FWHM) in the 2θ scale in radians and θ is the Bragg angle. It was found that the average 

crystallite size of magnetic nanoparticles was 10.53 nm. 

 

5.3 Fourier Transform Infrared Spectral Analysis 

The spectrum of magnetic Fe3O4 nanoparticles is depicted in Figure 5(a), the characteristic 

absorption of the Fe-O bond appears at 558 cm
−1

 and it is in perfect agreement with (Ebadi et 

al., 2023, Singogo, 2022). The peaks at 1637, 2038, and 3406 cm-1 also are in agreement with 

the spectra observed by Wei and his colleagues (Wei et al., 2012). This further indicates that 



 
 

34 
 

iron (Fe) is the key structural element in the compound (Stoia et al., 2016). After 

functionalizing with Folic acid, new peaks were observed, the prominent ones being 1689 cm-

1 (figure 5b), which is characteristic of the C=O vibrations, which is in agreement with (Jalilian 

et al., 2011), 1259, 1549, and 2340 cm -1 attributed to the C=C vibrations of the aromatic ring 

and a broad band from 2971 to 3409 cm -1 characteristic of O-H stretching of folic acid. These 

were also observed by Selvarathinam (Selvarathinam and Dhesingh, 2022, Ancira-Cortez et 

al., 2017b). Figure 5c shows the spectrum after loading the Fe3O4@FA with DXL, significant 

peaks included the ones 1580, 1720, 2342, and 3410 cm -1(Rivero-Buceta et al., 2019) the broad 

peak for carboxylic acid OH diminished, confirming a change in the functional group from 

carboxylic acid to an ester, the results are in perfect agreement with already published work 

(Selvarathinam and Dhesingh, 2022). The slight shift of the peak from 1689 to 1720 could be 

a result of the ester C=O instead of carboxylic acid C=O. The major peaks of DXL disappeared 

in the FT-IR spectra after encapsulating with PEG 8000 (Figure 5d), indicating that DXL was 

fully encapsulated in PEG (Baek and Cho, 2015). The observed peak around 1324 is a result 

of C-O-C stretching in PEG 8000. 
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Figure 5: FT-IR Spectra of (a) Fe3O4 NPs (b) Fe3O4@FA (c) Fe3O4@FA@DXL and (d)   

Fe3O4@FA@DXL@PEG. 
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The spectra above show the changes in peak strength due to changes in functional groups added 

to the Iron Oxide nanoparticles. Some peaks disappeared while others appeared as different 

molecules were added to the metallic core. 

5.5 Adsorption Isotherms  

Adsorption isotherms play a crucial role in understanding drug loading onto various carriers. 

They are useful in understanding drug adsorption and release of the drug delivery system 

(McCarthy et al., 2017). They provide insights into the maximum capacity of a carrier to adsorb 

the drug. This helps in optimizing the formulation to achieve the desired drug loading while 

avoiding wastage of materials. Also, optimization of Formulation, this helps to understand the 

conditions under which maximum drug loading can be achieved. This optimization is essential 

for formulating efficient drug delivery systems, ensuring the effective delivery of therapeutic 

agents to target sites (Schmid et al., 2023). 

Different carriers exhibit different adsorption behaviors, which can be elucidated through 

adsorption isotherms experiments (Nyirenda et al., 2022). Understanding these behaviors helps 

in selecting suitable carriers for drug delivery systems based on factors like surface area, pore 

size, and affinity for the drug molecule. Adsorption isotherms also provide insights into the 

release kinetics of drugs from carriers. By understanding the adsorption-desorption dynamics, 

a design of formulations with controlled release properties can be achieved, allowing for 

sustained drug release over an extended period, which is vital for achieving therapeutic efficacy 

and minimizing side effects (Selvarathinam and Dhesingh, 2022). 

These set of experiments are significant for drug loading as they provided critical information 

for optimizing formulation, selecting suitable carriers, controlling drug release kinetics, and 

ensuring the stability of the formulation over time (Papachristos et al., 2023). This 

understanding contributed to the development of efficient and effective drug delivery system. 

Some of the parameters determined are; 

Adsorption efficiency (%) and adsorption capacity at equilibrium (Qe), were determined 

using equations (8) and (9); 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
(𝐶𝑜 − 𝐶𝑒) × 100 

𝐶𝑜
                                        [8] 
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𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑞𝑒)  =
(𝐶𝑜 − 𝐶𝑒) × 𝑉  

𝑚
                 [9] 

 

Where Co (mg/L) is the concentration of folic acid before adsorption, Ce (mg/L) is the 

equilibrium concentration of folic acid Qe (mg/g) is the amount of folic acid adsorbed at 

equilibrium, m (g) is the mass of the Fe3O4NPs used, and V (L) is the volume of folic acid 

solution used. 

