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SUMMARY 

 

 

 

Inflammation is derived from certain pathogenic disorders and its persistence leads to 

chronic inflammatory diseases such as atherosclerosis (AS) and cancer, posing life-

threatening risks. For its treatment, conventional drug delivery systems (DDS) have 

several limitations including the toxicity, insufficient delivery, weak bioavailability, 

and high dosage requirements. For this reason, nanoparticles (NPs) have been recently 

used as a contemporary DDS since they can overcome the shortcomings of traditional 

treatment methodologies. In this thesis, which is comprised of three projects, it is 

aimed to develop poly(D, L-lactide-co-glycolide) (PLGA) NPs loaded with anti-

inflammatory drugs for the treatment of AS-induced inflammation or oxidative stress-

induced inflammation. In the first project, macrophage-targeted and anti-inflammatory 

vitamin E metabolites containing NPs were synthesized while in the second project, 

chitosan-coated, antioxidant and anti-inflammatory drug containing core-shell PLGA 

NPs were produced. In these projects, sustained drug release was successfully 

achieved through monodisperse and stable NPs against AS-induced inflammation. In 

the third project, mitochondria-targeted, quercetin-loaded monodisperse and highly 

stable PLGA NPs were synthesized. Cell culture studies proved that NPs showed 

higher cell viability compared to free drug. Moreover, all targeted NPs effectively 

decreased the production of reactive oxygen species in the presence of an inflammation 

compared to non-targeted NPs and free drug. Also, the dose-dependent targeting 

efficacy of targeted NPs was proved against free drug and non-targeted NPs via JC-1 

assay. In conclusion, three different PLGA NPs that have a great potential to serve as 

an effective DDS for treating chronic inflammatory diseases were developed in this 

thesis study. 

 

Keywords: Controlled drug release, Inflammation, Nanoparticle, Poly(D, L-lactide-

co-glycolide), Targeted drug delivery system  
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ÖZET 

 

 

 

Anti-İnflamatuar İlaç İçeren ve Hedefli PLGA Nanoparçacıkların Hazırlanması 

ve in vitro Değerlendirilmesi  

 

İnflamasyon, belirli patojenik bozukluklardan kaynaklanır ve sürekliliği, ateroskleroz 

(AS) ve kanser gibi insan yaşamını tehdit eden kronik inflamatuar hastalıklara yol açar. 

Geleneksel ilaç taşıma sistemlerinin (İTS) inflamasyon tedavisinde kullanılmasının 

toksisite, yetersiz dağılım, düşük biyoyararlanım ve yüksek doz gereksinimleri gibi 

çeşitli sınırlamaları vardır. Bu nedenle, nanoparçacıklar (NP) geleneksel tedavi 

yöntemlerinin eksikliklerini aşabildikleri için modern İTS olarak son zamanlarda 

kullanılmaktadır. Üç projeden oluşan bu tezde, AS tarafından ya da oksidatif stres 

tarafından indüklenen inflamasyonun tedavisi için anti-inflamatuar ilaçlarla yüklenmiş 

poli(laktik-ko-glikolik asit) (PLGA) NP’lerin geliştirilmesi hedeflenmiştir. İlk 

projede, makrofaj hedefli ve anti-inflamatuar vitamin E metaboliti içeren NP’ler 

sentezlenirken, ikinci projede, kitosan kaplı, antioksidan ve anti-inflamatuar ilaç 

içeren çekirdek-kabuk PLGA NP’ler üretildi. Bu projelerde, AS kaynaklı 

inflamasyona karşı oluşturulan monodispers ve stabil NP’lerden sürekli ilaç salınımı 

başarılı bir şekilde elde edildi. Üçüncü projede ise, mitokondri hedefli, kuersetin 

yüklü, monodispers ve yüksek stabiliteye sahip PLGA NP’ler sentezlendi. Hücre 

kültürü çalışmaları bütün NP’lerin serbest ilaca kıyasla daha yüksek hücre canlılığı 

gösterdiğini kanıtladı. Ayrıca, tüm hedefli NP’ler inflamasyon durumunda reaktif 

oksijen türlerinin üretimini serbest ilaç ve hedeflendirilmemiş NP’lere kıyasla etkili 

bir şekilde azalttı. Bununla beraber, hedeflendirilmiş NP’lerin doza bağlı hedefleme 

etkinliği hedeflendirilmemiş NP’lere ve serbest ilaca karşı kanıtlandı. Sonuç olarak, 

bu tez çalışmasında, kronik inflamatuar hastalıkların tedavisinde etkili bir İTS olarak 

hizmet etme potansiyeline sahip olan üç farklı PLGA NP geliştirilmiştir.  

 

Anahtar Sözcükler: Hedeflendirilmiş ilaç taşıma sistemi, İnflamasyon, Kontrollü ilaç 

salınımı, Nanoparçacık, Poli(laktik-ko-glikolik asit)  
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1. BACKGROUND AND AIM OF THE STUDY 

 

 

 

This thesis comprises three projects. Project 1 is the “Preparation of macrophage-

targeted poly(D, L-lactide-co-glycolide) (PLGA) nanoparticles (NPs) containing 

different vitamin E (VitE) metabolites for the treatment of atherosclerosis (AS)-

induced inflammation”, project 2 is the “Preparation of chitosan (CS)-coated curcumin 

(CUR) and α-tocopherol (αTCP) loaded core-shell PLGA NPs for the treatment of AS-

induced inflammation”, and project 3 is the “Preparation and in vitro evaluation of 

mitochondria-targeted quercetin (QCT) loaded PLGA NPs for the treatment of 

oxidative stress-induced inflammation”.  

 

 

 

In general, the projects of this thesis focusing on the synthesis and evaluation of 

different types of PLGA NPs loaded with specific drugs for the treatment of 

inflammation. The main purpose behind this thesis is to develop NPs with optimized 

properties, to assess the effectiveness of them, and to evaluate their potential as anti-

inflammatory agents. 

 

 

 

The studies conducted in all projects demonstrate originality in terms of 

contributions to the science. Although the chosen polymer, drug molecules, or 

targeting agents used in this thesis are previously studied in the literature, their 

combination is not used. For instance, for the first project, there is no available study 

demonstrating the anti-inflammatory impact of α-13'-COOH-loaded S2P-conjugated 

NPs and garcinoic acid (GA)-loaded S2P-conjugated NPs specifically on 

macrophages. Also, for the studies conducted in second project, there is a lack of 

existing literature on CUR-loaded and αTCP-loaded, CS-coated PLGA NPs against 

the inflammation induced by AS. Last but not least, for the third project, there is 

currently no literature examining the use of triphenylphosphate (TPP)-conjugated 

QCT-loaded PLGA NPs for addressing inflammation which is induced by oxidative 

stress. Additionally, within the framework of this project, two distinct conjugates 
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containing TPP were synthesized to assess and compare their effectiveness as targeting 

agents. These targeting agents were then conjugated onto the NPs at varying ratios. 

Similar study is also not available in the literature. All of these contributes to the 

uniqueness and originality of this thesis.  

 

 

 

Thanks to the data obtained at the end of all these experiments, it becomes possible 

to develop polymeric PLGA NPs, with a specific targeting agent conjugated on their 

surface, containing anti-inflammatory drug molecules. This could provide effective 

reduction in the inflammation and improvement in the quality of life for patients 

suffering from chronic inflammatory disorders such as diabetes, cancer, and AS. The 

studies conducted within the scope of this thesis will pave the way for many future 

investigations. 
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2. INTRODUCTION 

 

 

 

2.1. Drug Delivery Systems  

 

 

 

Most of the traditional administration routes for drug molecules have a number of 

drawbacks that must be overcome before achieving desired pharmacological effects. 

These limitations include toxicity, high dosage requirements, low therapeutic potency, 

inadequate delivery mechanism at the target site, serious side effects, and poor 

biodistribution and bioavailability (1,2). For instance, oral pills for delivering small 

drug molecules and injections for administrating peptides and proteins are prevalently 

used therapy modalities nowadays. Although oral pills provide predictable dosing 

intervals and are non-invasive in nature, their usage is limited in delivering larger 

therapeutic compounds to the body. On the contrary, injections can be used to deliver 

macromolecules, but because of their intrusive nature and high risk of infection, their 

use is limited (3). All in all, the administration route of pharmaceutical substances and 

organ physiology and metabolism significantly affect the clinical success of 

therapeutic compounds. When the drug is given systematically in the conventional 

delivery, the bioavailability of the drug is often relatively low, and the plasma level of 

the drug may drop abruptly below a minimally effective level. As a result, additional 

doses can be necessary, which reduces patient convenience and raises the danger of an 

overdose (4). In order to overcome the risks and shortcomings related to conventional 

drug delivery routes, drug delivery systems (DDS) have been utilized in recent years 

(2).  

 

 

 

A DDS is a formulation or method that enables the administration of therapeutic 

molecules into the body by improving their therapeutic effect and safety. DDS could 

be utilized to successfully overcome biological barriers to reach the intended region 

effectively and also regulate the amount and release of drug molecules in this desired 

site (2). In this way, the plasma drug level could be attained between the maximum 
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desired level and the minimum effective level, in a sustained manner (4). This leads to 

reduced toxicity and undesirable side effects, enhanced efficiency, and patient 

convenience. DDS can prevent the therapeutic substance from being quickly 

metabolized and eliminated from the body, allowing for the administration of lower 

dosages of drug molecules (5). Consequently, compared to traditional drug delivery, 

DDS enhance the administration and effectiveness of pharmaceutical compounds in 

the body. 

 

 

 

2.1.1. Nanoparticles  

 

 

 

Solid, colloidal particles which have a diameter between 10-1000 nm, known as 

NPs, can be obtained using a variety of materials such as polymers, metals, or ceramics 

(6,7). Ideally, NPs need to be biocompatible, non-toxic, biodegradable, non-

immunogenic, non-thrombogenic, non-inflammatory, and cost-effective for use in 

clinical applications. The size and surface properties of these NPs and the release 

mechanism of therapeutic molecules carried by them could be adjusted depending on 

their intended use (5).  

 

 

 

For both diagnostic and therapeutic purposes, NPs serve as commonly used DDS, 

offering several advantages over conventional methods thanks to their small size and 

large surface area. These include regulating drug release, maintaining the 

concentration of drug molecules at a therapeutic level, and allowing targeting tissues 

(5,8). NPs can be obtained using biodegradable materials and this allows sustained 

release of encapsulated molecules in the targeted region over a certain period of time 

(6). Based on the preparation method, they can be obtained as either nanocapsules or 

nanospheres. The drug molecule is physically and uniformly spread in nanospheres. 

On the other hand, in nanocapsules, the drug is placed into a cavity and protected by a 

polymeric membrane (9). 
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Furthermore, there are numerous methods to load NPs with various therapeutic 

agents in order to overcome most of the drug delivery challenges (6,10). The drug 

molecule can be dispersed, trapped, adsorbed, attached, and/or encapsulated to NPs 

based on the design and purpose (6). In terms of encapsulated therapeutic agents, NPs 

could enhance the solubility and stability of them, and this increases the safety and 

efficiency of treatment (10). For instance, NPs offer a stealth mode, especially for 

water-insoluble pharmacological compounds, to prevent immune system recognition. 

In this way, they could provide prolonged circulation time compared to conventional 

DDS. Moreover, thanks to their nano-size, they can easily penetrate biological barriers 

and provide an accumulation of small drug molecules at the target site. This leads to a 

decrease in the toxicity and side effects of drug molecules (7). Also, NPs can provide 

high drug-loading capacity (5). In conclusion, NPs are commonly used DDS because 

the release rate of pharmacological agents at the targeted regions in the body could be 

controlled thanks to their usage (9). 

 

 

 

2.1.1.1. Polymeric nanoparticles  

 

 

 

Polymeric nanoparticles (PNPs) that have a hydrodynamic diameter smaller than 

1000 nm are known as solid colloidal particles. They can be produced easily and 

cheaply in large quantities using natural (e.g., CS, gelatin), synthetic (e.g., poly(vinyl 

alcohol (PVA), PLGA) and even semisynthetic sources that can be either 

biodegradable or non-biodegradable (11,12). The usage of non-biodegradable 

polymers in the synthesis of NPs leads to some shortcomings including chronic 

toxicity and severe immune response. Because of this, PNPs obtained using 

biodegradable polymers have been preferred widely in studies at the present time. The 

US Food and Drug Administration (FDA) has certified that some polymers, such as 

PLGA, are safe for use in clinical applications (12). These PNPs can also be loaded 

with therapeutically active compounds that have received FDA approval. As a result, 

PNPs allow administering drugs to the desired specific site at a controlled rate (12). 
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Furthermore, PNPs are widely preferred promising DDS since they can enhance 

the safety of therapeutic agents by delivering higher amounts of them to targeted 

regions properly. Thanks to their nano-size, most of the PNPs can effectively pass 

through biological barriers and have a long circulation through the bloodstream 

without being detected by the immune system of the body (11,13). It is possible to 

widen the application areas of PNPs by altering their properties such as size, surface 

charge, solubility, or surface functionality (14). By taking these into account, PNPs are 

commonly used DDS for the treatment of various diseases including cancer, 

inflammation, and cardiovascular disorders (12). 

 

 

 

PLGA nanoparticles 

 

 

 

Biodegradable PNPs are DDS that allow sustained and controlled release of 

therapeutic agents due to their nano-size and compatibility with the human body. 

These particles also possess several advantageous properties such as stability during 

blood circulation, non-inflammation, non-toxicity, non-immunogenicity, non-

thrombogenicity, and biodegradability (15).  

 

 

 

Specifically, PLGA, which is recognized by FDA as an ideal material to be used 

as a DDS, is a biocompatible and biodegradable hydrophobic copolymer made of lactic 

acid and glycolic acid (15,16). Non-toxic lactic and glycolic acids are linked together 

through the ester bonds and form PLGA. After PLGA hydrolyses into these two 

monomers in the body as in Figure 2.1, they are then metabolized into simpler 

byproducts such as CO2 and H2O via the Krebs Cycle (17). Therefore, the systemic 

toxicity caused by the usage of PLGA as a part of DDS is significantly low (15).  
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Figure 2. 1. Schematic representation of the hydrolysis of PLGA. 

 

Different kinds of molecules can be encapsulated by PLGA NPs (17). Depending 

on the properties such as the ratio of lactic acid to glycolic acid, molecular weight 

(MW), surface modifications, and the degree of crystallinity, the degradation rate of 

PLGA polymer varies (18). As lactic acid/glycolic acid ratio increases, the 

hydrophobicity of PLGA polymer increases. Moreover, as the MW of the polymer 

decreases, the degradation and drug release rate of PLGA NPs increases (19). For 

instance, if the polymer has low MW and high glycolic acid content, it will be more 

hydrophilic. This results in a shorter degradation time. On the other hand, when the 

polymer has higher lactic acid content, it will be more hydrophobic and so degrade 

slowly. By adjusting these ratios and MW, it is also possible to adjust the drug release 

rate from PLGA NPs (17). 

 

 

 

There are several methods for preparing PLGA NPs such as emulsification-

solvent evaporation, nanoprecipitation, and spray drying. Among these, 

nanoprecipitation is one of the most commonly used ones since it is a relatively easy 

process. This method is generally used to encapsulate hydrophobic drug molecules in 

the polymer matrix. First of all, polymer and drug are dissolved in an organic solvent 

such as acetone and acetonitrile as in Figure 2.2. Then, while continuously stirring, 

this organic solution is added dropwise to the aqueous solution. Instantaneous solvent 

diffusion takes place during this procedure, and PLGA NPs are produced as a result 

(17). 
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Figure 2. 2. Schematic representation of the nanoprecipitation method (12). 

 

2.1.2. Targeted nanoparticles 

 

 

 

Therapeutically active substances must penetrate biological barriers to carry out 

their desired functions in required regions regardless of their dosage. The components 

of those barriers, such as cellular membranes and enzymatic barriers, are complicated 

in nature. Especially, when the therapeutic target is inside of the cell, most of the 

conventional drug molecules are ineffective since they cannot diffuse into the cells by 

themselves. In this regard, it can be said that the biggest challenge in treating 

infectious, malignant, and hereditary diseases is the proper delivery of therapeutic 

agents to a particular tissue, organ, or cell. To address this, targeted DDS have been 

developed. Since NPs typically circulate in the bloodstream for a longer period of time 

compared to conventional drug molecules, they are frequently used to transport 

therapeutic agents to target sites in effective concentration (20). 

 

 

 

There are two methods available for obtaining targeted NPs and these are known 

as passive targeting and active targeting as in Figure 2.3. Active targeting is based on 

the interaction between the targeting ligands located on the surface of NPs and the 

receptors on the target cell, whereas passive targeting depends on the physicochemical 

features (21).  
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Figure 2. 3. Schematic representation of the passive and active targeting (12). 

 

In healthy tissues, the endothelium of blood vessels is tightly packed. On the other 

hand, tumour tissues have a highly permeable vasculature that allows the entry of 

macromolecules and nanocarriers. They also possess impaired lymphatic drainage so 

therapeutic molecules can be retained inside the tissues longer. This phenomenon is 

defined as the enhanced permeability and retention (EPR) effect which provides an 

accumulation of nanocarriers in the tumour site through passive targeting (22). The 

properties of particles and the structure of tumours are both important in passive 

targeting. It does not contain any targeting ligands on the surface of the carrier. The 

threshold diameter value for extravasation is approximately 400 nm in tumours while 

particles smaller than 10 nm are filtered from the kidney. Therefore, the sizes of NPs 

should be adjusted accordingly to improve passive targeting ability. In a similar 

manner, the charge and surface functionalization of NPs are additional parameters 

affecting the rate of passive targeting. Passive targeting, however, does not ensure or 
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improve the uptake of NPs by cancer cells. This situation leads to the usage of active 

targeting that utilizes receptor-ligand interactions (22).  

 

 

 

Moreover, NPs can reach the tumour site thanks to the EPR effect both in passive 

and active targeting. Besides, active targeting can further improve their internalization 

and also the intracellular release of therapeutic molecules (22). In active targeting, 

some biological targeting ligands such as antibodies, peptides, proteins, nucleic acids, 

or small molecules are located on the surface of NPs. These ligands are capable of 

binding to specific receptors overexpressed on the surface of targeted cells. This 

enhances the cellular uptake of NPs containing drug molecules, decreases the side 

effects, and so increases the therapeutic effect. Consequently, the amount of drug 

delivered to the disease site is obtained considerably higher in active targeting 

compared to free drug and passive targeting (21).  