Table 1. Concentration of Folic acid and amount bound in the sample solutions 

 

Initial 

Concentration 

Equilibrium 

Concentration 

Bound 

FA 

mg/L 

mg/L 

SD [n=3] mg/L 

1.00 0.90 ± 0.002 0.10 

2.00 1.90 ± 0.002 0.10 

4.00 3.84 ± 0.002 0.16 

6.00 5.80 ± 0.001 0.23 

8.00 7.72 ± 0.001 0.28 

10.00 9.68 ± 0.002 0.32 

12.50 11.82 ± 0.001 0.68 

14.50 13.52 ± 0.002 0.88 

16.50 15.68 ± 0.001 0.82 

 

Table 1 shows that there was a decrease in the concentration of folic acid in the solution due to 

binding on the Fe3O4 NPs. In the studied concentration range, the folic acid adsorption amount 

increases with the increasing amount of the folic acid initial concentration. This is consistent 

with already published work by (Hamedani and Felrgari, 2017, Castillo et al., 2015). At the 

16.50 mg/L, the bound folic acid decrease compared to the one at 14.50 mg/L suggesting that 

about 15.00 to16.00 mg/L of folic acid is needed for maximum functionalization of the Iron 

oxide nanoparticles. 

 

5.5.1 Adsorption isotherms models 
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The Langmuir Freundlich and Temkin isotherms are common mathematical models used to 

describe the adsorption of molecules onto a surface. 

Langmuir adsorption isotherm: The Langmuir isotherm is a model that assumes that the 

adsorption of molecules onto a surface occurs through a monolayer process. The sites of 

adsorption have equal affinity for adsorption and the interaction of adsorbed molecules is 

restricted. In other words, once a molecule adsorbs onto the surface, it does not allow any other 

molecules to adsorb onto the same site. The isotherm for single solute adsorption can be 

represented as follows:  

Qe=
1

𝑞𝑚𝐾𝐿
+

𝐶𝑒

𝑞𝑚
                     [10] 

 

The linear equation is written as: 
 

𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚𝐾𝐿
+

𝐶𝑒

𝑞𝑚
                  [11] 

  

Where qe (mg/g) is the amount of folic acid adsorbed at equilibrium, Ce (mg/L) is the 

equilibrium concentration of folic acid, Qmax (mg/g) is the maximum adsorption capacity and 

KL (L/mg) is the Langmuir constant which measures the affinity of folic acid towards the 

adsorbent adsorption sites. Thus, the magnitude of KL indicates either a strong or weak 

interaction between the folic acid and the adsorption sites of the adsorbent. The parameters qm 

and KL were determined from the plot of Ce/qe versus Ce. The separation factor, RL, was 

determined from the equation below. 

RL=
1

1+ 𝐾𝐿𝐶𝑖
                [12] 

 

Where RL is the separation factor, Ci (mg/L) is the highest initial concentration of folic acid 

and KL is the Langmuir constant. The value of the separation factor indicates the favorability 

of the adsorption process. 

 

The Freundlich isotherm model: shows an empirical relationship that describes the 

heterogeneity of sorbent surface and reflects as multilayer adsorption, expressed below: 

𝑄𝑒 = 𝐾𝐹𝐶𝑒1/𝑛                 [13] 

Taking the natural log gives the linear form of the Freundlich isotherm shown below. 



 
 

38 
 

 𝑙𝑛𝑄𝑒 = 𝑙𝑛𝐾𝐹 +
1

𝑛
𝑙𝑛𝐶𝑒                 [14]  

Qe and Ce have the same meaning as in the Langmuir isotherm, while KF and n refer to the 

Freundlich constants. KF is linked to the adsorbent's binding energy, while n is the 

heterogeneity factor that quantifies the degree of non-linearity between adsorption and solution 

concentration. A value between 1 and 10 for n indicates favourable adsorption. When plotting 

lnQe versus lnCe, the result is a straight line with a slope of  
1

𝑛
   and an intercept of lnKF.  

Figure 6 below shows the Langmuir isotherm linear plot, while Figure 7 shows Freundlich and 

Figure 8 the Temkin Adsorption Isotherm plot. 
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Figure 6: The Langmuir Isotherm model plot  
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Figure 7: The Freundlich Adsorption Isotherm plot 
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Figure 8: The Temkin Adsorption Isotherm plot 
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The three models examined above showed a perfect linear curve for the Langmuir (Figure 6) 

compared to the Freundlich (Figure 7) and Temkin (Figure 8). Table 2 below comprise of a 

summary of  the respective parameters of the three isotherm models. 

 

Table 2. Langmuir, Freundlich and Temkin model parameters 

Type of Isotherm Parameter value 

 

Langmuir 

Qmax 16.239 

KL 0.29746 

RL 0.2516 

R2 0.9947 

Freundlich 

 

N 1.65961 

KF 0.03084 

R2 0.94415 

Temkin 

 

b 60209.4 

Kb 2.71818 

R2 0.82183 

 

The results above show that the Langmuir isotherm model had a perfect linear plot with 

R2=0.9947 compared to the Freundlich whose R2 value of 0.94415, and Temkin had a R2 value 

of 0.82183.  This confirms that the monolayer folic acid is functionalized on the Fe3O4 NPs. 

The results show a similar pattern to the already published work by (Nyirenda et al., 2022, 

Singogo, 2022). From the plot above the Langmuir isotherm provides a better fit to this 

experimental data as was also observed by (Castillo et al., 2015) than the Freundlich and 

Temkin isotherm. 
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5.7 Drug release profile 

5.7.1 Effect of pH on Drug release 
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Figure 9: The Effect of pH on Drug Release 

 

The results in Figure 9 show an inverse relationship between pH and Absorbance. Maximum 

absorbance was observed at a pH of 2.92. These results show that a reduction in pH increases 

drug concentration, which suggests that DXL is likely to accumulate more in cancer cells 

microenvironment that have an acidic pH compared to the normal ones (Du et al., 2015). This 

experiment provides very useful information important in understanding the behaviour of the 

designed DXL nano delivery system.  

 

5.7.2 Drug Release Studies of Docetaxel 

The release of Docetaxel was studied at four different pH, 7.45 (representing the physiological 

pH), pH 7.0, 6.0, and 4.80 (mimicking the pH of most cancer cells) at 37oC for 72 hr in 

Phosphate Buffer Solution (PBS). As can be seen in Figure 10, illustrates the release profile of 

Docetaxel from PEGylated nanoparticles at various pH levels (4.80, 6.0, 7.0, and 7.45) for 72 hr. The 
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release of Docetaxel is pH-dependent, with the highest release observed at pH 4.80 (approximately 63% 

after 72 hr) and the lowest at pH 7.45 (around 24% after 72 hr) The release profiles at pH 6.0 and 7.0 

fall between these two extremes, with approximately 38% and 28% release after 72 hr respectively. 

This profile is comprised of two sections; in the first section, a significant drug release of 

around 40% for pH = 4.8, 21% for 6.0, pH 7.0 with 15%, and pH = 7.4 at 9% was observed 

from the beginning of the test up to the first 8 hr. In the second section, more sustained drug 

release was observed in the time interval of 8 to 72 hr and reached 62.4%.  37.8%, 28.3%, and 

24.0 %, which were related to pH 4.8, 7.0, 6.0, and pH 7.45, respectively.  It seems that in the 

first time interval, a high drug release rate could be due to the rapid diffusion of Docetaxel due 

to the increased concentration gradient.  In the second section, drug release was found to be 

uniform with a slow rate and relatively stable; this could be attributed to the steady state and 

the stability of the delivery system due to PEG Folic Acid. Studies have consistently shown that 

the release of drugs from nanoparticles can be influenced by the pH of the surrounding environment. 

For instance, Yang investigated the release of Doxorubicin from pH-sensitive nanoparticles and 

observed a similar pH-dependent release profile, with increased release at lower pH values (Yang et al., 

2019a). In another study Levit examined the release of Paclitaxel from PEGylated nanoparticles and 

found that the release was influenced by the pH of the release medium, with faster release at lower pH 

values (Levit et al., 2020). 
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Figure 10: Docetaxel drug release of PEGylated Nanoparticles at pH 4.80, pH 6.0, pH 7.0 

and pH 7.45. 