 

 

 

2.1.2.1. Macrophage-targeted nanoparticles 

 

 

 

Innate immune cells called macrophages are present in all tissues and are capable 

of engulfing cells, presenting antigens, and secreting cytokines. They are crucial in 

controlling the initialization and progression of inflammation and immunological 

processes and also play a critical role in providing tissue homeostasis. However, under 

pathological conditions, the plasticity of macrophages remarkably alters, and this can 

cause the onset and progression of chronic diseases such as inflammatory disorders, 

cancer, diabetes, AS, and obesity. In various stages of these diseases, macrophages 

play crucial roles, and they have emerged as a key therapeutic target for the treatment 

of several illnesses. Therefore, the limitations of conventional drug molecules could 

be overcome by using macrophage-targeted drug-loaded NPs with targeting ligands 

on their surfaces (23-25). Among these targeting ligands, the S2P peptide with a 

sequence of CRTLTVRKC can be used as a macrophage-targeting ligand since it 
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recognizes the stabilin-2 receptor which is highly expressed on the surface of 

macrophages (26). 

 

 

 

2.1.2.2. Mitochondria-targeted nanoparticles 

 

 

 

Mitochondrion which is composed of a lipid bilayer structure is a significant 

organelle found in eukaryotic cells. It primarily consists of four parts, each of which 

performs a particular role. These are the outer mitochondrial membrane, the inner-

membranous space, the inner mitochondrial membrane, and also the matrix. The 

permeability of these parts differs from each other. For instance, the outer membrane 

generally allows the passage of small molecules while the inner mitochondrial 

membrane is much more selective, and passage through it is controlled by some 

specialized channel proteins (27). 

 

 

 

Mitochondria differ from other cellular components in terms of their distinct 

electrochemical potential and composition. Moreover, the mitochondrion is the only 

organelle that has its own genomes that play a crucial role in the production of proteins 

responsible in the electron transport chain for oxidative phosphorylation. It performs 

a variety of cellular functions as an organelle, including energy production, signalling, 

cell growth and differentiation, cell cycle control, and cell death. Since it has such 

precious functions, mitochondrial dysfunctions or mutations that trigger the cascade 

of cell death signals could cause severe diseases such as AS, cardiovascular disease, 

neurodegenerative disease, cancer, and even organ failure. Therefore, mitochondria 

are one of the emerging pharmaceutical targets for the treatment of various diseases 

and mitochondrial targeting strategies have gained importance (27).  

 

 

 

It is difficult to carry drug molecules efficiently to the mitochondria due to their 

highly negative potential, complex nature, and double-membrane structure which have 
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different permeability from each other (28). For this reason, NPs that are aimed to be 

delivered could be functionalized with specific mitochondrial targeting ligands to 

improve drug delivery and treatment efficacy (29). In order to enhance the penetration 

of therapeutic agents into the mitochondria, specific targeting ligands could be 

conjugated onto the NPs. Among these ligands, TPP which is a lipophilic cation is one 

of the most commonly used to target mitochondria. As in Figure 2.4, it has a positively 

charged phosphorus atom. This atom is surrounded by three hydrophobic phenyl 

groups which make the TPP molecule lipophilic (30). There are several advantageous 

properties of using TPP as a targeting ligand including in vivo stability, lipophilic 

nature, ease of preparation and functionalization, and insignificant amount of chemical 

reactivity against cellular components. Thanks to its positive charge, it can cross the 

negatively charged phospholipid bilayer of mitochondria and can deliver the 

therapeutic molecule encapsulated into the NPs to desired location (28,31). Moreover, 

the transport of TPP-conjugated NPs from the cytoplasm into mitochondria is 

facilitated up to a hundred times compared to non-functionalized NPs thanks to the 

higher negative potential of the mitochondria in cancer cells (32). 

 

 
 

Figure 2. 4. The chemical structure of TPP. 

 

2.2. Therapeutic Agents for Drug-Loaded Nanoparticles 

 

 

 

An ideal DDS should possess a high drug-loading capacity to reduce the 

administration amount of drug molecules. This is beneficial to diminish side effects. 

Different methods could be used for loading drug molecules such as the incorporation 

method and the adsorption/absorption method. In the incorporation method, drugs are 
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incorporated into the NPs during their synthesis. In the other method, drug molecules 

are absorbed after formation of NPs. To actualize this, synthesized NPs are incubated 

with a concentrated drug solution (8). Depending on the application, nanospheres or 

nanocapsules can be obtained. In nanospheres, drug molecules are found on the surface 

of particles while in nanocapsules, they are located inside particles (15). In the 

literature, numerous synthetic or natural drug molecules are available, and they are 

commonly used as therapeutic agents to develop drug-loaded NPs depending on their 

advantages.  

 

 

 

2.2.1. Quercetin 

 

 

 

A naturally occurring polyphenolic flavonoid, QCT is found in fruits and 

vegetables. It is commonly used as a therapeutic agent in the prevention and treatment 

of various chronic diseases (33,34). Its structure can be seen in Figure 2.5. It has 

several beneficial biological properties such as being antioxidant, antiviral, 

antimicrobial, anti-inflammatory, and anti-carcinogenic (34). Its antioxidant property 

allows the protection of cells from the oxidative stress caused by reactive oxygen 

species which could eventually lead to severe chronic inflammatory diseases. 

Considering these, QCT is commonly used as a therapeutic agent for the treatment. It 

can also be combined with other drug molecules to reduce the overall required dose 

and possible side effects. However, due to its solubility and bioavailability problems, 

some alternative delivery methods have been studied for their effective use (35). The 

highly poor solubility of QCT in water could be solved by encapsulating it in NPs, 

especially in polymeric ones. Carrying hydrophobic drug molecules such as QCT with 

nanocarriers enhances the stability, bioavailability, and pharmacokinetic profile of the 

drug while reducing its toxicity to the body (36). 
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Figure 2. 5. The chemical structure of QCT. 

 

2.2.2. Curcumin  

 

 

 

Turmeric is one of the natural plants that has been commonly used for medical 

purposes for years thanks to its antioxidant, anti-inflammatory, anticancer, and 

antimicrobial properties (37). CUR derived from turmeric is a polyphenol commonly 

used as a natural drug molecule and its chemical structure can be seen in Figure 2.6. It 

has neuroprotective, antioxidant, anti-inflammatory, anticarcinogenic, antibacterial, 

antidiabetic, antiviral, and antifungal properties (38,39). CUR is able to target several 

signalling molecules which demonstrate its activity at the cellular level (37). It has 

been shown that CUR can be highly tolerated by the body even at high levels without 

having any negative effects. For this reason, it is one of the most commonly used 

therapeutic agents to treat several diseases (38). It has several beneficial properties, 

but because of some difficulties, its usage and delivery to the body are restricted. It has 

low water solubility, rapid metabolism, low absorption, and poor bioavailability in the 

body. Different approaches have been developed to address these stability, durability, 

and bioavailability limitations. One of these commonly used strategies is the 

encapsulation of CUR in various nanocarriers to deliver it to the body properly (38). 
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Figure 2. 6. The chemical structure of CUR. 

 

2.2.3. Vitamin E metabolites  

 

 

 

One of the essential nutrients for the body is fat-soluble VitE (40). It is commonly 

found in dietary fats, oils, and seeds (41). It has antioxidant and anti-inflammatory 

properties that enable its usage in both preventing and treating chronic inflammatory 

diseases such as AS, neurological disorders, and cardiovascular diseases (42,43). 

Moreover, it also plays an important role in modulating gene expression and regulating 

signal transduction (42). It consists of eight isomers which are α-, β-, γ-, and δ- 

tocopherol (TCP), and α-, β-, γ-, and δ- tocotrienol that differs from each other 

depending on the position and quantity of methyl groups present (41,42).  

 

 

 

Furthermore, TCPs are one of the most commonly used forms of VitE derivatives. 

These lipid-soluble molecules are known for their antioxidant and anti-inflammatory 

properties (44). Among them, αTCP is the most active form, and its chemical structure 

can be seen in Figure 2.7 (42). Its nature is phenolic (41). Since it is an abundant form 

in the human body and exhibits superior antioxidant and anti-inflammatory effects 

compared to other isomers, it is widely used (40).   

 

 
 

Figure 2. 7. The chemical structure of αTCP. 
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Moreover, αTCP is metabolized in the liver by enzymatic degradation, and alcohol 

derivative α-13′-OH is formed. It is then converted to acid derivative α-13′-COOH by 

α-oxidation. These alcohol and acid derivatives are the bioactive forms of VitE and 

are known as long-chain metabolites of αTCP (41,42). α-13′-COOH acts as a 

regulatory molecule in the body and its chemical structure can be seen in Figure 2.8. 

In the literature, α-13′-COOH molecule shows promising results, especially in 

inflammatory diseases and cancer (45). Additionally, is also important in regulating 

some metabolism genes, atherogenic and inflammatory pathways, and also cell death 

(41). 

 

 
 

Figure 2. 8. The chemical structure of α-13′-COOH. 
 

In addition to these, GA is one of the derivatives of δ- tocotrienols and it is 

obtained from Garcinia kola which is conventionally used as medicine for years by 

people. GA is commonly known for its antimicrobial, antioxidant, and anti-

inflammatory features. Its chemical structure can be seen in Figure 2.9. δ-tocotrienols 

from which GA is derived are found effective both in inflammation and oxidative 

stress. They could be also useful in the treatment of AS since they can affect 

macrophage recruitment (46,47). 

 

 
 

Figure 2. 9. The chemical structure of GA. 
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2.3. Surface Modification of Nanoparticles 

 

 

 

The number of NPs entering the targeted cells has an important role in the efficacy 

and possible side effects of designed nanomedicine. For this reason, the surface 

properties such as surface charge, size, and shape of NPs need to be properly adjusted 

to improve the possible applications and therapeutic effects. Therefore, surface 

modifications could be done to enhance the interaction between NPs and cells. 

Biomolecule conjugation and/or polymer coating are under these surface 

modifications that could be carried out to promote the therapeutic efficiency of NPs 

(48). 

 

 

 

2.3.1. Biomolecule conjugation as a surface modification 

 

 

 

Biomolecules which are the fundamental components of both cells and tissues 

include proteins, carbohydrates, some small molecules, and even nucleic acids. These 

small biomolecules could be used as targeting agents for desired cells that have 

overexpressed specific receptors or antigens on their surface. This could lead to 

improved therapeutic efficiency and diminished side effects since it provides more 

specific treatment for diseases (49).  

 

 

 

For example, stabilin-2 is one of the receptors that have a role in the engulfment 

of apoptotic cells, and it is highly expressed on the surface of macrophages which are 

responsible for reducing inflammation and eliminating apoptotic cells. S2P peptide 

with a sequence of CRTLTVRKC is able to specifically bind to the stabilin-2 

receptors. Therefore, the conjugation of S2P peptide as a biomolecule enables the 

effective delivery of S2P-modified NPs to macrophages in vivo (50,51). As another 

example, TPP is a positively charged small biomolecule that is able to cross the 
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mitochondrial matrix space. Therefore, TPP-conjugated NPs promote mitochondria 

targeting (52). 

 

 

 

2.3.2. Polymer coating as a surface modification 

 

 

 

Modification of NPs surface could be required to enhance the interaction between 

cells and NPs as well as improve the therapeutic efficiency. For example, PLGA NPs 

have several advantageous properties including stability, safety, biocompatibility, and 

proper drug release. Besides these, they also have some limitations. For example, it 

degrades into its acidic components through the cleavage of ester bonds. This would 

lead to local tissue damage. Also, they have a short circulation time through blood 

since they are hydrophobic in their nature and recognized as a foreign material from 

the body. Therefore, some modifications are needed to obtain suitable NP formations. 

Its properties such as circulation time, drug release profile, surface charge, and 

hydrophilicity/hydrophobicity could be adjusted depending on the need by coating its 

surface with some polymers (53,54).  

 

 

 

For example, poly(ethylene glycol) grafted 1,2-distearoyl-sn-glycero-3-

phosphatidylethanolamine (DSPE-PEG) is one of the FDA-approved amphiphilic 

copolymers composed of hydrophobic 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine (DSPE) and hydrophilic poly(ethylene glycol) (PEG) (55). It 

could be used as a coating polymer in order to provide better drug loading, enhance 

the stability of NPs, and decrease the rapid clearance of them from the body (26). 

Moreover, the usage of hydrophilic and biocompatible PEG-based coatings can 

improve the blood circulation time of nanocarriers since they can diminish the risks of 

opsonization, unwanted protein adsorption, and rapid clearance from the body (56). 

Furthermore, desired targeting agents can be linked to the activated terminal groups of 

PEG. For example, DSPE-PEG can be functionalized with a maleimide group and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)] 
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(DSPE-PEG-Mal) is formed as in Figure 2.10 and it is widely preferred due to its 

successful interaction with targeting ligands such as peptides. In this way, the surface 

of NPs could be functionalized with targeting agents such as S2P peptide during the 

coating procedure. This enhances the tissue specificity and drug delivery (55).  

 

 
 

Figure 2. 10. The chemical structure of DSPE-PEG-Mal. 

 

As another example, CS is a positively charged linear cationic polysaccharide and 

it is made up of glucosamine and N-acetylglucosamine units. It is obtained from the 

outer skeleton of crustaceans such as shrimp and crabs. It is a biocompatible, non-

toxic, and biodegradable natural polymer. These characteristics also make it 

inexpensive, retainable, and renewable. It is therefore one of the polymers that is 

frequently utilized, particularly for surface coating and modifications (57). Moreover, 

CS-coated core-shell NPs can be synthesized in two different ways. In the first one, 

the already-formed NPs are mixed with a CS solution (57). Since CS is a positively 

charged polymer, it is also possible to incorporate them into the previously formed 

NPs made up of negatively charged polymers. In this way, core-shell NPs could be 

obtained which is suitable for sustained drug release (58). In the second one, CS 

solution is added while the NPs are being prepared. Depending on the application 

purpose and also the results of characterization studies, the optimum MW and 

concentration of CS are chosen for further coating studies (57). Furthermore, coating 

the surface of NPs with CS could provide some favourable properties. First of all, the 

stability of NPs during blood circulation is improved since it can prevent the rapid 

clearance and removal of NPs. Drug release from these NPs can also be controlled 

more precisely since the burst effect is decreased in the presence of CS coating. 

Moreover, CS coating could also enhance tissue penetration and mucoadhesiveness 

while modulating the interactions between cells and NPs thanks to its cationic charge. 

Additionally, it can provide improved antimicrobial effects, reduced toxicity, 
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enhanced bioavailability, and drug efficacy. Overall, CS polymer might be employed 

as a surface modification agent to modify and enhance several properties of 

nanocarriers, including surface charge and drug release time (53,57).   

 

 

 

2.4. Nanomedicine for the Treatment of Inflammation 

 

 

 

Inflammation which is related to some pathogenic disorders is known as a defence 

mechanism of the body against pathogens, infections, and tissue damage (59,60). 

There are several reasons that induce inflammation, and it has to be resolved properly 

since the persistence of the inflammation process leads to tissue damage and other 

correlated diseases (60). To solve problems associated with inflammation, several 

mechanisms are available, and their proper functioning provides resolution. In case of 

any deficiency in the resolution process such as excessive inflammatory response, 

nonresolution occurs. This hardens the development of anti-inflammatory treatments 

(61). 

 

 

 

2.4.1. Atherosclerosis-induced inflammation 

 

 

 

One of the leading causes of death among older people is a severe chronic 

inflammatory disease known as AS (62). Atherosclerotic plaques are formed as a result 

of the deposition of lipids in the arteries, gradually. Inflammatory cells and factors 

greatly affect the initiation and progression of AS by causing some pathological and 

physiological differences (62). In this progression process, immune cells such as 

monocytes, macrophages, neutrophils, and some lymphocytes play critical roles. 

Macrophages, for example, have some receptors that can take up the oxidized low-

density lipoproteins which leads to the formation of plaques. For this reason, they are 

important in the resolution of inflammation and immune response in AS. Therefore, 

these cells are promising targets for therapeutic intervention intended to treat or 
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prevent AS (63). Because inflammation plays a crucial role in the development of AS, 

some treatment modalities for this disease are needed to be designed by regulating 

some anti-inflammatory and immunological pathways (62). 

 

 

 

2.4.2. Oxidative stress-induced inflammation 

 

 

 

Mitochondria is one of the important organelles found in the body that carry out 

several functions including biosynthesis, metabolism, apoptosis, and even cell 

survival. Also, mitochondria which are the main resource of reactive oxygen species 

(ROS) are also responsible for regulating both oxidative stress and immune responses 

(64). The excessive production of oxidants such as free radicals and ROS in the body 

causes the formation of oxidative stress which is one of the leading causes of 

inflammatory diseases (59,65). ROS production must be kept at an optimum level in 

order to maintain homeostasis and regulate some physiological and cellular functions 

such as differentiation, cellular signalling, and apoptosis. Its excessive production 

causes the formation of oxidative stress and mitochondrial dysfunctions. These 

situations could damage the cells and some biomolecules and eventually lead to the 

development of chronic inflammatory disorders (59,66). All in all, ROS-induced 

modifications and oxidative stress are the major cause of many inflammatory diseases 

(65). Considering the great impact of oxidative stress on inflammation, effective 

treatment methodologies are required to be developed against this to prevent severe 

diseases. 

 

 

 

 

 

 



24 
 

3. MATERIALS AND METHODS 

 

 

 

In this section of the thesis, the materials, and methodologies essential for the 

synthesis of NPs across all three projects are presented in detail, respectively. 

 

 

 

3.1. Materials 

 

 

 

3.1.1. Materials for project 1: macrophage-targeted NPs 

 

 

 

For the synthesis of macrophage-targeted NPs, PLGA (lactide (L):glycolide (G) 

50:50, MW 45000 g/mol), N,N-Dimethylformamide (DMF, anhydrous, 99.8%), 

triethylamine (Et3N, MW 101.19 g/mol, ≥  99%), acetic acid (99.8-100.5%), 

triisopropylsilane (TIS, MW 158.36 g/mol, 98%), and PLGA-Rhodamine B (RhB) 

(L:G 50:50, Mn 10000-30000) were purchased from Sigma-Aldrich. DSPE-PEG 

(physical state: chloroform solution, 25 mg/mL, MW 3774.654 g/mol) was obtained 

from Avanti. DSPE-PEG-Fluorescein isothiocyanate (FITC) (MW 3400 g/mol) and 

DSPE-PEG-Mal (MW 3400 g/mol) were purchased from Nanocs. All other solvents 

used were obtained from Merck unless indicated otherwise together with piperidine 

(99%), N,N'-Diisopropylcarbodiimide (DIC, 99.8%), DMF for peptide synthesis, and 

trifluoroacetic acid (TFA) for protein sequence analysis. Acetonitrile (ACN, MW 

41.05 g/mol, ≥  99.9%), was purchased from ISOLAB Chemicals. Fmoc-Arg(Pbf)-OH 

(arginine, MW 648.77 g/mol), Fmoc-Cys(Trt)-OH (cysteine, MW 585.71 g/mol), 

Fmoc-Lys(Boc)-OH (lysine, MW 468.54 g/mol), Fmoc-Thr(tBu)-OH (threonine, 

397.46 g/mol), Fmoc-Val-OH (valine, 339.39 g/mol), and oxyma pure (MW 142.11 

g/mol) were used from Novabiochem. Fmoc-L-Leu-OH (leucine, MW 353.4 g/mol) 

and rink amide proTide (resin, loading: 0.59 mmol/g) was obtained from CEM 

Corporation. Dialysis membrane (Spectra/Por 6 Trial Kit, MWCO: 2 kD), phosphate 

buffered saline (PBS) tablets and diethyl ether (MW 74.12 g/mol, ≥  99.7%) were 



25 
 

obtained from Spectrum Labs, MP Biomedicals, and Merck, respectively. One of the 

VitE derivatives which is α-13′-COOH (MW 460.7 g/mol) was obtained from Assoc. 

Francesco Galli, University of Perugia, Italy. GA (MW 426.6 g/mol) which is used as 

another drug molecule within the scope of this project was supplied from Asst. Prof. 

Ahmet Erdi Sözen from Marmara University. S2P-SH (MW 1078.57 g/mol) was 

synthesized using The Liberty Blue™ (CEM) Automated Microwave Peptide 

Synthesizer by following previously reported method in general (67). S2P peptide-

conjugated DSPE-PEG (DSPE-PEG-S2P) was also synthesized considering the 

previously reported procedure (26). 

 

 

 

3.1.2. Materials for project 2: CS-coated NPs 

 

 

 

In order to synthesize CS-coated NPs, PLGA (L:G 50:50, MW 100000-125000 

g/mol, PURASORB PDLG 5008) was requested from Corbion. Acetone (MW 58.08 

g/mol) and Tween80 for synthesis (pH 5-7 (1.07 g/mL, H2O, 20°C)) were purchased 

from Merck. CUR (MW 368.38 g/mol), (±)-αTCP (MW 430.71 g/mol, ≥  96%), acetic 

acid (99.8-100.5%), PVA (MW 31.000-50.000 g/mol, 98-99% hydrolysed) and CS 

(low MW, MW 50000-190000 g/mol) were obtained from Sigma-Aldrich. Dialysis 

membrane (Spectra/Por 6 Trial Kit, MWCO: 2 kD) and PBS tablets were purchased 

from Spectrum Labs and MP Biomedicals, respectively. 

 

 

 

3.1.3. Materials for project 3: mitochondria-targeted NPs  

 

 

 

For the synthesis of mitochondria-targeted NPs, PLGA (L:G 50:50, MW 100000-

125000 g/mol, PURASORB PDLG 5008) and PLGA (L:G 85:15, MW 59000 kg/mol, 

PURASORB PDLG 8505A) were again obtained from Corbion. PEG (BioUltra, MW 

2000 g/mol), N,N′-Dicyclohexylcarbodiimide (DCC, MW 206.33 g/mol, 99%), 4-

(Dimethylamino)pyridine (DMAP, MW 122.17 g/mol, ≥  98.0% (NT)), QCT (MW 
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302.24 g/mol, ≥  95%), acetic acid (99.8-100.5%), Et3N (MW 101.19 g/mol, ≥  99%), 

and (4-Bromobutyl) triphenylphosphonium bromide (TPP-Br, MW 478.20 g/mol, 

98%) were purchased from Sigma-Aldrich. Acetone (MW 58.08 g/mol), ethanol (MW 

46.07 g/mol, 96%), dichloromethane (DCM, MW 84.93 g/mol), diethyl ether (MW 

74.12 g/mol,), and Tween80 for synthesis (pH 5-7 (1.07 g/mL, H2O, 20°C)) were 

purchased from Merck. ACN (MW 41.05 g/mol, ≥  99.9%) was supplied from 

ISOLAB Chemicals. Dialysis membrane (Spectra/Por 6 Trial Kit, MWCO: 2 kD), 

syringe filter (0.45µm, polyethersulfone (PES) membrane), and PBS tablets were 

obtained from Spectrum Labs, TPP, and MP Biomedicals respectively. The procedure 

previously reported in the literature was adapted and TPP-Tween80 (TT80, 1703.2 

g/mol) and PLGA-PEG-TPP (PPT, 62000-63000 g/mol) conjugates were synthesized 

in the laboratory (68). Moreover, PLGA-PEG (62 kD) was also produced in the 

laboratory through an esterification reaction between hydroxy group of PEG and the 

carboxyl group of PLGA by following the general steps of the previously reported 

method (69).  

 

 

 

For cell culture studies of the mitochondria-targeted NPs, sterile dimethyl 

sulfoxide (DMSO) (MW 78.13 g/mol, 99.9%) was used from Cell Signaling 

Technology. Moreover, Dulbecco’s Modified Eagle Medium F-12 Nutrient Mixture 

(Ham) (DMEM/F-12, (1:1) (1X)), 0.25% Trypsin-EDTA (1X), Dulbecco’s Phosphate 

Buffered Saline (DPBS (1X)), and also Fetal Bovine Serum (FBS, Qualified, Heat 

Inactivated) were obtained from Gibco while penicillin-streptomycin (10000 units 

penicillin and 10 mg streptomycin/mL, 0.1 µm filtered) was used from Sigma-Aldrich. 

The Cell Counting Kit-8 (CCK-8) was purchased from Glpbio Technology. Moreover, 

the DCFDA/H2DCFDA-Cellular ROS Assay Kit (ab113851) and MitoProbe JC-1 

Assay Kit (M34152) were supplied from Abcam and Invitrogen, respectively.  
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3.2. Methods 

 

 

  

3.2.1. Methods for project 1: macrophage-targeted NPs 

 

 

 

3.2.1.1. Non-targeted NP synthesis 

 

 

 

In general, NPs were formed and characterized as previously reported in the 

literature by changing some parameters according to the conducted optimization 

experiments (26). For the synthesis of non-targeted empty (without drug) NPs (PLGA 

NPs), PLGA (2.5 mg, 0.05 μmol) was dissolved in 500 μL of acetone. DSPE-PEG (2 

mg, 0.53 μmol, 80 μL from its stock solution which is 25 mg/mL in chloroform) was 

dissolved in 10 mL of double-distilled water (ddH2O) and PLGA solution was added 

dropwise onto this solution. This mixture was stirred for 1h at 1100 rpm. Then, the 

prepared NPs were centrifuged three times against ddH2O for 20 min at 4000 rpm to 

remove the impurities. The purified PLGA NPs were finally resuspended in 1 mL of 

ddH2O and stored at -20°C. 

 

 

 

The same procedure was followed for the synthesis of non-targeted drug-loaded 

NPs. As a difference, α-13′-COOH molecules (0.25 mg, 0.54 μmol) and PLGA (2.5 

mg, 0.05 μmol) and GA molecules (0.25 mg, 0.59 μmol) and PLGA (2.5 mg, 0.05 

μmol) were dissolved together in 500 μL of acetone for the preparation of α-13′-COOH 

loaded NPs (α-13′-COOH PLGA NPs) and GA loaded NPs (GA-PLGA NPs), 

respectively. After following the other steps, the prepared drug-loaded NPs were 

centrifuged three times against ddH2O for 20 min at 4000 rpm to remove the unbound 

drug molecules and impurities. The purified α-13′-COOH PLGA NPs and GA-PLGA 

NPs were resuspended in 1 mL of ddH2O. Different from the α-13′-COOH PLGA NPs, 

GA-PLGA NPs were centrifuged for additional 2 min at 4000 rpm to remove the 

aggregates and finally, they were stored at -20°C. 
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Moreover, non-coated NPs were also synthesized in order to understand whether 

the DSPE-PEG coating was achieved successfully or not. For this, PLGA (2.5 mg, 

0.05 μmol) was dissolved in 500 μL of acetone and this solution was added dropwise 

onto 10 mL of ddH2O while continuous stirring at 1100 rpm. This reaction lasted for 

1h. At the end, the prepared NPs were centrifuged three times against ddH2O for 20 

min at 4000 rpm and obtained non-coated NPs were resuspended in 1 mL of ddH2O 

and stored at -20°C.  

 

 

 

3.2.1.2. S2P peptide synthesis 

 

 

 

The stabilin-2 receptor-specific S2P peptide (CRTLTVRKC) was synthesized 

using The Liberty Blue™ (CEM) Automated Microwave Peptide Synthesizer. For this, 

the previously reported method was followed in general (67). The synthesis scale was 

adjusted to 0.1 mmol. 0.143 g resin was weighted and left to swell for at least 30 min 

before starting the peptide synthesis. For the peptide synthesis, 1.56 g arginine, 0.71 g 

cysteine, 0.22 g leucine, 0.29 g lysine, 0.48 g threonine, and 0.21 g valine were 

weighed and dissolved in 12 mL, 6 mL, 3 mL, 3 mL, 6 mL, and 3mL DMF, 

respectively. DIC and oxyma were used as an activator and activator base, respectively 

while piperidine was used for deprotection. DIC solution was prepared by mixing 1.1 

mL DIC with 12.9 mL DMF while piperidine solution was obtained by adding 40 mL 

DMF onto 10 mL piperidine. Similarly, 0.995 g oxyma was dissolved in 7 mL of DMF. 

After placing them, the peptide synthesis was initiated. At the end of the synthesis, the 

peptide was cleaved from the resin with RazorTM Peptide Cleavage System (CEM) at 

37°C for 30 min. The cleavage cocktail consists of 4.75 mL of TFA, 125 µL of TIS, 

and 125 µL of ddH2O. Then, the obtained S2P peptide was precipitated using cold 

diethyl ether and centrifuged at 6000 rpm for 3 min against cold diethyl ether three 

times. After centrifugation, the diethyl ether was carefully removed. The pellet was 

dried in the desiccator and then purified using a preparative High-Performance Liquid 

Chromatography (prep-HPLC, The CombiFlash® NextGen 300+, EZ Prep) device to 

remove impurities that may be present in the reaction mixture. To achieve this, S2P 
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peptide was dissolved in the mixture of ddH2O and ACN and injected into hydrophobic 

C18 column (RediSep® Silver C18 Reversed Phase columns, 4.3 g). The flow rate 

was set to 18 mL/min while run length was adjusted to 15 min. The mobile phase 

consisted of A and B which were ddH2O with 0.025% TFA and ACN with 0.025% 

TFA, respectively. S2P peptide was first run at 100% ddH2O for 2 min, increased 

linearly over 10 min from 0% ACN to 100% ACN and then run at 100% ACN for last 

3 min. Relevant pure peaks coming from S2P were collected and the excess ACN was 

evaporated using rotary evaporator (BUCHI Rotavapor® R-100). The chemical 

characterization of the synthesized S2P peptide was completed using an LC/MS-MS 

device (6420 Triple Quad LC/MS, Agilent Technologies). At the end, the peptide was 

lyophilized (HyperCOOL 8080) and stored at +4°C.  

 

 

 

3.2.1.3. DSPE-PEG-S2P conjugation synthesis 

 

 

 

The structure of DSPE-PEG-S2P can be seen in Figure 3.1, and it was synthesized 

as previously reported (26). For this, 2.6 mL of anhydrous DMF and 0.4 mL of DMSO 

were added to the S2P peptide (19 mg, 0.018 mmol, 1.2 eq.). At the same time, DSPE-

PEG-Mal (50 mg, 0.015 mmol, 1 eq.) was dissolved in 2 mL of DMF. Then, the DSPE-

PEG-Mal solution was added to the peptide solution. Finally, 10 µL of Et3N was 

injected into the mixture while stirring. This reaction continued for 2 days at 1500 rpm 

at room temperature (RT). The final product was purified by removing impurities 

using a dialysis membrane (MW cut-off: 2kD). The obtained DSPE-PEG-S2P 

conjugate was lyophilized and stored at +4°C. This conjugate was analysed using 

proton nuclear magnetic resonance (1H NMR) to determine the presence of all 

components within the conjugate. 
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Figure 3. 1. Schematic representation of the synthesis of DSPE-PEG-S2P conjugation. 

 

3.2.1.4. Targeted NP synthesis 

 

 

 

As a targeting agent, S2P peptide was added to the surface of NPs. For this 

purpose, free thiol groups from cysteine amino acids in the structure of the S2P peptide 

were used. PLGA (2.5 mg, 0.05 μmol) was dissolved in 500 μL of acetone. DSPE-

PEG (1.8 mg, 0.48 μmol, 72 μL from its stock solution which is 25 mg/mL in 

chloroform) and DSPE-PEG-S2P (0.2 mg, 0.044 μmol) were dissolved in 10 mL of 

ddH2O and PLGA solution was added dropwise onto this solution. This mixture was 

stirred for 1h at 1100 rpm. Then, the prepared NPs were centrifuged three times against 

ddH2O for 20 min at 4000 rpm to remove the impurities. The purified targeted empty 

NPs (S2P-PLGA NPs) were resuspended in 1 mL of ddH2O and centrifuged for 

another 2 min at 4000 rpm to remove the aggregates. Finally, the NPs were stored at -

20°C. 

 

 

 

The same procedure was followed for the synthesis of targeted α-13′-COOH 

loaded NPs (S2P-α-13′-COOH PLGA NPs) and targeted GA loaded NPs (S2P-GA-

PLGA NPs) with a slight variation. In this part, α-13′-COOH molecules (0.25 mg, 

0.54 μmol) and PLGA (2.5 mg, 0.05 μmol) and GA molecules (0.25 mg, 0.59 μmol) 

and PLGA (2.5 mg, 0.05 μmol) were together dissolved in 500 μL of acetone for the 

synthesis of S2P-α-13′-COOH PLGA NPs and S2P-GA-PLGA NPs, respectively. The 

remaining procedure was followed, and the prepared NPs were centrifuged three times 

against ddH2O for 20 min at 4000 rpm. This process aimed to eliminate any unbound 

drug molecules and impurities. The NPs were finally resuspended in 1 mL of ddH2O, 
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and aggregates were removed via centrifugation for 2 min at 4000 rpm. At the end, the 

obtained NPs were stored at -20°C. 

 

 

 

3.2.1.5. FITC-labelled NP synthesis 

 

 

 

To enable the visualization of both the non-targeted and targeted NPs in vitro, 

FITC was conjugated onto the surface of NPs as an imaging agent. The general 

procedure for NP synthesis was followed with some modifications. For the synthesis 

of FITC-labelled non-targeted empty NPs (FITC-PLGA NPs), PLGA (2.5 mg, 0.05 

μmol) was dissolved in 500 μL of acetone. DSPE-PEG (1.4 mg, 0.37 μmol, 56 μL 

from its stock solution which is 25 mg/mL in chloroform) and DSPE-PEG-FITC (0.6 

mg, 0.18 μmol) were dissolved in 10 mL of ddH2O and PLGA solution was added 

dropwise onto this solution. Moreover, for the synthesis of FITC-labelled targeted 

empty NPs (FITC-S2P-PLGA NPs), PLGA (2.5 mg, 0.05 μmol) was again dissolved 

in 500 μL of acetone. DSPE-PEG (1.2 mg, 0.32 μmol, 48 μL from its stock solution 

which is 25 mg/mL in chloroform), DSPE-PEG-S2P (0.2 mg, 0.044 μmol) and DSPE-

PEG-FITC (0.6 mg, 0.18 μmol) were dissolved in 10 mL of ddH2O and PLGA solution 

was added drop by drop onto this solution. Then, the prepared NPs were centrifuged 

three times against ddH2O for 20 min at 4000 rpm to remove the unbound FITC 

molecules and impurities. The purified NPs were resuspended in 1 mL of ddH2O, and 

aggregates were removed by centrifugation for 2 min at 4000 rpm. Finally, NPs were 

stored at -20°C. 

 

 

 

3.2.1.6. RhB-conjugated FITC-labelled NP synthesis 

 

 

 

Since the detachment of fluorescently labelled lipid-PEG chains and dispersion of 

NPs could lead false-positive signals, RhB and FITC was used to obtain dual-labelled 

NPs. In this way, red fluorescence was obtained in the core due to the RhB-conjugated 
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PLGA polymer while green fluorescence was achieved in the exterior coating layer 

due to the presence of DSPE-PEG-FITC molecule. 

 

 

 

For the synthesis of RhB-conjugated FITC-labelled non-targeted empty NPs 

(RhB-FITC-PLGA NPs), PLGA (2.5 mg, 0.05 μmol) and PLGA-RhB (0.25 mg) were 

dissolved in 500 μL of acetone. Simultaneously, DSPE-PEG (1.4 mg, 0.37 μmol, 56 

μL from its stock solution which is 25 mg/mL in chloroform) and DSPE-PEG-FITC 

(0.6 mg, 0.18 μmol) were dissolved in 10 mL of ddH2O. Then, the solution in acetone 

was added drop by drop to the aqueous solution at 1100 rpm while stirring. The 

reaction continued for 1h and then prepared NPs were centrifuged for three times 

against cold ddH2O for 20 min at 4000 rpm to remove the unbound dye molecules and 

polymers. The purified NPs were resuspended in 1 mL of ddH2O and finally 

centrifuged for 2 min at 4000 rpm to optimize the size of NPs by removing aggregates. 

Eventually, NPs were stored at -20°C.  

 

 

 

For the synthesis of RhB-conjugated FITC-labelled non-targeted and targeted 

drug-loaded NPs, α-13′-COOH was used as a drug molecule and the experiment was 

conducted accordingly. Considering this, for the synthesis of RhB-conjugated FITC-

labelled non-targeted α-13′-COOH-loaded NPs (RhB-FITC-α-13′-COOH PLGA 

NPs), PLGA (2.5 mg, 0.05 μmol), α-13′-COOH molecules (0.25 mg, 0.54 μmol), and 

PLGA-RhB (0.25 mg) were dissolved in 500 μL of acetone and remaining procedure 

was followed. On the other hand, to synthesize RhB-conjugated FITC-labelled 

targeted empty NPs (RhB-FITC-S2P-PLGA NPs), PLGA (2.5 mg, 0.05 μmol) and 

PLGA-RhB (0.25 mg) were dissolved in 500 μL of acetone. Simultaneously, DSPE-

PEG (1.2 mg, 0.32 μmol, 48 μL from its stock solution which is 25 mg/mL in 

chloroform), DSPE-PEG-S2P (0.2 mg, 0.044 μmol), and DSPE-PEG-FITC (0.6 mg, 

0.18 μmol) were dissolved in 10 mL of ddH2O. Then, the solution in acetone was 

added drop by drop to the aqueous solution at 1100 rpm. Similarly, for the synthesis 

of RhB-conjugated FITC-labelled targeted α-13′-COOH-loaded NPs (RhB-FITC-

S2P-α-13′-COOH PLGA NPs), PLGA (2.5 mg, 0.05 μmol), α-13′-COOH molecules 
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(0.25 mg, 0.54 μmol), and PLGA-RhB (0.25 mg) were dissolved in 500 μL of acetone 

and remaining procedure was followed as described.  