It is worth noting that in figure 10 there is a considerable percentage difference between 

Docetaxel at pH 4.8 and pH 7.45 within the same period. Cancer cells have a more acidic 

microenvironment compared to normal cells and as such this designed drug delivery system is 

likely to release more Docetaxel around the cancer cell, as was observed. Drug release was 

faster, pH 4.8 (63%) while 38% at pH 7.45 after 72 hr. This reveals that pH affects hydrolysis 

of the ester linkage, that is, at acidic pH, hydrolysis if the bond is faster than at neutral or 

slightly basic. Our results are comparable to previous reports (Wei et al., 2017). As can be seen 

in figure 10, the DXL drug release was controlled in this system such that 62.4% of the total 

loaded drug was released continuously and sustainably within 72 hr.  

Overall, the pH-dependent release of Docetaxel from PEGylated nanoparticles shown above has 

significant implications for cancer therapy, as the tumor microenvironment is often characterized by a 

lower pH compared to normal tissues. This property can be exploited to achieve targeted drug delivery, 

where the nanoparticles release the drug more rapidly in the acidic tumor environment, thereby 

enhancing therapeutic efficacy and reducing side effects (Adepu and Ramakrishna, 2021). 
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Figure 11: Docetaxel  release of PEGylated and UnPEGylated Nanoparticles at pH 4.80.  

Figure 11 illustrates the release profile of docetaxel, a chemotherapy medication, from two different 

formulations: unPegylated (Fe3O4@FA@DXL)  and PEGylated (Fe3O4@FA@DXL@PEG. The 

data reveals that the unPEGylated formulation exhibits a rapid release of docetaxel, reaching 99% 

release within approximately 8 hr. In contrast, the PEGylated formulation demonstrates a more 

controlled release, with a slower initial release rate and a maximum release of around 63% over 72 hr. 

The developed drug delivery system) was able to sustain the drug release over 72 hr; however, 

the free drug was released in 8 hr. The results vouch for the sustained and controlled drug 

release behaviour of the developed drug delivery system, proving that PEGylation improved 

the stability of the delivery system. These results are comparable to (Liu et al., 2016, Ebadi et 

al., 2023). Our results confirm that PEG stabilizes drug-loaded nanoparticles and increases 

circulation time. Various Studies have consistently shown that PEGylation can modify the release 

characteristics of drugs from nanoparticles. For instance, research on PEGylated nanoparticles has 

demonstrated improved circulation times and reduced clearance rates, resulting in more sustained drug 

release profiles (Suk et al., 2016, Santhanakrishnan et al., 2024). 
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5.7.3. Drug Release Kinetics  

Different mathematical models were used to understand the drug release kinetics. The model 

used includes zero, first, and second order, the Higuchi, and the Korsmeyer-Peppas model 

(Paarakh et al., 2018). Table 3 below shows the data used to develop linear plots of the  

Table 3: Variables for the Kinetics Models 

Time 

Cumulative 

DXL Release 
(pH 4.80) 

Zero 

order 

First 

order 

Second 

Order Higuchi 

Korsmeyer-

Peppas 

Min % [A]t ln[A]t 1/[A]t 
Square 
root(t) log mt/m 

420 35.2 35.24 3.5622 0.02838 20.4939 1.5470 

480 38.4 38.42 3.6486 0.02603 21.9089 1.5846 

540 40.1 40.06 3.6904 0.02496 23.2379 1.6027 

600 41.8 41.78 3.7324 0.02393 24.4949 1.6210 

720 42.4 42.4 3.7471 0.02358 26.8328 1.6274 

840 43.7 43.72 3.7778 0.02287 28.9828 1.6407 

960 44.6 44.64 3.7986 0.02240 30.9839 1.6497 

1080 46.0 45.96 3.8278 0.02176 32.8634 1.6624 

1200 47.2 47.24 3.8552 0.02117 34.6410 1.6743 

1440 50.0 49.96 3.9112 0.02002 37.9473 1.6986 

1680 50.7 50.7 3.9259 0.01972 40.9878 1.7050 

1920 51.7 51.72 3.9458 0.01933 43.8178 1.7137 

2160 53.6 53.64 3.9823 0.01864 46.4758 1.7295 

2400 54.7 54.7 4.0019 0.01828 48.9898 1.7380 

2760 57.4 57.36 4.0493 0.01743 52.5357 1.7586 

3120 58.5 58.46 4.0683 0.01711 55.8570 1.7669 

3480 59.7 59.7 4.0893 0.01675 58.9915 1.7760 

3960 59.9 59.92 4.0930 0.01669 62.9285 1.7776 

4440 62.4 62.4 4.1336 0.01603 66.6333 1.7952 

 

The table above shows part of the drug release profile, where the drug release was steady, 

because when studying drug release kinetics, it's crucial to select the appropriate model and 

determine the valid segment of the release profile for that model (Jahromi et al., 2020).  
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Figure 12: Zero-order drug release kinetic model plot 

The linear plot for the Zero-order drug release kinetic model plot and corresponding R-squared 

values was R2=0.91221. the R2 value shows a great deviation from a perfect linear plot. 
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Figure 13: First-order drug release kinetic model plot 
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The linear plot for the first-order drug release kinetic model plot and corresponding R-squared 

values was R2=0.90668, the R2 value is lower than the zero order. 