 

 

 

3.2.1.7. Characterization of NPs  

 

 

 

Dynamic Light Scattering (DLS) Analysis: All of the synthesized NPs were 

resuspended in ddH2O, and their hydrodynamic diameters and polydispersity indexes 

(PDI) were measured using DLS (Wyatt Technologies Dynapro Nanostar instrument) 

in ddH2O at RT. To perform the analysis, 100µL of NP solution was transferred into a 

DLS cuvette. The cuvette was then subjected to a series of 10 process runs, with each 

run having a 5 second equilibrium time. This was repeated three times to confirm the 

obtained data.  

 

 

 

Zeta Potential Analysis: For the evaluation of surface charge, NPs were diluted 

10% by volume using 0.001M sodium chloride (NaCl) solution. These solutions were 

placed in zeta potential cuvettes and measurements were completed to determine the 

surface charges of synthesized NPs via Malvern Zetasizer Nano ZS at RT with 10 runs. 

Three repetitions were done to take the average of the obtained measurements.   

 

 

 

Morphological Analysis: The dimensions of the obtained NPs, the presence of 

coating, and whether they formed aggregation or not were determined using 

Transmission Electron Microscopy (TEM) (Thermo Fischer Scientific, Talos L120C). 

To actualize this, lacey carbon film supported copper TEM grids were used. NPs that 

were prepared in ddH2O were dropped on these grids, and they were waited to dry 

before conducting the analysis under high vacuum. Moreover, morphologies of these 

NPs were analysed using Scanning Electron Microscopy (SEM) (Thermo Fischer 

Scientific, Quattro ESEM). In this analysis, NP solutions were dropped on metal stubs 
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having carbon tape, and they were waited to dry. Subsequently, they were coated with 

gold under vacuum and the analysis was conducted.    

 

 

 

Fourier Transform Infrared Spectroscopy (FT-IR) Analysis: Characteristic 

functional groups of the α-13′-COOH drug molecule, PLGA polymer, DSPE-PEG, 

non-coated NPs, PLGA NPs, and α-13′-COOH PLGA NPs were recorded using the IR 

spectra coming from FT-IR spectroscopy (Thermo Scientific NICOLET iS10 

instrument). This was conducted to confirm the presence of the polymer, DSPE-PEG 

coating, and also drug molecule in the structure of obtained NPs. Moreover, the 

formation of DSPE-PEG-S2P conjugate was proven by comparing its functional 

groups that were coming from both DSPE-PEG-Mal and S2P peptide. Each sample 

spectrum was recorded from 400 cm-1 to 4000 cm-1 with 32 scans at RT. 

 

 

 

Stability Analysis: PLGA NPs, α-13′-COOH PLGA NPs, and GA-PLGA NPs 

were incubated in 1M pH 7.4 PBS at different temperatures (25˚C and 37˚C). After 

certain times of incubation (0h, 0.25h, 0.5h, 0.75h, 1h, 2h, 3h, 4h, 5h, 6h, 7h, 8h, 24h, 

48h, 72h, 96h, 120h, 168h, and longer), the hydrodynamic diameter of these NPs was 

measured using DLS with three repetitions for each time point. To what extent the NPs 

could maintain their initial stable structure under different environmental conditions 

was investigated. 

 

 

 

NanoDrop Analysis: For determining the net protein concentration in S2P-PLGA 

NPs and S2P-α-13′-COOH PLGA NPs, nanodrop device (Thermo Scientific™ 

NanoDrop™ One Microvolume UV-Vis Spectrophotometer) was used. The 

absorbance of the peptide at 214 nm was measured for both targeted and non-targeted 

empty and drug-loaded NPs. Non-targeted ones were used as a reference. The net 

protein concentration in the targeted NPs was calculated by subtracting the measured 

concentration values of the non-targeted NPs from the measured concentration values 

of targeted NPs. This was used to prove the presence of targeting peptide on NPs.  
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Total Drug Amount Determination: The amount of drug molecules that were used 

during the synthesis of α-13′-COOH-loaded NPs and GA-loaded NPs were indicated 

in the procedure. By using the Liquid Chromatography/Mass Spectrometry-Mass 

Spectrometry (LC/MS-MS) (AB Sciex 4000 QTRAP) device, how much of the α-13′-

COOH and GA molecules added to the polymer solution during the preparation phase 

were encapsulated into the final NPs was calculated in terms of µg/mL. This was also 

expressed as a percentage of drug encapsulation efficiency (EE) by using the given 

equation (eq.1). The total drug concentration found inside of NPs was determined by 

bursting them with acetone (1:1 by volume). 

 

𝐷𝑟𝑢𝑔 𝐸𝐸% =  (
𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑑𝑟𝑢𝑔 𝑎𝑚𝑜𝑢𝑛𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑎𝑑𝑑𝑒𝑑 𝑑𝑟𝑢𝑔 𝑎𝑚𝑜𝑢𝑛𝑡
) × 100 

       (eq.1) 

 

Firstly, a specific multiple reaction monitoring (MRM) method was developed for 

the α-13'-COOH drug in an LC/MS-MS device, using a C18 column as the stationary 

phase. A mixture of ACN and deionized water (50%:50% (v/v)) was used as the 

mobile phase at a flow rate of 0.5 mL/min. A sample of 5 µL was taken from the pure 

drug solution, and a scanning dependent on ionization in the range of 50-1500 Da was 

performed in the MS2Scan mode. For the α-13'-COOH drug with a theoretical MW of 

460.69 g/mol, a value of 459.2 m/z was observed as the +1 charged state in the 

scanning method as can be seen in Figure 3.2.  
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Figure 3. 2. The results of the MRM method prepared for the α-13'-COOH. 

 

Afterward, using this method, the analysis of drug molecules prepared at different 

concentrations (0.1953, 0.7813, 3.1250, 6.2500, and 12.0 ppb) was conducted. The 

software of the device was used to draw a specific calibration curve for the drug 

molecule as in Figure 3.3. This curve was then used to analyse the total drug 

concentration in the NPs as well as drug release rate from NPs. 

 

 
 

Figure 3. 3. Calibration curve prepared for α-13′-COOH. 
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In order to determine the amount of drug in GA-PLGA NPs and S2P-GA-PLGA 

NPs, the GA molecules were prepared at various concentrations for analysis. Using 

the software of the LC/MS-MS device, a specific calibration curve for the drug 

molecule was constructed, as illustrated in Figure 3.4. This calibration curve serves as 

a reference for determining the total GA concentration found in the NPs and the 

released drug amount from these NPs at certain time intervals. 

 

 
 

Figure 3. 4. Calibration curve prepared for GA. 

 

Measurement of Drug Release Profiles from NPs: To assess the release rate of α-

13′-COOH from α-13′-COOH PLGA NPs and GA from the GA-PLGA NPs, two 

different release media which were 1M pH 7.4 PBS and pH 5.5 acetate buffer solution 

were used to mimic the healthy and inflammatory conditions of the human body fluid, 

respectively. Samples were put in the dialysis bag (MW cut-off: 2kD) and placed in 

an orbital shaker (Ohaus Incubating Light Duty Orbital Shaker) at 37°C and 200 rpm. 

In drug release studies, 'sink' conditions were achieved by using 40 mL of receptor 

solution in the external phase. Thus, the effect of increasing volume on the drug release 

profile when NP solution was given to the blood was mimicked. Samples from the 

release medium were collected at specified time intervals (0h, 0.25h, 0.5h, 0.75h, 1h, 

2h, 3h, 4h, 5h, 6h, 7h, 24h, 48h, 72h, 96h, 144h, 192h, 288h, 366h, 384h, 456h, 504h, 

and 627h). The amount of free drug in these samples were quantitatively analysed by 

LC/MS-MS device using the calibration curve seen in Figure 3.3 and Figure 3.4. This 

analysis allowed the measurement and determination of the amount of α-13′-COOH 
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and GA released from the NPs over the specified time intervals in two different release 

media. 

 

 

 

Fluorescence Spectrophotometer Analysis: FITC is a fluorescent dye with 

maximum excitation wavelength at 494 nm and maximum emission wavelength at 520 

nm. For the quantification of this dye, a calibration curve was prepared using 

commercially bought DSPE-PEG-FITC polymer containing free FITC dye as in 

Figure 3.5. With the help of this curve, the concentration of FITC molecules on the 

surface of FITC-PLGA NPs, FITC-S2P-PLGA NPs, RhB-FITC-PLGA NPs, RhB-

FITC-α-13′-COOH PLGA NPs, RhB-FITC-S2P-PLGA NPs, and RhB-FITC-S2P-α-

13′-COOH PLGA NPs was determined based on absorbance using a fluorescent 

spectrophotometry (VarioSCAN II instrument). 

 

 
 

Figure 3. 5. Calibration curve prepared for FITC. 

 

Moreover, RhB is another dye that has maximum excitation wavelength at 553 

nm and maximum emission wavelength at 627 nm. In order to determine the amount 

of this dye found in NPs, a calibration curve was prepared at 553 nm using 

commercially bought RhB-conjugated PLGA polymer as it can be seen in Figure 3.6. 

With the help of this curve, the concentration of RhB molecules found in RhB-FITC-

PLGA NPs, RhB-FITC-α-13′-COOH PLGA NPs, RhB-FITC-S2P-PLGA NPs, and 
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RhB-FITC-S2P-α-13′-COOH PLGA NPs was determined based on their absorbance 

at 553 nm using a fluorescent spectrophotometry. 

 

 
 

Figure 3. 6. Calibration curve prepared for RhB. 

 

3.2.1.8. Statistics  

 

 

 

Statistical analyses for this project were conducted using GraphPad Prism 10 and 

presented through two-way analysis of variance (ANOVA). The results were shown 

as mean ± standard deviation. A p-value less than 0.05 was considered statistically 

significant. 

 

 

 

3.2.2. Methods for project 2: CS-coated NPs 

 

 

 

3.2.2.1. Preparation of non-coated NPs 

 

 

 

First of all, non-coated empty PLGA NPs (non-coated PLGA NPs) were 

synthesized by following the general principles given in the literature with some 

modifications (70,71). For this, PLGA (25 mg, 0.20-0.25 µmol) was dissolved in 1 mL 
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of acetone. 10 μL of Tween80 was added to the 4 mL of 1.5% (w/v) PVA solution 

prepared in ddH2O at 100 rpm while stirring. It was dispersed at 300 rpm. Then, the 

prepared PLGA solution was added dropwise onto the PVA solution at 1500 rpm using 

an insulin syringe. This reaction was continued for 1h at 1500 rpm. Then, the prepared 

NPs were centrifuged three times against cold ddH2O for 10 min at 10000 rpm to 

remove the impurities. The purified non-coated PLGA NPs were finally resuspended 

in 10 mL of ddH2O, and the remaining aggregates were removed by centrifuging at 

6000 rpm until achieving the desired NP size. These NPs were stored at -20°C. 

 

 

 

Almost the same procedure was followed for the synthesis of non-coated drug-

loaded NPs. Both CUR loaded non-coated NPs (CUR-PLGA NPs) and αTCP loaded 

non-coated NPs (αTCP-PLGA NPs) were prepared. The only difference from non-

coated PLGA NPs was the dissolution of drug molecules and PLGA together in the 

acetone. CUR (2.5 mg, 6.79 μmol) and PLGA (25 mg, 0.20-0.25 µmol) were dissolved 

in 1 mL of acetone for the synthesis of CUR-PLGA NPs. Similarly, αTCP (2.5 mg, 

5.8 μmol) and PLGA (25 mg, 0.20-0.25 µmol) were dissolved in 1 mL of acetone for 

the synthesis of αTCP-PLGA NPs. Then, the prepared NPs were centrifuged three 

times against cold ddH2O for 10 min at 10000 rpm to remove the unbound drug 

molecules and impurities. After resuspending CUR-PLGA NPs and αTCP-PLGA NPs 

in 10 mL of ddH2O, the size of these NPs was optimized by removing aggregates using 

a centrifuge at 6000 rpm. Finally, they were also stored at -20°C. 

 

 

 

3.2.2.2. Preparation of CS-coated NPs 

 

 

 

To synthesize CS-coated NPs, the process was carried out in accordance with the 

general principles outlined in the literature, with certain adjustments made (70,71). At 

the beginning, non-coated empty and drug-loaded NPs were added dropwise onto a 

0.2% (w/v) low MW CS solution with a 1:1 (v/v) ratio while stirring continuously at 

1100 rpm. This reaction continued overnight. After that, CS-coated empty NPs (CS-
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PLGA NPs), CS-coated CUR loaded NPs (CS-CUR-PLGA NPs), and CS-coated 

αTCP loaded NPs (CS-αTCP-PLGA NPs) were centrifuged three times against cold 

ddH2O for 50 min at 16000 rpm at 2°C to remove the impurities. The obtained CS-

coated NPs were then resuspended in 10 mL of ddH2O, and the remaining aggregates 

were removed by centrifuging at 10000 rpm until achieving the desired NP size. These 

NPs were also stored at -20°C. 

 

 

 

3.2.2.3. Characterization of NPs  

 

 

 

For the characterization of NPs, DLS, zeta potential, and morphological SEM 

analysis were conducted as they were explained in Section 3.2.1.7. Moreover, some 

other additional characterization tests were carried out. 

 

 

 

Stability Analysis: All of the synthesized non-coated and CS-coated empty and 

drug-loaded NPs were incubated in 1M pH 7.4 PBS at different temperatures (25˚C 

and 37˚C). After certain times of incubation (0h, 0.25h, 0.5h, 0.75h, 1h, 2h, 3h, 4h,5h, 

6h, 7h, 24h, 48h, 72h, 96h, 193h, 267h, and longer), the hydrodynamic diameter of 

these NPs was measured via DLS with three repetitions for each time point. This was 

used to understand how long they maintained their initial stable structure under 

different environmental conditions. 

 

 

 

Total Drug Amount Determination: The amount of CUR and αTCP molecules that 

were used during the synthesis of drug-loaded NPs was indicated in Section 3.2.2.1. 

LC/MS-MS was used to measure the amount of CUR and αTCP that were encapsulated 

inside the NPs in terms of µg/mL and also EE was calculated as a percentage using 

eq.1. The total drug concentration in the NPs was determined by bursting the NPs 

using acetone in a 1:1 volume ratio. The CUR and αTCP were prepared at different 

concentrations and by using LC/MS-MS device, dedicated calibration curves were 
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created for these drug molecules, as shown in Figure 3.7 and Figure 3.8. These graphs 

were used as a benchmark for determining the overall drug concentration found in 

NPs. 

 

 
 

Figure 3. 7. Calibration curve prepared for CUR. 

 

 
 

Figure 3. 8. Calibration curve prepared for αTCP. 

 

Measurement of Drug Release Profiles from NPs: The release rate of CUR from 

the CUR-PLGA NPs and CS-CUR-PLGA NPs as well as the release rate of αTCP 

from αTCP-PLGA NPs and CS-αTCP-PLGA NPs were investigated using two 

different release media. One was a 1M pH 7.4 PBS, which simulates the conditions of 

a healthy human body fluid while the other was a pH 5.5 acetate buffer solution, which 

mimics the inflammatory conditions of the human body fluid. The remaining drug 

release experiments were carried out following the procedures described in Section 

3.2.1.7. At specified time intervals (0h, 0.25h, 0.5h, 0.75h, 1h, 2h, 3h, 4h, 5h, 6h, 7h, 
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24h, 48h, 72h, 96h, 168h, and 197h), samples were collected from the release medium. 

These samples were then analysed using an LC/MS-MS device and previously 

prepared calibration curve seen in Figure 3.7 and Figure 3.8. This analysis allowed the 

measurement of the amount of drug molecules released from the NPs over the 

specified time intervals in two different release media. 

 

 

 

3.2.2.4. Statistics  

 

 

 

Statistical analyses were performed using GraphPad Prism 10, employing two-

way ANOVA. The results were shown as mean ± standard deviation, with statistical 

significance defined as a p-value below 0.05. 

 

 

 

3.2.3. Methods for project 3: mitochondria-targeted NPs 

 

 

 

3.2.3.1. Non-targeted NP synthesis 

 

 

 

Nanoprecipitation method was followed in general as previously reported in the 

literature to synthesize NPs (17). First of all, for the synthesis of non-targeted empty 

PLGA NPs (non-targeted PLGA NPs), PLGA (L:G 50:50, 25 mg, 0.20-0.25 µmol) 

was dissolved in 1 mL of acetone. Simultaneously, 10 µL of Tween80 was added to 

the 10 mL of slightly heated ddH2O while stirring at 100 rpm. The solution was left to 

disperse at 300 rpm for 5 min, after which it was homogenized for a total of 1 min, 

with intervals of 2 second every 10 second. Subsequently, PLGA solution was added 

dropwise onto this solution at 1100 rpm using an insulin syringe. The reaction 

proceeded for 1h, followed by an additional 1 min homogenization of the NP solution. 

Then, the synthesized NPs were centrifuged three times against cold ddH2O for 10 min 

at 15000 rpm for purification. The non-targeted PLGA NPs were eventually 
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resuspended in 10 mL of ddH2O, and homogenization was applied for 2 min. Finally, 

obtained NP solution was filtered through a 0.45 µm PES syringe filter and stored at -

20°C.  

 

 

 

In order to synthesize non-targeted QCT-loaded PLGA NPs (QCT-PLGA NPs), 

a similar procedure was employed with a slight modification. The key distinction was 

that QCT (2.5 mg, 8.27 μmol) and PLGA (L:G 50:50, 25 mg, 0.20-0.25 µmol) were 

dissolved together in 1 mL of acetone. The subsequent steps remained unchanged and 

were carried out accordingly. 

 

 

 

3.2.3.2. TT80 conjugate synthesis 

 

 

  

To synthesize TT80 conjugate, previously reported method was followed in 

general (68). Initially, Tween80 (50 mg, 0.038 mmol) was weighted in round bottom 

flask and nitrogen gas was applied. Meanwhile, TPP-Br (73 mg, 0.153 mmol) was 

prepared in glass vial and nitrogen gas was passed through. 1 mL and 9 mL of 

anhydrous DCM was added on TPP-Br and Tween80, respectively. TPP-Br was 

dissolved using sonicator. After that, Et3N (21.3 µL, 0.153 mmol) was added directly 

into the Tween80 solution while stirring on magnetic stirrer at 800 rpm. Subsequently, 

TPP-Br solution was also added in this solution. This reaction continued overnight. 

Then, the excess amount of DCM was evaporated using rotary evaporator and TT80 

conjugate was precipitated using cold diethyl ether. This was waited at -20°C 

overnight. The next day, suction filtration was applied using gooch funnel (por.4) with 

sintered glass disc. After removing the diethyl ether, DCM was passed through the 

samples that remained on the filter. In this way, TT80 conjugate was collected, and 

DCM was again evaporated using rotary evaporator. At the end, TT80 conjugate was 

purified using a prep-HPLC device. To accomplish this, the first step involved 

dissolving TT80 in DMSO and injecting it into a C18 column. The flow rate was set 

at 18 mL/min, and the run length was adjusted to 15 min. The mobile phase was 
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composed of two components, A and B. Mobile phase A consisted of ddH2O with 

0.025% TFA, while mobile phase B consisted of ACN with 0.025% TFA. The TT80 

conjugate was initially run with 100% ddH2O for 2 min, followed by a linear increase 

over 10 min from 0% ACN to 100% ACN, and finally run at 100% ACN for the last 

3 min. The relevant pure peaks obtained from TT80 were collected, and any excess 

ACN was removed using a rotary evaporator. The chemical characterization of the 

synthesized TT80 conjugate was carried out via LC/MS-MS device. Ultimately, the 

TT80 conjugate which was used as one of the targeting agents in this project was 

lyophilized and stored at +4°C. Also, the chemical structure of this conjugate was 

investigated with the help of 1H NMR to confirm the presence of both TPP and 

Tween80 within the conjugate. 

 

 

 

3.2.3.3. PPT synthesis 

 

 

 

To compare the therapeutic effectiveness of TT80-functionalized NPs with PPT-

functionalized NPs, PPT conjugate was utilized as an additional targeting agent. For 

this purpose, first of all, PLGA-PEG conjugate was synthesized by adapting the 

previously reported method (69). In a round-bottom flask, PLGA with a carboxylic 

acid group at the end (L:G 85:15, 1 g, 0.0166 mmol) and DCC coupling agent (17.4 

mg, 0.042 mmol) were weighed and placed under nitrogen gas. Subsequently, 2 mL of 

anhydrous DCM was added to the flask. Additionally, PEG with a hydroxyl group at 

the end (66.6 mg, 0.033 mmol) and DMAP (3 mg, 0.012 mmol) were weighed in a 

glass vial and exposed to nitrogen gas. Following that, 3 mL of anhydrous DCM was 

added to the vial. The solution containing PEG and DMAP was then directly 

introduced into the solution containing PLGA and DCC. This reaction proceeded for 

2 days at 1000 rpm. Subsequently, the obtained PLGA-PEG conjugate was 

precipitated by adding it into cold diethyl ether and left at -20°C overnight. The 

following day, suction filtration was performed using a gooch funnel (por.4) equipped 

with a sintered glass disc to eliminate diethyl ether. DCM was passed through the 

retained samples on the filter, allowing for the collection of the PLGA-PEG conjugate. 
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The excess DCM was then completely evaporated using a rotary evaporator. The 

obtained dry PLGA-PEG conjugate was stored at +4°C.  

 

 

 

To synthesize the PPT conjugate, PLGA-PEG (100 mg, 1.613 µmol) and TPP-Br 

(6.17 mg, 12.9 µmol) were weighed in a round-bottom flask and a glass vial, 

respectively. Nitrogen gas was then applied to both substances. 1 mL and 9 mL of 

anhydrous DCM were added to TPP-Br and PLGA-PEG, respectively and the TPP-Br 

solution was dissolved using a sonicator. After that, Et3N (1.8 µL, 12.9 µmol) was 

directly added into the PLGA-PEG solution while stirring on a magnetic stirrer at 800 

rpm. Subsequently, the TPP-Br solution was also added to this mixture. This reaction 

continued for 2 days.  Following the reaction, the obtained PPT conjugate was 

precipitated using cold diethyl ether and left at -20°C overnight. The next day, suction 

filtration was carried out using a gooch funnel (por.4) equipped with a sintered glass 

disc. After removing the diethyl ether, DCM was passed through the remaining 

samples on the filter, collecting the PPT conjugate in DCM. To achieve phase 

separation and purification, extraction was performed as a final step. For this purpose, 

5% sodium bicarbonate (NaHCO3), 10% sodium carbonate (Na2CO3), and brine were 

sequentially used. Anhydrous sodium sulphate (Na2SO4) was employed at the end to 

remove any remaining water molecules. The precipitates formed due to the usage of 

Na2SO4 were removed using filter paper, and the excess DCM was eliminated using a 

rotary evaporator. The purified PPT conjugate was then placed in a vacuum until dried 

and the dried conjugate was stored at +4°C. The chemical structure of both PLGA-

PEG copolymer and PPT conjugate was investigated using 1H NMR. 
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3.2.3.4. Targeted NP synthesis 

 

 

 

Targeted NP synthesis using TT80 

 

 

 

Different amounts of the targeting agent by weight were employed in order to 

compare the obtained characterization results and identify the formulation that yielded 

the most favourable outcomes. It is stated in the literature that the critical limit for 

cationic TPP molecule concentration is 10 µM. Above this concentration value, it 

could cause the formation of adverse effects including the proton leakage and 

mitochondrial membrane depolarization (27). For this reason, while calculating TPP 

concentrations on NPs, this was considered. All in all, to synthesize targeted empty 

NPs containing 10% and 20% TT80 by weight as a targeting agent, the following 

procedure was employed. 

 

 

 

For the synthesis of 10% TT80 by weight containing targeted empty NPs 

(10%TT80-PLGA NPs), PLGA (L:G 50:50, 25 mg, 0.20-0.25 µmol) was dissolved 

in 800 µL of acetone while TT80 (3.9 mg, 2.18 µmol) was dissolved in 200 µL of 

ethanol. On the other hand, for the synthesis of 20% TT80 by weight containing 

targeted empty NPs (20%TT80-PLGA NPs), PLGA (L:G 50:50, 25 mg, 0.20-0.25 

µmol) was dissolved in 800 µL of acetone while TT80 (7.8 mg, 4.36 µmol) was 

dissolved in 200 µL of ethanol. The remaining procedure was the same for both of 

these NPs. 10 µL of Tween80 was added to the 10 mL of slightly heated ddH2O while 

stirring at 100 rpm. The mixture was allowed to disperse at 300 rpm for 5 min. After 

that, the TT80 solution was added to this mixture at 100 rpm. Homogenization of the 

mixture was performed for a total of 1 min, with 2 second intervals every 10 second. 

Subsequently, the PLGA solution was added dropwise to this solution at 1100 rpm. 

The reaction was allowed to proceed for 1h, followed by an additional 1 min of 

homogenization. The synthesized NPs were then subjected to three rounds of 

centrifugation against cold ddH2O for 10 min at 15000 rpm to purify the samples. The 
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10%TT80-PLGA NPs and 20%TT80-PLGA NPs were eventually resuspended in 10 

mL of ddH2O, and homogenization was applied for 2 min. At the end, NPs were 

filtered through a 0.45 µm PES syringe filter and stored at -20°C.  

 

 

 

In order to synthesize 10% TT80 by weight containing targeted QCT-loaded NPs 

(10%TT80-QCT-PLGA NPs) and 20% TT80 by weight containing targeted QCT-

loaded NPs (20%TT80-QCT-PLGA NPs), almost the same approach was utilized 

with a minor alteration. The main difference was that QCT (2.5 mg, 8.27 μmol) and 

PLGA (L:G 50:50, 25 mg, 0.20-0.25 µmol) were dissolved simultaneously in 800 µL 

of acetone. The subsequent procedures were followed. 

 

 

 

Targeted NP synthesis using PPT 

 

 

 

In addition to the usage of TT80, PPT was also used as another mitochondrial 

targeting agent within the scope of this project. The objective was to compare the 

effectiveness of different targeting agents as well as varying amounts of these agents 

to identify the most promising results. It is clearly reported in the literature that the 

critical concentration for cationic TPP molecule is 10 µM. Above this value, it has 

some hazardous effects including the proton leakage and mitochondrial membrane 

depolarization (27). For this reason, while calculating TPP concentrations that will be 

conjugated on NPs, this was strictly considered. All in all, the following procedure was 

utilized to synthesize targeted empty NPs incorporating 1.25% and 2.50% PPT by 

weight as a targeting agent. TPP amount found in 1.25% and 2.50% PPT-conjugated 

NPs were the equivalents of the TPP amount found in 10% and 20% TT80-conjugated 

NPs, respectively.  

 

 

 

In order to synthesize 1.25% PPT by weight containing targeted empty NPs 

(1.25%PPT-PLGA NPs), PLGA (L:G 50:50, 25 mg, 0.20-0.25 µmol) and PPT (17.8 
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mg, 0.28 µmol) were dissolved in 1 mL of acetone. Similarly, for the preparation of 

2.50% PPT by weight containing targeted empty NPs (2.50%PPT-PLGA NPs), 

PLGA (L:G 50:50, 25 mg, 0.20-0.25 µmol) and PPT (35.6 mg, 0.57 µmol) were 

dissolved in 1 mL of acetone. The remaining procedure was the same for both of them. 

Initially, 10 µL of Tween80 was added to the 10 mL of ddH2O at 100 rpm and then 

this mixture was homogenized for 1 min. After that, the prepared solution containing 

PLGA and PPT was added dropwise to this mixture at 1100 rpm and the reaction 

continued for 1h. After the completion of the reaction, the resulting NP solution was 

further homogenized for an additional 1 min. To eliminate impurities, it was 

centrifuged three times at 15000 rpm for 10 min against cold ddH2O. At the end, 

prepared NPs were resuspended in 10 mL of ddH2O and homogenized for 2 min. Then, 

the NPs were filtered using a 0.45 µm PES syringe filter to obtain nanocarriers within 

the desired size range. Finally, the filtered NPs were stored at -20°C. 

 

 

 

Almost the same procedure was followed for the synthesis of 1.25% PPT by 

weight containing targeted QCT-loaded NPs (1.25%PPT-QCT-PLGA NPs) and 

2.50% PPT by weight containing targeted QCT-loaded NPs (2.50%PPT-QCT-PLGA 

NPs). In this case, QCT (2.5 mg, 8.27 μmol) as the drug molecule was dissolved 

together with PLGA (L:G 50:50, 25 mg, 0.20-0.25 µmol) and PPT (35.6 mg, 0.57 

µmol) in 1 mL of acetone. The remaining steps of the procedure remained unchanged 

and were carried out as described previously. 

 

 

 

3.2.3.5. Characterization of NPs 

 

 

 

Within the scope of this project, DLS and zeta potential analysis were conducted 

for all of the synthesized NPs as it was explained in Section 3.2.1.7 in detail. Also, 

some other characterization studies were carried out as follows. 
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Morphological Analysis: The morphologies of non-targeted PLGA NPs, QCT-

PLGA NPs, 10%TT80-QCT-PLGA NPs, and 2.50%PPT-QCT-PLGA NPs were 

analysed using SEM as it was explained in Section 3.2.1.7. In addition, 10%TT80-

QCT-PLGA NPs, 20%TT80-QCT-PLGA NPs, 1.25%PPT-QCT-PLGA NPs, and 

2.50%PPT-QCT-PLGA NPs were analysed with TEM to observe the dimensions and 

structure of NPs. The analysis was carried out by using lacey carbon film supported 

copper TEM grids as it was explained in Section 3.2.1.7. 20 µL of NP solutions were 

dropped on grids and were waited to dry for almost 2 days before conducting the 

analysis.  

 

 

 

Stability Analysis: The stability analysis was conducted on both the non-targeted 

PLGA NPs and QCT-PLGA NPs. The NPs were subjected to incubation in 1M pH 7.4 

PBS at two different temperatures, 25˚C and 37˚C. At specific time intervals (0h, 

0.25h, 0.5h, 0.75h, 1h, 2h, 3h, 4h, 5h, 6h, 24h, 48h, 72h, 96h, 168h, 216h, and longer), 

the hydrodynamic diameter of NPs was measured using DLS with three repetitions. 

This analysis aimed to evaluate the stability of the NPs under various environmental 

conditions and determine their ability to maintain their initial structure over time. 

 

 

 

Total QCT Amount Determination: In the synthesis of non-targeted and targeted 

drug-loaded NPs, the amount of QCT used was previously mentioned in Section 

3.2.3.1 and Section 3.2.3.4. To measure the amount of QCT encapsulated inside the 

NPs, LC/MS-MS analysis was employed, and the results were reported in terms of 

µg/mL. Also, EE of QCT was calculated as a percentage using eq.1, which takes into 

account the amount of QCT encapsulated in the NPs relative to the initial amount of 

QCT used in the synthesis. To actualize this, bursting was employed. The NPs were 

subjected to a 1:1 volume ratio of acetone, which caused the NPs to rupture and release 

the encapsulated QCT to the environment. Different concentrations of QCT solutions 

were prepared, and a calibration curve was constructed using LC/MS-MS. This 

calibration curve, as depicted in Figure 3.9, served as a reference for quantifying the 

overall drug concentration present in the NPs. 
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Figure 3. 9. Calibration curve prepared for QCT. 

 

Measurement of Drug Release Profiles from NPs: The release rate of QCT from 

the QCT-PLGA NPs was investigated using 1M pH 7.4 PBS and pH 5.5 acetate buffer 

solution as a release media. The procedure described in Section 3.2.1.7 of the study 

was followed for the experiment. At specified time intervals (0h, 0.25h, 0.5h, 0.75h, 

1h, 2h, 3h, 4h, 5h, 6h, 7h, 24h, and longer), samples were collected from the release 

medium. These samples were then analysed using an LC/MS-MS device and a 

calibration curve in Figure 3.9. By measuring the concentration of QCT in the 

collected samples and referring to the calibration curve, the release profile of QCT 

from the NPs over time could be determined. This analysis provided information about 

the release profiles and behaviour of QCT from QCT-PLGA NPs. 

 

 

 

3.2.4.6. In vitro evaluation of NPs  

 

 

 

In vitro cytotoxicity assay 

 

 

 

Mouse skin fibroblast L-929 (ATCC CCL-1) cell lines were incubated with 

complete growth medium in an incubator at 37°C, 5% CO2 and about 95% relative 

humidity. The complete growth medium consisted of DMEM/F-12 which was 

supplemented with 10% FBS and 1% Penicillin-Streptomycin antibiotic solution. 

When there was around 90% confluency, the culture medium in the T75 flask was 
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discarded, and cells were washed with 2 mL of DPBS. After that, 2 mL of 0.25% 

Trypsin-EDTA solution was added to the flask and cells were incubated at 37°C for 5 

min until the cells were detached from the surface of flask. After 5 min, the cells were 

observed with light microscope and after ensuring the cells were detached, trypsin was 

deactivated by adding 6 mL of complete growth medium to the flask. The detached 

cells were collected and centrifuged at 800 rpm for 5 min. Then, the supernatant was 

removed carefully, and the cell pellet was resuspended with complete DMEM/F-12. 

For cell counting, 10 µL of cell suspension was taken and 10 µL of trypan blue dye 

was added on it. 10 µL was taken from this mixture and dropped on the Thoma cell 

counting chamber. In this way, the cells were counted with haemocytometer with the 

help of light microscope. 

 

 

 

To evaluate the in vitro cytotoxicity of free QCT, QCT-PLGA NPs, 10%TT80-

QCT-PLGA NPs, 20%TT80-QCT-PLGA NPs, 1.25%PPT-QCT-PLGA NPs, and 

2.50%PPT-QCT-PLGA NPs, a CCK-8 assay was performed following the protocol 

outlined in the assay's booklet. First, 100 µL of cell suspension (10000 cells/well) were 

seeded in a flat-bottom 96-well plate. The 96-well plate was incubated at 37°C and 5% 

CO2 for 24h for cell attachment. In the next day, the serial dilutions of QCT, QCT-

PLGA NPs, 10%TT80-QCT-PLGA NPs, 20%TT80-QCT-PLGA NPs, 1.25%PPT-

QCT-PLGA NPs, and 2.50%PPT-QCT-PLGA NPs containing 1 µM, 5 µM, 10 µM, 

25 µM, 50 µM, 75 µM, 100 µM, 150 µM, 200 µM, 300 µM, and 375 µM drug 

molecule were prepared. 100 µL of various concentrations of substances were added 

to the wells. Moreover, as a positive control, L-929 cells containing only complete 

medium was used while 100 µL of complete medium was used as negative control. 

All measurements were performed in triplicate. Then, the 96-well plate was again 

incubated at 37°C and 5% CO2 for 24h. At the end of 24h, 10 µL of CCK-8 solution 

was added to each well and the plate was incubated at 37°C and 5% CO2 for 2h. After 

2h of incubation, the absorbance was measured at 450 nm to determine the toxicity of 

samples on cells by using a microplate reader. 
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ROS assay 

 

 

 

Mouse microglial EOC 20 (ATCC CRL-2469) cell lines were incubated in a 

complete growth medium consisting of DMEM/F-12 which was supplemented with 

10% FBS and 1% Penicillin-Streptomycin antibiotic solution. These cells were placed 

in an incubator which functioned at 37°C, 5% CO2 and about 95% relative humidity. 

The medium was renewed every 2 to 3 days. When confluency reached approximately 

80%, the cells were subcultured. To actualize this, they were removed from the 

incubator and 75% of the old culture medium was discarded. After that, the cells were 

scraped using cell scraper and centrifuged at 140 g for 5 min. The supernatant was 

removed and the pellet consisting of cells was resuspended with fresh complete 

DMEM/F-12 medium without phenol red. For cell counting, 10 µL of cell suspension 

was added on 10 µL of trypan blue dye. After that, 10 µL of this mixture was taken 

and dropped on the Thoma cell counting chamber. In this way, the resuspended cells 

were counted with haemocytometer using light microscope.  