1000 1500 2000 2500 3000 3500 4000 4500

0.70

0.75

0.80

0.85

0.90

0.95

1.00
 Second order

In
ve

rs
e 

C
um

ul
at

iv
e 

%
 D

oc
et

ax
el

 r
el

ea
se

Time (min)

 

Figure 14: Second-order drug release kinetic model plot 

The linear plot for the second-order (figure 14) drug release kinetic model plot and 

corresponding R-squared values were 0.97414. This shows better linearity. 
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Figure 15: Higuchi drug release kinetic model plot 
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The linear plot for the Higuchi kinetic model plot with R2=0.98679, which provides a better 

fit. 
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Figure 16: Korsmeyer - Peppas drug release kinetic model plot 

The linear plot for the Korsmeyer–Peppas drug release kinetic model plot and the 

corresponding R-squared value of 0.9949. of the five kinetic models used, our findings show 

that drug release follows the Korsmeyer–Peppas kinetics and Fickian diffusion release 

mechanism, since the n value was less than 0.43 and dissolution (Permanadewi et al., 2019). 

Considering the R-squared values for the examined model, the Korsmeyer–Peppas kinetic 

model gives a more linear plot, proposing that the drug release of the designed delivery systems 

follows this model.  

In the present research iron oxide nanoparticles can be synthesised by co-precipitation of ferric 

and ferrous iron. The reproducibility of this work largely depends on maintaining the correct 

ratio of Fe3+: Fe2+ of 2:1 and pH of 9.2. Functionalisation depends on the subsequent 

experiment and desired functional groups. It is important to use a compound with bifunctional 

groups. Short time intervals are advised at the beginning of the drug release experiment and 

then  proceeding with a new time interval when a slow release is observed. Mathematical 

kinetic models must be used with an understanding of the region of the drug release profile that 
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gives a better fit and reproducible results. This work provides more insights into developing 

smart drug delivery systems by elucidating the drug release kinetics and showing the effect of 

pH and PEGylation on drug release mechanism and kinetics. 
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Chapter Six 

Conclusion And Recommendations 

 

6.1 Conclusion  

This present work has demonstrated that Docetaxel-loaded pegylated magnetic nanoparticles 

were designed, synthesized and characterized. This was verified by UV-Vis, XRD, and FT-IR 

results and was consistent with previous reports (Pourjavadi et al., 2016, Wei et al., 2017, 

Singogo, 2022, Ebadi et al., 2023). The pH of the environment played a crucial role in drug 

release from pegylated nanoparticles. At pH 4.8, DXL release was faster, recording 62.4%, 

while at pH 7.45, drug release was 37.8% after 72 hr. This shows that this system would release 

more DXL in the prostate cancer microenvironment than in normal cells. This differential drug 

release has the potential to reduce side effects in current DXL administration methods. The 

pegylated nanoparticles exhibited a sustained release pattern, unlike unPegylated ones, the 

results prove that PEG stabilises Docetaxel-loaded nanoparticles and increases circulation time. 

The drug release kinetics were aligned to the Korsmeyer-Peppas release model with a R2 = 

0.99490 (Zaman et al., 2022). The  Korsmeyer-Peppas release exponent n ˂ 0.43, suggest that 

the Fickian diffusion release mechanism is followed (Permanadewi et al., 2019, Telsang et al., 

2022). Overall, this work provides more insights into developing smart drug delivery systems 

by elucidating the drug release kinetics. 

 

6.2 Recommendations   

This work has shown that Docetaxel-loaded PEGylated Fe3O4 NPs have sustained release in 

vitro studies following the Korsmeyer – Peppas kinetic model. Further work needs to be done 

that focuses on exploring and interrogating the application of the Korsmeyer – Peppas to 

optimize the design and drug release using different types of Encapsulating agents. In Vivo 

studies are also recommended, as well as toxicity studies to establish the safety of the developed 

drug PEGylated Docetaxel-loaded Fe3O4NPs both in normal and prostate cancer cells. 
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