 

 

 

In order to analyse the ROS activity of free QCT, QCT-PLGA NPs, 10%TT80-

QCT-PLGA NPs, 20%TT80-QCT-PLGA NPs, 1.25%PPT-QCT-PLGA NPs, and 

2.50%PPT-QCT-PLGA NPs, DCFDA Cellular ROS Detection Assay Kit was used 

following the provided protocols. Thanks to the data obtained from CCK-8 assay, the 

IC25 and IC50 values of samples were determined. The ROS activity of both free drug 

and NPs was analysed by applying their IC25 and IC50 concentration values on EOC 

20 cells. For this purpose, first, 100 µL of cell suspension (25000 cells/well) were 

seeded in a dark, clear bottom 96-well plate. The cells were allowed to adhere 

overnight by incubating the 96-well plate at 37°C and 5% CO2. In the next day, the 

medium was removed, and the cells were treated with lipopolysaccharide (LPS, 100 

ng/mL) for 3h. At the end of 3h, the medium with LPS was removed and the cells were 

stained by adding 100 µL/well 20 µM DCFDA solution which was previously diluted 

in medium without phenol red. Then, the cells were incubated for 45 min at 37°C in 

the dark. At the end of 45 min, DCFDA solution was removed, and the wells were 
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washed by adding 100 µL/well 1X buffer solution. Then, 100 µL of IC25 and IC50 

concentrations of prepared samples were added to the wells properly. Moreover, in 

order to interpret the results of ROS assay, the cells with both LPS and DCFDA were 

used as a positive control while medium without cells (blank) and cells with LPS but 

without DCFDA were used as background controls. All measurements were performed 

in triplicate. After the addition of samples to be analysed, the 96-well plate was again 

incubated at 37°C and 5% CO2 for 4h. After 4h of incubation, the excitation/emission 

spectra were measured at 485/535 nm using a Varioskan device (Thermo Scientific 

Varioskan Flash). 

 

 

 

JC-1 assay 

 

 

 

The handling and subculturing of mouse microglial EOC 20 cell lines were 

conducted in accordance with the procedures previously explained for the ROS assay 

in Section 3.2.4.6. In summary, the cells were incubated in a complete DMEM/F-12 

medium in an incubator and medium renewal was accomplished every 2 to 3 days. 

Upon reaching enough confluency, the cells were subcultured using a cell scraper. 

After centrifugation at 140 g for 5 min, the supernatant was discarded and the pellet 

consisting of cells was resuspended with fresh complete medium without phenol red. 

Then, the resuspended cells were counted using a haemocytometer with the help of a 

light microscope. 

 

 

  

In this part of the study, MitoProbe JC-1 Assay Kit was utilized to investigate the 

changes in the mitochondrial membrane potential of the cells when there was a 

treatment with free QCT, QCT-PLGA NPs, 10%TT80-QCT-PLGA NPs, 20%TT80-

QCT-PLGA NPs, 1.25%PPT-QCT-PLGA NPs, or 2.50%PPT-QCT-PLGA NPs, 

following the protocols provided in its booklet. For this purpose, three different drug 

concentration values, which were 5 µM, 10 µM, and 20 µM, were tried on cells for all 

samples by following the experimental procedure provided by manufacturer with 
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slight modifications. To interpret and analyse the results of JC-1 assay, the cells 

without LPS but with carbonyl cyanide 3-chlorophenylhydrazone (CCCP) which is a 

mitochondrial membrane potential disrupter were used as a positive control. 

Moreover, the cells with LPS were used as another control to prove the presence of 

inflammation on the cells when there was not any treatment. In the light of all this 

information, first, 500 µL of cell suspension (200000 cells/well) were seeded in a clear 

bottom 24-well plate. Then, the plate was incubated at 37°C and 5% CO2 for 24h to 

achieve cell adhesion. At the end of 24h, the culture medium was removed, and the 

relevant cells were treated with LPS (100 ng/mL) to create inflammation, and they 

were incubated for 3h. After the completion of 3h, the medium containing LPS was 

removed and replaced with 500 µL of fresh medium containing either free drug or non-

targeted and targeted NPs at a drug concentration of 5 µM, 10 µM, and 20 µM. After 

the addition of samples to be analysed, the 24-well plate was again incubated at 37°C 

and 5% CO2 for 48h. At the end of this process, for positive control wells, the culture 

medium was removed and replaced with fresh medium containing CCCP with a final 

concentration of 50 µM. The plate was incubated at 37°C for 5 min. Subsequently, the 

medium found in all wells were removed and 500 µL of JC-1 solution prepared in 

fresh medium without phenol red with a final concentration of 2 µM was added to each 

well in the dark. The cells were incubated for another 20 min. At the end of 20 min, 

the old medium in each well was removed and wells were washed with 1 mL of PBS 

by shaking gently. The buffer was removed and 500 µL of cold 4% paraformaldehyde 

(PFA) was slowly added to wells for cell fixation. The plate was incubated for 10 min 

with PFA at RT. Then, the PFA was discarded carefully, and the wells were washed 

with 500 µL of ddH2O. After that, 100 µL of cold methanol was added to each well 

and waited for 30 second at RT. Finally, the methanol was removed, and the stained 

cells were visualized using a fluorescence microscope (Invitrogen™ EVOS™ M5000 

Imaging System) at RT under dark conditions.  
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3.2.4.7. Statistics  

 

 

 

Statistical analyses for this project were performed using GraphPad Prism 10, 

employing two-way ANOVA. The outcomes were given as mean ± standard deviation 

and a p-value less than 0.05 was considered statistically significant. 
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4. RESULTS 

 

 

 

4.1. Results for Project 1: Macrophage-Targeted NPs 

 

 

 

4.1.1. Characterization of S2P peptide and DSPE-PEG-S2P conjugate 

 

 

 

First, S2P peptide was synthesized in the laboratory as it was explained in Section 

3.2.1.2 and purified using a prep-HPLC device. For this, the peptide was dissolved in 

the mixture of ddH2O and ACN and injected into the hydrophobic C18 column. One 

of the mobile phases was ddH2O with 0.025% TFA and the other one was ACN with 

0.025% TFA. S2P peptide was first run at 100% ddH2O for 2 min and then increased 

linearly over 10 min from 0% ACN to 100% ACN. The relevant pure peaks of the 

peptide, which were indicated in Figure 4.1 as 17th, 18th, and 19th peak, were obtained 

between 0-1 min in 100% ddH2O. The samples coming from these peaks were 

collected and lyophilized for future use after removing the excess ACN using rotary 

evaporator. 

 

 
 

Figure 4. 1. Prep-HPLC analysis of S2P peptide conducted for purification.  
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The chemical characterization of the synthesized S2P peptide was performed 

using an LC/MS-MS device. This analysis was carried out by using 50% ACN and 

50% ddH2O as mobile phase, added with 0.05% formic acid. The flow rate was set to 

0.5 mL/min. It was previously stated that the MW of S2P peptide is 1078.57 g/mol. In 

the scan spectrum (Figure 4.2), the molecular ion peak was observed at 1078.20, which 

closely matched the theoretical MW. Also, since this analysis was carried out in formic 

acid, +2 and +3 ions were also seen and obtained at 539.60 and 360.10. All in all, this 

chemical characterization result confirmed the successful synthesis of the peptide. 

 

 
 

Figure 4. 2. LC/MS-MS analysis of S2P peptide. 

 

After completing the chemical characterization tests of S2P peptide, DSPE-PEG-

S2P conjugate was synthesized as it was explained in Section 3.2.1.3. The chemical 

structure of this conjugate was investigated by 1H NMR spectroscopy in deuterated 

DMSO. The obtained spectrum was processed as in Figure 4.3. First of all, the -NH 

amide protons of S2P peptide were observed as a broad multiplet at 7.13-8.21 ppm. 

Also, the ester protons and -CH2 protons of PEG polymer can be seen at 4.04-4.19 

ppm and 3.19-3.67 ppm, respectively. Moreover, the -CH2 and -CH3 protons of both 

DSPE lipid and S2P peptide were obtained at 0.84-1.53 ppm. In addition to these, the 

DMSO protons were clearly observed at 2.50 ppm. In conclusion, the presence of the 

protons of all components, namely DSPE, PEG, and S2P, demonstrated the proper 

synthesis of DSPE-PEG-S2P conjugate in the laboratory.  
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Figure 4. 3. 1H NMR spectrum of the DSPE-PEG-S2P conjugate.  

 

Furthermore, FT-IR analysis was conducted for the DSPE-PEG-Mal, S2P peptide, 

and DSPE-PEG-S2P conjugate (Figure 4.4). First of all, in the FT-IR spectrum of 

DSPE-PEG-Mal (Figure 4.4A), peaks corresponding to O-H and N-H bonds were 

observed at 3398.53 cm-1. However, peaks of the corresponding bonds were obtained 

at 3266.76 cm-1 for the S2P peptide (Figure 4.4B). Following conjugation, the peaks 

for O-H and N-H bonds shifted to 3273.65 cm-1 (Figure 4.4C). Additionally, C-H and 

C-C stretching bonds were identified at 2850.90 cm-1 and 2915.98 cm-1 in the FT-IR 

spectrum of DSPE-PEG-Mal and at 2962.68 cm-1 in the FT-IR spectrum of the S2P 

peptide. After conjugation, this peak was observed at 2881.07 cm-1. The C=O 

stretching peak coming from the maleimide functional group was seen in the FT-IR 

spectrum of DSPE-PEG-Mal at 1707.99 cm-1. However, after the conjugation, this 

peak could not be observed, and this was a sign that proved the formation of DSPE-

PEG-S2P conjugate. Last but not least, the P-O and P=O peaks were observed at 

1240.02 cm-1, 1279.21 cm-1, 1342.00 cm-1, and 1359.60 cm-1 in the FT-IR spectrum of 

DSPE-PEG-Mal. However, these characteristic bonds were not present in the structure 

of peptide as it can be seen in Figure 4.4B. After the conjugation, these P-O and P=O 
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peaks were observed at 1241.09 cm-1, 1279.77 cm-1, 1342.54 cm-1, and 1359.39 cm-1 

in the FT-IR spectrum of DSPE-PEG-S2P as in Figure 4.4C. All in all, the 

characteristic functional groups of both DSPE-PEG and S2P peptide were seen in the 

FT-IR spectrum of DSPE-PEG-S2P conjugate. 
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Figure 4. 4. FT-IR spectra of (A) DSPE-PEG-Mal, (B) S2P, (C) DSPE-PEG-S2P. 
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4.1.2. Characterization of NPs 

 

 

 

After the synthesis of NPs, their hydrodynamic diameter and PDI values were 

analysed using DLS to compare how the coating, targeting, and dye-labelling effects 

the NP size and size distribution (Figure 4.5, Figure 4.6, Figure 4.7, and Figure 4.8). 

The hydrodynamic diameter of non-coated NPs was measured as 165.0 nm. However, 

after the coating, the size of the NPs increased. The hydrodynamic diameter of PLGA 

NPs, α-13′-COOH PLGA NPs, GA-PLGA NPs were obtained as 234.8 nm, 227.9 nm, 

and 274.0 nm, respectively. Moreover, PDI values were obtained between 8.9% and 

21.3% while α-13′-COOH PLGA NPs had the lowest PDI value (Figure 4.5). 

 

 
 

Figure 4. 5. Hydrodynamic diameter and PDI value measurements of non-targeted 

NPs via DLS (A) non-coated NPs, (B) PLGA NPs, (C) α-13′-COOH PLGA NPs, (D) 

GA-PLGA NPs. 

 

After the conjugation of S2P peptide, the hydrodynamic diameter of S2P-PLGA 

NPs and S2P-α-13′-COOH PLGA NPs was obtained as 321.1 nm and 335.4 nm, 

respectively. These were higher than the hydrodynamic diameter of non-targeted 

PLGA NPs (Figure 4.5B) and α-13′-COOH PLGA NPs (Figure 4.5C). Furthermore, 

the PDI values were obtained between 11.5% and 13.6% for the targeted NPs while 

S2P-PLGA NPs had the lowest PDI value. Moreover, the hydrodynamic diameter of 

GA-PLGA NPs was measured as 274.0 nm while it was 253.3 nm for S2P-GA-PLGA 
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NPs. Therefore, the similar increase in the size was not observed for GA-loaded 

targeted NPs after the conjugation of peptide (Figure 4.6). 

 

 
 

Figure 4. 6. Hydrodynamic diameter and PDI value measurements of targeted NPs via 

DLS (A) S2P-PLGA NPs, (B) S2P-α-13′-COOH PLGA NPs, (C) S2P-GA-PLGA 

NPs. 

 

Furthermore, NPs were labelled with FITC and DLS measurements were repeated. 

FITC-S2P-PLGA NPs (Figure 4.7B) had higher hydrodynamic diameter and lower 

PDI value compared to non-targeted FITC-PLGA NPs (Figure 4.7A).  

 

 
 

Figure 4. 7. Hydrodynamic diameter and PDI value measurements of FITC-labelled 

NPs via DLS (A) FITC-PLGA NPs, (B) FITC-S2P-PLGA NPs. 
 

After the conjugation of RhB, DLS measurements were conducted again. The 

hydrodynamic diameter of RhB-FITC-S2P-PLGA NPs was 270.3 nm with a PDI value 

of 17.4% while it was 254.5 nm with 11.4% PDI value for RhB-FITC-PLGA NPs. In 

addition, the hydrodynamic diameter of RhB-FITC-S2P-α-13′-COOH PLGA NPs 
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were 279.2 nm with a PDI value of 5.1% while it was 269.8 nm with 7.8% PDI value 

for RhB-FITC-α-13′-COOH PLGA NPs. Therefore, targeted empty and drug-loaded 

NPs had slightly higher hydrodynamic diameter compared to non-targeted NPs (Figure 

4.8).  

 

 
 

Figure 4. 8. Hydrodynamic diameter and PDI value measurements of RhB-conjugated 

FITC-labelled NPs via DLS (A) RhB-FITC-PLGA NPs, (B) RhB-FITC-α-13′-COOH 

PLGA NPs, (C) RhB-FITC-S2P-PLGA NPs, (D) RhB-FITC-S2P-α-13′-COOH PLGA 

NPs. 

 

Moreover, the surface charge of obtained NPs was measured (Figure 4.9, Figure 

4.10, Figure 4.11, and Figure 4.12). The surface charge of non-targeted NPs was 

obtained as negative which was between -22.7 ± 4.03 mV and -26.9 ± 0.850 mV as in 

Figure 4.9. However, after the conjugation of positively charged S2P peptide as a 

targeting agent, the surface charge of targeted NPs was measured again. PLGA NPs 

had the surface charge of -25.1 ± 3.13 mV while it was -16.7 ± 4.88 mV for S2P-PLGA 

NPs. α-13′-COOH PLGA NPs had the surface charge of -22.7 ± 4.03 mV while it was 

-13.6 ± 0.723 mV for S2P-α-13′-COOH PLGA NPs. Similarly, the surface charge of 

GA-PLGA NPs was -26.9 ± 0.850 mV while it was -20.7 ± 0.503 mV for S2P-GA-

PLGA NPs. All in all, the surface charge of NPs shifted towards the positive side 

(Figure 4.10). 
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Figure 4. 9. Zeta potential measurements of non-targeted NPs (A) non-coated NPs, 

(B) PLGA NPs, (C) α-13′-COOH PLGA NPs, (D) GA-PLGA NPs. 

 

 
 

Figure 4. 10. Zeta potential measurements of targeted NPs (A) S2P-PLGA NPs, (B) 

S2P-α-13′-COOH PLGA NPs, (C) S2P-GA-PLGA NPs. 

 

Furthermore, after the conjugation of S2P peptide, the surface charge of FITC-

S2P-PLGA NPs increased from -23.1 ± 1.04 mV to -17.0 ± 0.656 mV (Figure 4.11). 

Also, after addition of S2P peptide to the surface of NPs, the surface charge of RhB-

FITC-S2P-PLGA NPs increased from -22.8 ± 1.50 mV to -14.4 ± 0.777 mV. Similarly, 

the surface charge of RhB-FITC-S2P-α-13′-COOH PLGA NPs increased from -23.2 

± 0.529 mV to -13.7 ± 2.06 mV. In conclusion, shifting to the positive side was 

observed in zeta potential values after the conjugation of peptide (Figure 4.12).  
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Figure 4. 11. Zeta potential measurements of FITC-labelled NPs (A) FITC-PLGA 

NPs, (B) FITC-S2P-PLGA NPs. 

 

 
 

Figure 4. 12. Zeta potential measurements of RhB-conjugated FITC-labelled NPs (A) 

RhB-FITC-PLGA NPs, (B) RhB-FITC-α-13′-COOH PLGA NPs, (C) RhB-FITC-S2P-

PLGA NPs, (D) RhB-FITC-S2P-α-13′-COOH PLGA NPs. 

 

Morphologies of non-targeted and targeted empty and drug-loaded NPs could be 

seen in Figure 4.13. Smooth and spherical shape of NPs were observed via SEM.  
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Figure 4. 13. Morphological analysis of NPs via SEM (A) PLGA NPs, (B) α-13′-

COOH PLGA NPs, (C) S2P-PLGA NPs, (D) S2P-α-13′-COOH PLGA NPs. 

 

Also, their dimensions and the presence of coating layer on them could be seen in 

Figure 4.14. The hydrodynamic diameter of PLGA NPs, α-13′-COOH PLGA NPs, 

S2P-PLGA NPs, and S2P-α-13′-COOH PLGA NPs were measured as 234.8 nm 

(Figure 4.5B), 227.9 nm (Figure 4.5C), 321.1 nm (Figure 4.6A), and 335.4 nm (Figure 

4.6B), respectively by using DLS. However, with TEM, the diameter of PLGA NPs 

and α-13′-COOH PLGA NPs were obtained as around 174.3 nm (Figure 4.14A), and 

220.7 nm (Figure 4.14B), respectively. Moreover, the diameter of S2P-PLGA NPs was 

measured between 250.5 nm and 256.7 nm as in Figure 4.14C, while the diameter of 

S2P-α-13′-COOH PLGA NPs was obtained between 217.1 nm and 291.9 nm as in 

Figure 4.14D. Therefore, the hydrodynamic diameter of NPs that were measured with 

TEM was smaller compared to the hydrodynamic diameter of NPs that were measured 

with DLS. In addition, the presence of the coating layer was proved in Figure 4.14 and 

its thickness was measured as 25.65 nm as in Figure 4.14A.  
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Figure 4. 14. Morphological analysis of NPs via TEM (A) PLGA NPs, (B) α-13′-

COOH PLGA NPs, (C) S2P-PLGA NPs, (D) S2P-α-13′-COOH PLGA NPs. 
 

Moreover, FT-IR analysis was conducted for the α-13′-COOH drug molecule, 

PLGA polymer, non-coated NPs, PLGA NPs, and α-13′-COOH PLGA NPs (Figure 

4.15). In the FT-IR spectrum of α-13′-COOH (Figure 4.15A), methyl asymmetric 

bending peak was seen at 1462.10 cm-1 while methyl symmetric bending peak was 

obtained at 1377.22 cm-1. C-O stretching was seen at 1247.83 cm-1 while C-H 

stretching was observed at 2860.02 cm-1 and 2926.03 cm-1. Also, C-O stretching of 

aliphatic ether group was found at 1086.55 cm-1. In addition to these, the pure PLGA 

polymer also showed some characteristic peaks as in Figure 4.15B. The peaks 

observed at 2950.68 cm-1 and 2998.06 cm-1 were C-H stretching bonds while the peak 



69 
 

at 1746.08 cm-1 was the C=O stretching bond. Furthermore, C-O stretching peaks were 

observed at the 1083.76 cm-1, 1130.64 cm-1, 1159.76 cm-1, and 1268.96 cm-1. In the 

light of all this information, all characteristic peaks coming from the pure PLGA 

polymer was observed in the FT-IR spectrum of non-coated NPs (Figure 4.15C). 

Additionally, in the FT-IR spectrum of PLGA NPs shown in Figure 4.15D, 

characteristic peaks of the PLGA polymer were also observed. However, after the 

addition of DSPE-PEG coating, additional C-H stretching peak was observed at 

2961.49 cm-1. Finally, some of the characteristic peaks of PLGA polymer, DSPE-PEG 

coating, and drug molecule were together observed in the FT-IR spectrum of α-13′-

COOH PLGA NPs (Figure 4.15E). For instance, peaks observed at 2850.87 cm-1, 

2918.62 cm-1, 1460.69 cm-1, and 1379.03 cm-1 were attributed to the α-13'-COOH drug 

molecule, while peaks at 1746.45 cm-1 and 1393.31 cm-1 originated from the PLGA 

polymer. Additionally, the peak at 2963.68 cm-1 was attributed to the DSPE-PEG 

coating. These findings collectively demonstrate the presence of the polymer, coating, 

and drug in the structure of the synthesized α-13′-COOH PLGA NPs. 
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Figure 4. 15. FT-IR spectra of (A) α-13′-COOH drug molecule, (B) PLGA polymer, (C) non-coated NPs, (D) PLGA NPs, (E) α-13′-COOH 

PLGA NPs.
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In addition to all these characterization tests, the stability of PLGA NPs and α-

13′-COOH PLGA NPs was analysed by incubating them in 1M pH 7.4 PBS at both 

25˚C and 37˚C up to almost 70 days as in Figure 4.16. In the statistical analysis, the p-

value was found statistically significant (p < 0.0001) for the hydrodynamic diameter 

of NPs after the 2nd day with respect to their diameter observed during first two days. 

The hydrodynamic diameter of PLGA NPs and α-13′-COOH PLGA NPs showed some 

minor fluctuations during the first hours of incubation and after 2 days, the gradual 

increase in the size was observed. In the long term, around the 15th day and beyond, 

the sizes of both NPs remained between 600 nm and 700 nm for approximately 8 

weeks. 

 

 
 

Figure 4. 16. Stability analysis of NPs (A) PLGA NPs, (B) α-13′-COOH PLGA NPs, 

* p < 0.0001 for the hydrodynamic diameter of NPs with respect to their diameter 

during first 2 days, n = 3. 
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Furthermore, the stability of GA-PLGA NPs was investigated by incubating them 

in 1M pH 7.4 PBS at both 25˚C and 37˚C up to 31 days as in Figure 4.17. In statistical 

analysis, a statistically significant p-value (p < 0.0001) was obtained for the 

hydrodynamic diameter of NPs after the 2nd day compared to their diameter during the 

initial two days. In other words, the hydrodynamic diameter of GA-PLGA NPs was 

obtained stable during the first 2 days. The increase in the size was observed at 3rd day 

and around the 15th day and beyond, the size of GA-PLGA NPs remained between 600 

nm and 800 nm for approximately 4 weeks at both RT and 37˚C. 

 

 
 

Figure 4. 17. Stability analysis of GA-PLGA NPs, * p < 0.0001 for the hydrodynamic 

diameter of NPs with respect to their diameter during first 2 days, n = 3. 

 

To determine the net protein concentration in targeted NPs, nanodrop analysis was 

carried out. The absorbance of the S2P peptide was measured at 214 nm and the protein 

concentration in NPs was calculated. By subtracting the protein concentration of 

targeted NPs from the protein concentration of non-targeted NPs, the net protein 

concentration in targeted NPs was calculated as in Table 4.1. All in all, the net protein 

concentration in S2P-PLGA NPs, S2P-α-13′-COOH PLGA NPs, FITC-S2P-PLGA 

NPs, RhB-FITC-S2P-PLGA NPs, and RhB-FITC-S2P-α-13′-COOH PLGA NPs was 

calculated as 17.54 µg/mL, 17.34 µg/mL, 29.09 µg/mL, 13.69 µg/mL, and 15.84 

µg/mL, respectively. While the FITC-S2P-PLGA NPs had the highest protein 

concentration, RhB-FITC-S2P-PLGA NPs had the lowest one. Additionally, the net 
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protein concentration in S2P-PLGA NPs and S2P-α-13′-COOH PLGA NPs were 

almost the same with each other. The net protein concentration in RhB-FITC-S2P-

PLGA NPs and RhB-FITC-S2P-α-13′-COOH PLGA NPs were also similar to each 

other. 

 

Table 4. 1. Measured optical density (OD) value, calculated protein concentration, 

and net protein concentration in NPs. 

 

NPs OD Value 

Calculated 

Protein 

Concentration 

(µg/mL) 

Net Protein 

Concentration 

(µg/mL) 

PLGA NPs 0.10 4.28 - 

S2P-PLGA NPs 0.51 21.82 17.54 

α-13′-COOH PLGA NPs 0.07 2.99 - 

S2P-α-13′-COOH PLGA NPs 0.48 20.33 17.34 

FITC-PLGA NPs 0.22 9.29 - 

FITC-S2P-PLGA NPs 0.90 38.38 29.09 

RhB-FITC-PLGA NPs 0.17 7.28 - 

RhB-FITC-S2P-PLGA NPs 0.49 20.97 13.69 

RhB-FITC-α-13′-COOH PLGA NPs 0.13 5.56 - 

RhB-FITC-S2P-α-13′-COOH PLGA NPs 0.50 21.40 15.84 

 

The amount of α-13′-COOH and GA molecules encapsulated into the non-targeted 

and targeted NPs were investigated using LC/MS-MS device and total drug 

concentration and drug EE was calculated as in Table 4.2. Drug EE of non-targeted α-

13′-COOH PLGA NPs, RhB-FITC-α-13′-COOH PLGA NPs, and GA-PLGA NPs was 

calculated as 80.40%, 72.03%, and 20.59%, respectively. After the addition of S2P 

peptide as a targeting agent, drug EE of S2P-α-13′-COOH PLGA NPs, RhB-FITC-

S2P-α-13′-COOH PLGA NPs, and S2P-GA-PLGA NPs was obtained as 80.00%, 

75.60%, and 18.82%, respectively as it can be seen in Table 4.2. 
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Table 4. 2. Total α-13′-COOH and GA concentration and drug EE in NPs. 

 

NPs 

Total Drug 

Concentration 

(µg/mL) 

 

Drug EE 

 

α-13′-COOH PLGA NPs 201.00 80.40% 

S2P-α-13′-COOH PLGA NPs 199.90 80.00% 

RhB-FITC-α-13′-COOH PLGA NPs 180.08 72.03% 

RhB-FITC-S2P-α-13′-COOH PLGA NPs 188.90 75.60% 

GA-PLGA NPs 51.47 20.59% 

S2P-GA-PLGA NPs 47.05 18.82% 

 

The release rate of α-13′-COOH from α-13′-COOH PLGA NPs was analysed in 

both pH 7.4 PBS and pH 5.5 acetate buffer solution. In Figure 4.18, drug release profile 

from α-13′-COOH PLGA NPs in terms of released drug amount (Figure 4.18A) and 

drug release percentage (Figure 4.18B) in the range of 0-627h can be seen. Moreover, 

in order to observe the drug release profile clearly, the release profile in the range of 

0-48h was also seen in Figure 4.19. It was observed that drug release percentage from 

NPs in pH 5.5 solution was higher than the drug release percentage from NPs in pH 

7.4 solution. After 48h of incubation, drug release reached almost 60% in pH 5.5 

acetate buffer solution while it was around 18% in pH 7.4 PBS solution. Also, after 

627h, drug release percentage from NPs was around 75% in pH 5.5 while it was almost 

25% in pH 7.4.  
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Figure 4. 18. Release profiles after incubation of α-13′-COOH PLGA NPs in pH 7.4 

PBS and pH 5.5 acetate buffer solution for certain periods in the range of 0-627h (A) 

by the amount of drug released, (B) by the percentage of drug released relative to the 

total amount of drug, n = 3. 

 

 
 

Figure 4. 19. Release profiles after incubation of α-13′-COOH PLGA NPs in pH 7.4 

PBS and pH 5.5 acetate buffer solution for certain periods in the range of 0-48h (A) 

by the amount of drug released, (B) by the percentage of drug released relative to the 

total amount of drug, n = 3. 

 

Similarly, the release rate of GA from GA-PLGA NPs was analysed in both pH 

7.4 PBS and pH 5.5 acetate buffer solution. In Figure 4.20, drug release profile from 

GA-PLGA NPs in terms of drug release percentage in the range of 0-768h can be seen. 

It was clear that drug release percentage from NPs in pH 5.5 solution was higher than 

the one in pH 7.4 solution. At the end of 16th day, drug release was around 64% in pH 

5.5 solution while it was around 4% in pH 7.4 solution. Also, after 768h or in other 

words 32 days, the drug release from GA-PLGA NPs reached almost 77% in pH 5.5 

acetate buffer solution. However, at this time, drug release from NPs was around 4% 

in pH 7.4 PBS solution. 
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Figure 4. 20. Release profiles after incubation of GA-PLGA NPs in pH 7.4 PBS and 

pH 5.5 acetate buffer solution for certain periods in the range of 0-32d by the 

percentage of drug released relative to the total amount of drug, n = 3. 

 

Concentration of FITC fluorescent dye found on the surface of FITC-labelled NPs 

was investigated by using the calibration curve given in Figure 3.5. The concentration 

of FITC dye on non-targeted FITC-PLGA NPs, RhB-FITC-PLGA NPs, and RhB-

FITC-α-13′-COOH PLGA NPs was calculated as 228.50 µg/mL, 199.33 µg/mL, and 

207.67 µg/mL, respectively. However, after the addition of S2P targeting agent, FITC 

concentration on FITC-S2P-PLGA NPs, RhB-FITC-S2P-PLGA NPs, and RhB-FITC-

S2P-α-13′-COOH PLGA NPs was found as 161.83 µg/mL, 182.67 µg/mL, and 170.17 

µg/mL, respectively. Although the decrease in the FITC concentration was observed 

in targeted NPs compared to non-targeted ones, all NPs contained FITC dye with 

enough amount for visualization. 
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Table 4. 3. FITC concentration found in NPs. 

 

NPs 
Fluorescence 

Intensity 

Concentration 

(µg/mL) 

FITC-PLGA NPs 0.265 228.50 

FITC-S2P-PLGA NPs 0.185 161.83 

RhB-FITC-PLGA NPs 0.230 199.33 

RhB-FITC-S2P-PLGA NPs 0.210 182.67 

RhB-FITC-α-13′-COOH PLGA NPs 0.240 207.67 

RhB-FITC-S2P-α-13′-COOH PLGA NPs 0.195 170.17 

 

Moreover, RhB was used to synthesize dual-labelled NPs and the concentration 

of RhB found in NPs was calculated using the calibration curve given in Figure 3.6. 

The concentration of RhB molecules found in RhB-FITC-PLGA NPs, RhB-FITC-

S2P-PLGA NPs, RhB-FITC-α-13′-COOH PLGA NPs, and RhB-FITC-S2P-α-13′-

COOH PLGA NPs was calculated as 826.80 µg/mL, 628.80 µg/mL, 718.80 µg/mL, 

and 646.80 µg/mL, respectively. The decrease was seen in the RhB concentration after 

the addition of S2P peptide to the NPs. 

 

Table 4. 4. RhB concentration found in NPs. 

 

NPs 
Fluorescence 

Intensity 

Concentration 

(µg/mL) 

RhB-FITC-PLGA NPs 0.423 826.80 

RhB-FITC-S2P-PLGA NPs 0.324 628.80 

RhB-FITC-α-13′-COOH PLGA NPs 0.369 718.80 

RhB-FITC-S2P-α-13′-COOH PLGA NPs 0.333 646.80 
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4.2. Results for Project 2: CS-Coated NPs 

 

 

 

4.2.1. Characterization of NPs 

 

 

 

After the synthesis of non-coated and coated empty and drug-loaded NPs, their 

hydrodynamic diameter and PDI values were analysed using DLS to compare how the 

drug-loading and CS coating effects the NP size and size distribution (Figure 4.21 and 

Figure 4.22). The hydrodynamic diameter of non-coated PLGA NPs was measured as 

219.5 nm as in Figure 4.21A. After the loading of drug molecules, the hydrodynamic 

diameter of NPs was obtained as 231.4 nm and 204.2 nm for CUR-PLGA NPs (Figure 

4.21B) and αTCP-PLGA NPs (Figure 4.21C), respectively. The sizes of these NPs 

were obtained similar to each other. Moreover, PDI values were obtained between 

14.3% and 18.6% while αTCP-PLGA NPs had the lowest PDI value (Figure 4.21). 

 

 
 

Figure 4. 21. Hydrodynamic diameter and PDI value measurements of non-coated 

NPs via DLS (A) non-coated PLGA NPs, (B) CUR-PLGA NPs, (C) αTCP-PLGA NPs. 

 

After the CS coating, the hydrodynamic diameter and PDI value of NPs were 

measured again to observe the effect of coating on NP size. The size of the CS-PLGA 

NPs, CS-CUR-PLGA NPs, and CS-αTCP-PLGA NPs were obtained as 336.0 nm, 

303.1 nm, and 236.5 nm, respectively as it can be seen in Figure 4.22. Compared to 
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the hydrodynamic diameter of non-coated NPs given in Figure 4.21, the increase in 

the size was observed after CS coating. Moreover, the PDI values were obtained 

between 9.4% and 15.8% while CS-PLGA NPs had the lowest PDI value (Figure 

4.22). 

 

 
 

Figure 4. 22. Hydrodynamic diameter and PDI value measurements of CS-coated NPs 

via DLS (A) CS-PLGA NPs, (B) CS-CUR-PLGA NPs, (C) CS-αTCP-PLGA NPs. 

 

Furthermore, the surface charge of non-coated and CS-coated NPs was measured 

as in Figure 4.23 and Figure 4.24, respectively. The surface charges of non-coated NPs 

were obtained as negative which was between -4.80 ± 0.59 mV and -7.11 ± 1.79 mV 

(Figure 4.23). However, after the coating with CS, the surface charge of NPs was 

analysed again. The surface charge of non-coated PLGA NPs was -7.11 ± 1.79 mV 

while it was 6.57 ± 2.8 mV for CS-PLGA NPs. Similarly, the zeta potential value for 

non-coated CUR-PLGA NPs and αTCP-PLGA NPs was -4.80 ± 0.59 mV and -6.50 ± 

0.232 mV, respectively. However, after the coating with positively charged CS, the 

surface charges of CS-CUR-PLGA NPs and CS-αTCP-PLGA NPs were obtained as 

18.8 ± 1.64 mV and 13.2 ± 1.54 mV, respectively. In conclusion, the surface charge 

of NPs shifted towards positive side (Figure 4.24).  
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Figure 4. 23. Zeta potential measurements of non-coated NPs (A) non-coated PLGA 

NPs, (B) CUR-PLGA NPs, (C) αTCP-PLGA NPs. 

 

 
 

Figure 4. 24. Zeta potential measurements of CS-coated NPs (A) CS-PLGA NPs, (B) 

CS-CUR-PLGA NPs, (C) CS-αTCP-PLGA NPs. 
 

The surface morphologies of both non-coated and CS-coated empty and drug-

loaded NPs were analysed using SEM and the results can be seen in Figure 4.25. The 

NPs exhibited a surface characterized by its smooth and spherical morphology. 
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Figure 4. 25. Morphological analysis of NPs via SEM (A) non-coated PLGA NPs, (B) 

CUR-PLGA NPs, (C) αTCP-PLGA NPs, (D) CS-PLGA NPs, (E) CS-CUR-PLGA 

NPs, (F) CS-αTCP-PLGA NPs. 

 

Together with all these characterization tests, the stability of non-coated and CS-

coated NPs was investigated by incubating them in 1M pH 7.4 PBS at both RT and 

37˚C up to several weeks as can be seen in Figure 4.26, Figure 4.27, and Figure 4.28. 

For all graphs, non-significant p-value (p > 0.05) was statistically obtained. First, the 

results of the stability analysis of non-coated PLGA NPs and CS-PLGA NPs were 

given in Figure 4.26A and Figure 4.26B, respectively. The hydrodynamic diameter of 

non-coated PLGA NPs showed some fluctuations during the first 15 min of incubation 

at both RT and 37˚C. In the long term, the size of non-coated PLGA NPs increased 

compared to their initial size. Similar fluctuations were observed during the first 15 

min of incubation for CS-PLGA NPs. Also, in the long term, the size of CS-PLGA 

NPs increased compared to their initial size and this was more obvious at RT. At 1.13th 

day, the increase in the size was observed at RT for CS-PLGA NPs while the increase 

was observed at 0.17th day at RT for non-coated PLGA NPs. Moreover, the increase 

in the size was seen at 4th day at 37˚C for CS-PLGA NPs while the increase in the size 

was observed at 1.13th day at 37˚C for non-coated PLGA NPs. All in all, compared to 

non-coated PLGA NPs, CS-PLGA NPs showed less fluctuations in their 
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hydrodynamic diameter measurements, and they were more stable during the 

incubation, especially at 37˚C compared to non-coated NPs. 

 

 
 

Figure 4. 26. Stability analysis of (A) non-coated PLGA NPs, (B) CS-PLGA NPs, n 

= 3. 

 

In the same manner, the stability experiments were also conducted for CUR-

PLGA NPs and CS-CUR-PLGA NPs as in Figure 4.27A and Figure 4.27B, 

respectively. For CUR-PLGA NPs, some fluctuations were observed during the first 

hour of incubation. At 11.13th day, the increase in the size was observed at RT while 

their hydrodynamic diameter was more stable until 21st day at 37˚C. After 21st day, the 

decrease in the size was observed. On the other hand, the size of CS-CUR-PLGA NPs 

were more stable during the first hours of incubation compared to CUR-PLGA NPs. 

The hydrodynamic diameter values were close to each other even at 28th day at 37˚C. 

Some fluctuations were seen at RT in the size of CS-CUR-PLGA NPs after 14th day. 
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All in all, compared to non-coated CUR-PLGA NPs, it was observed that the CS 

coating improved the stability of CS-CUR-PLGA NPs in the long term.  

 

 
 

Figure 4. 27. Stability analysis of (A) CUR-PLGA NPs, (B) CS-CUR-PLGA NPs, n 

= 3. 

 

Finally, the stability analysis was also carried out for αTCP-PLGA NPs and CS-

αTCP-PLGA NPs as it can be seen in Figure 4.28A and Figure 4.28B, respectively. 

For αTCP-PLGA NPs, the hydrodynamic diameter values were similar to each other 

until 21st day at 37˚C and until 11.13th day at RT. However, for CS-αTCP-PLGA NPs, 

some fluctuations were observed in the hydrodynamic diameters at RT during first 30 

min of incubation. Moreover, the hydrodynamic diameter values were closer to each 

other until 30th day at 37˚C and until 37th day at RT. Therefore, at the end of this 

analysis, it was achieved that the CS coating improved the stability of CS-αTCP-PLGA 

NPs compared to αTCP-PLGA NPs in terms of their hydrodynamic diameters. Also, 
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drug-loaded CS-CUR-PLGA NPs (Figure 4.27B) and CS-αTCP-PLGA NPs (Figure 

4.28B) had enhanced stability in the long term compared to empty CS-PLGA NPs 

(Figure 4.26B). 

 

 
 

Figure 4. 28. Stability analysis of (A) αTCP-PLGA NPs, (B) CS-αTCP-PLGA NPs, n 

= 3. 

 

The amount of CUR and αTCP molecules encapsulated into the non-coated and 

CS-coated NPs were investigated using LC/MS-MS device and total drug 

concentration and drug EE was calculated as in Table 4.5. Drug EE of CUR-PLGA 

NPs was calculated as 67.9% and after the coating with CS, the drug EE of CS-CUR-

PLGA NPs was obtained as 43.2%. Therefore, the reduction in the EE of CUR was 

observed after the coating. Moreover, the encapsulation of drug molecules in αTCP-

PLGA NPs was found as 78.1% and after the coating with CS, the drug EE of CS-

αTCP-PLGA NPs was remained unchanged and obtained as 78.1%.  
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Table 4. 5. Total CUR and αTCP concentration and drug EE in NPs. 

 

NPs 

Total Drug 

Concentration 

(µg/mL) 

Drug EE 

 

CUR-PLGA NPs 169.7 67.9% 

CS-CUR-PLGA NPs 107.9 43.2% 

αTCP-PLGA NPs 195.3 78.1% 

CS-αTCP-PLGA NPs 195.2 78.1% 

 

The release rate of CUR from CUR-PLGA NPs and CS-CUR-PLGA NPs and the 

release rate of αTCP from αTCP-PLGA NPs and CS-αTCP-PLGA NPs was analysed 

in both pH 7.4 PBS and pH 5.5 acetate buffer solution as in Figure 4.29A and Figure 

4.29B, respectively. In Figure 4.29, drug release profiles from CUR-loaded NPs and 

αTCP-loaded NPs were expressed in terms of drug release percentage between 0-110h. 

At 110th h, almost 100% of CUR was released from CUR-PLGA NPs at pH 5.5 while 

around 45% of drug was released from these NPs at pH 7.4. Therefore, drug release 

percentage from CUR-PLGA NPs was faster at pH 5.5 compared to the drug release 

percentage from those NPs at pH 7.4. Similarly, at 110th h, almost 88% CUR was 

released from CS-CUR-PLGA NPs at pH 5.5 while around 24% drug was released 

from these NPs at pH 7.4. In conclusion, drug release from CUR-PLGA NPs and CS-

CUR-PLGA NPs was faster at pH 5.5 than the drug release at pH 7.4. Furthermore, 

considering the drug release percentage at both pH 5.5 and pH 7.4, the release of CUR 

from CS-coated NPs was slower than the release of CUR from non-coated NPs as in 

Figure 4.29A. Furthermore, it can be seen from Figure 4.29B that, at 110th h, almost 

75% drug was released from αTCP-PLGA NPs at pH 5.5 while around 23% was 

released from those NPs at pH 7.4. Also, around 60% drug was released from CS-

αTCP-PLGA NPs at pH 5.5 while the release percentage was almost 15% for CS-

αTCP-PLGA NPs at pH 7.4. Therefore, the release of αTCP from both non-coated and 

CS-coated NPs was faster at pH 5.5 than its release at pH 7.4. Moreover, considering 

the drug release percentage at both pH 5.5 and pH 7.4, the release of αTCP from CS-

coated NPs was slower than the release of αTCP from non-coated NPs as in Figure 
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4.29B. All in all, CS coating prolonged the release rate of CUR and αTCP at both pH 

7.4 and pH 5.5 compared to non-coated NPs. Also, the drug release at pH 5.5 was 

faster than the drug release at pH 7.4. 

 

 
 

Figure 4. 29. Release profiles of NPs after incubation in pH 7.4 PBS and pH 5.5 

acetate buffer solution for certain periods in the range of 0-110h (A) CUR-loaded NPs, 

(B) αTCP-loaded NPs, n = 3. 
 

 

 

 

 

 

 



87 
 

4.3. Results for Project 3: Mitochondria-Targeted NPs 

 

 

 

4.3.1. Characterization of targeting agents 

 

 

 

4.3.1.1. TT80 

 

 

 

One of the targeting agents, TT80 conjugate, was synthesized in the laboratory as 

explained in Section 3.2.3.2. It was purified from impurities using a prep-HPLC device 

(Figure 4.30). To actualize this, TT80 was dissolved in DMSO and injected into the 

hydrophobic C18 column. One of the mobile phases was ddH2O with 0.025% TFA 

and the other one was ACN with 0.025% TFA. TT80 conjugate was first run at 100% 

ddH2O for 2 min and then increased linearly from 0% ACN to 100% ACN. Finally, 

100% ACN was applied for last 2 min. The peaks labelled as 15, 16, and 17 were 

coming from DMSO. However, the peaks that were labelled as 19, 20, 21, 22, 23, and 

24 indicated the relevant pure peaks of TT80 conjugate. The samples coming from 

these peaks were collected and lyophilized for future use as a targeting agent after 

removing the excess ACN using rotary evaporator. 

 

 
 

Figure 4. 30. Prep-HPLC analysis of TT80 conjugate conducted for purification.  
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The chemical characterization of the purified TT80 conjugate was conducted 

using an LC/MS-MS device. The analysis employed a mobile phase comprising 50% 

ddH2O and 50% ACN, with the addition of 0.05% formic acid. The flow rate was 

adjusted to 0.5 mL/min. Theoretically, the MW of TT80 conjugate was stated as 

1703.2 g/mol. In the obtained scan spectrum (Figure 4.31), the molecular ion peak of 

the TT80 conjugate, along with that of formic acid, was observed at 1409.50. 

Moreover, due to conducting the assay in formic acid, +2 and +4 ions were also 

observed at 734.40 and 406.00, respectively. Overall, the close correspondence of 

these results with expectations indicates the proper synthesis of this conjugate. 

 

 
 

Figure 4. 31. LC/MS-MS analysis of TT80 conjugate. 

 

Moreover, the chemical structure of the TT80 conjugate was characterized using 

1H NMR in deuterated chloroform (CDCl3) and the obtained result was depicted in 

Figure 4.32. The aromatic protons of TPP molecule were seen at 7.67-7.84 ppm, while 

the -CH2 protons of PEG polymers found in the structure of Tween80 appeared at 3.56-

3.84 ppm. Additionally, the -CH2 and -CH3 protons of the aliphatic chains in Tween80 

were observed at 1.82-2.28 ppm. Also, the CDCl3 protons were detected at 7.24 ppm. 

All in all, 1H NMR spectrum of the TT80 conjugate confirmed the presence of both 

TPP and Tween80 in its structure.  
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Figure 4. 32. 1H NMR spectrum of the TT80 conjugate. 

 

In order to prove the presence of the characteristic peaks coming from both TPP 

and Tween80 molecule in TT80 conjugate, the FT-IR analysis was conducted for TPP-

Br, Tween80, and TT80 as it can be seen in Figure 4.33A, Figure 4.33B, and Figure 

4.33C, respectively. In the FT-IR spectrum of TPP-Br (Figure 4.33A), the C=C 

stretching peak was observed at 1586.60 cm-1 while the P=O stretching peak was 

observed at 1278.30 cm-1. At 1108.22 cm-1, C-O-C asymmetrical stretching peak was 

seen. In addition to these, P-O stretching peak was obtained at 983.97 cm-1 and 994.40 

cm-1. Also, between 688.82 cm-1 and 766.98 cm-1, the phenyl ring of TPP was 

observed. Moreover, in the FT-IR spectrum of Tween80 as in Figure 4.33B, O-H 

stretching peak was seen at 3843.47 cm-1 while the peaks observed at 2856.78 cm-1 

and 2921.36 cm-1 were C-H stretching bonds. Also, a characteristic peak of the 

Tween80 was seen at 1735.13 cm-1 which was assigned to the C=O group. C-H 

bending peak was observed at 1457.43 cm-1 while C-O stretching peaks was seen at 

1247.82 cm-1 and 1094.43 cm-1. Lastly, the C-O-C symmetrical stretching peak was 

seen at 946.61 cm-1. In the FT-IR spectrum of TT80 conjugate (Figure 4.33C), the 

peaks coming from both TPP molecule and Tween80 was observed. The peaks 



90 
 

between 2932.66 cm-1 and 2793.01 cm-1 were similar to the peaks obtained between 

2932.66 cm-1 and 2790.52 cm-1 for TPP-Br. Also, some other characteristic peaks of 

TPP such as the C=C stretching peak, P=O stretching peak, and C-O-C asymmetrical 

stretching peak was obtained at 1586.64 cm-1, 1278.30 cm-1, and 1107.74 cm-1, 

respectively similar to the those obtained for TPP-Br as in Figure 4.33A. In addition, 

P-O stretching peak was observed at 984.26 cm-1 and 996.21 cm-1. Also, between 

688.90 cm-1 and 765.42 cm-1, the phenyl ring of TPP was observed. Moreover, some 

of the characteristic peaks that were coming from the structure of Tween80 was 

observed in the FT-IR spectrum of TT80. For example, O-H stretching peak and C-O 

stretching peak was observed at 3395.26 cm-1 and 1082.27 cm-1, respectively. 
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Figure 4. 33. FT-IR spectra of (A) TPP-Br, (B) Tween80, (C) TT80.

9
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4.3.1.2. PPT 

 

 

 

As another mitochondrial targeting agent, PPT conjugate was synthesized in the 

laboratory and some analyses were carried out for its characterization. First of all, 

before the synthesis of PPT conjugate, PLGA-PEG copolymer was synthesized in the 

laboratory as it was explained in Section 3.2.3.3. FT-IR analysis was carried out for 

PLGA-PEG together with its precursor polymers which were PLGA and PEG to 

understand whether the conjugation was achieved or not as in Figure 4.34. In the FT-

IR spectrum of PLGA in Figure 4.34A, O-H stretching peak was obtained at 3507.39 

cm-1. The peaks between 2900.56 and 2995.49 belonged to the C-H stretching bonds. 

Moreover, C=O stretching bond was seen at 1745.47 cm-1 and the peak at 1450.74 cm-

1 attributed to C-H bending. C-O stretching bond was observed between 1048.42 cm-1 

and 1182.48 cm-1. Furthermore, in the FT-IR spectrum of PEG in Figure 4.34B, the 

peak at 3411.89 cm-1 indicated the O-H stretching bond while the peaks between 

2860.25 cm-1 and 2948.17 cm-1 belonged to the C-H stretching vibrations of the -CH2 

group. Also, C-H bending peak was seen at 1466.29 cm-1 and 1454.71 cm-1. The C-O 

stretching bond was observed between and 1059.46 cm-1 and 1146.59 cm-1. When the 

FT-IR spectrum of PLGA-PEG (Figure 4.34C) compared with its precursor molecules, 

it was observed that the characteristic functional groups of both PLGA and PEG 

revealed in its spectrum. O-H stretching peak was obtained at 3508.39 cm-1 while C-

H stretching peak was seen between 2945.58 cm-1 and 2995.48 cm-1. As a result of 

conjugation, slight shift was observed in these peaks compared to pure PLGA and PEG 

molecules. The C=O stretching bond coming from the PLGA polymer was also seen 

in the FT-IR spectrum of PLGA-PEG at 1746.74. cm-1. Also, C-H bending peak was 

observed at 1452.16 cm-1 and 1423.88 cm-1 similar to both PLGA and PEG. All in all, 

the characteristic functional groups of PLGA and PEG were both observed in the FT-

IR spectrum of PLGA-PEG conjugate. Also, the chemical structure of PLGA-PEG 

copolymer was characterized using 1H NMR as depicted in Figure 4.35.
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Figure 4. 34. FT-IR spectra of (A) PLGA, (B) PEG, (C) PLGA-PEG. 
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After that, PPT was synthesized as another mitochondrial targeting agent by using 

TPP-Br and PLGA-PEG as it was explained in Section 3.2.3.3. The chemical structure 

of PLGA polymer, PLGA-PEG copolymer, and PPT conjugate was analysed via 1H 

NMR spectroscopy in CDCl3, and their spectra were depicted in Figure 4.35. First of 

all, in the 1H NMR spectrum of the PLGA polymer (Figure 4.35A) which has 

carboxylic acid at the end, -CH and -CH2 protons and -CH3 protons of PLGA polymer 

was obtained around 4.50-5.50 ppm and 1.25-1.75 ppm, respectively. Also, the CDCl3 

protons was seen approximately at 7.25 ppm. Furthermore, in the 1H NMR spectrum 

of the PLGA-PEG copolymer (Figure 4.35B), the relevant protons of the PLGA 

polymer, namely -CH and -CH2 and -CH3 protons, and the protons of CDCl3 were 

again observed at similar ppm values. However, -CH2 protons of PEG polymer was 

additionally seen around 3.25-4.00 ppm. Finally, the chemical structure of synthesized 

PPT conjugate was analysed by 1H NMR spectroscopy and its spectrum can be seen 

at Figure 4.35C. The relevant protons of PLGA and PEG polymers found in the 

spectrum of PLGA-PEG copolymer were obtained at similar ppm values with slight 

shifts in the 1H NMR spectrum of PPT. For example, the CDCl3 protons was seen 

around 7.25-7.5 ppm and -CH2 protons of PEG polymer was obtained around 3.50-

4.00 ppm. Together with these, the addition of the TPP molecule resulted in the PPT 

conjugate exhibiting characteristic protons coming from TPP. For example, the 

aromatic protons of TPP molecule were seen around 6.50-7.50 ppm and -CH2 protons 

found next to TPP was observed around 0.75-1.25 ppm. At the end, the presence of 

protons coming from all precursor components, including PLGA, PEG, and TPP, 

confirms the successful synthesis of the PPT conjugate in the laboratory. 
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Figure 4. 35. 1H NMR spectrum of the (A) PLGA-COOH, (B) PLGA-PEG copolymer, 

(C) PPT conjugate. 

 

The FT-IR analysis was conducted for TPP-Br, PLGA-PEG, and PPT conjugate 

as in Figure 4.36 to prove the presence of the characteristic peaks of precursors in the 

structure of PPT conjugate. In the FT-IR spectrum of TPP-Br as in Figure 4.36A, the 

C-H stretching peak was seen at 2790.52 cm-1, 2857.72 cm-1, 2884.36 cm-1, and 

2932.66 cm-1. Similarly, in the FT-IR spectrum of PLGA-PEG in Figure 4.36B, the O-

H stretching peak was observed at 3508.39 cm-1 while C-H stretching peak was seen 

at 2945.58 cm-1, 2961.78 cm-1, and 2995.48 cm-1. Also, C=O stretching bond was 

observed at 1746.74 cm-1. Moreover, in the FT-IR spectrum of PPT in Figure 4.36C, 

the O-H stretching peak coming from the PLGA-PEG conjugate was observed at 

3509.19 cm-1. The C-H stretching peaks seen in the FT-IR spectrum of PPT conjugate 

were coming from both TPP-Br and PLGA-PEG. For example, the C-H stretching 
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peak observed at 2995.01 cm-1 was similar to the ones obtained for PLGA-PEG 

conjugate at 2995.48 cm-1. Similarly, The C-H stretching peaks at 2853.13 cm-1 and 

2922.60 cm-1 were similar to the peaks observed for TPP-Br at 2857.12 cm-1 and 

2932.66 cm-1. Finally, the C=O stretching bond seen in the structure of PLGA-PEG 

conjugate at 1746.74 cm-1 was also seen in the structure of PPT conjugate at 1747.11 

cm-1. All in all, the characteristic functional groups of TPP and PLGA-PEG were both 

observed in the FT-IR spectrum of PPT conjugate. 
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Figure 4. 36. FT-IR spectra of (A) TPP-Br, (B) PLGA-PEG, (C) PPT.

9
7 
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4.3.2. Characterization of NPs 

 

 

 

After the synthesis of NPs for the project entitled as “Preparation and in vitro 

evaluation of mitochondria-targeted QCT loaded PLGA NPs for the treatment of 

oxidative stress-induced inflammation”, the hydrodynamic diameter and PDI values 

of NPs were measured using DLS. First, DLS analysis was conducted for non-targeted 

NPs as in Figure 4.37. The size of non-targeted PLGA NPs (Figure 4.37A) and OCT-

PLGA NPs (Figure 4.37B) was obtained similar to each other and their size were 213.5 

nm and 206.5 nm, respectively. Moreover, the PDI value of non-targeted PLGA NPs 

was obtained as 9.2% which was lower than the PDI value of QCT-PLGA NPs. 

   

 
 

Figure 4. 37. Hydrodynamic diameter and PDI value measurements of non-targeted 

NPs via DLS (A) non-targeted PLGA NPs, (B) QCT-PLGA NPs. 

 

After the synthesis of non-targeted NPs, targeted empty and QCT-loaded NPs 

were synthesized using 10% and 20% TT80 by weight as a targeting agent. DLS 

analysis was also conducted for these NPs as can be seen in Figure 38. The 

hydrodynamic diameter of 10%TT80-PLGA NPs was measured as 180.2 nm with a 

PDI value of 9.2% as in Figure 4.38A while the size of 10%TT80-QCT-PLGA NPs 

was 188.2 nm with a PDI value of 11.9% as it can be seen in Figure 4.38B. All in all, 

after drug loading, the hydrodynamic diameter and PDI value of 10%TT80-QCT-

PLGA NPs were obtained slightly higher than the size and PDI value of 10%TT80-

PLGA NPs. For 20%TT80-PLGA NPs and 20%TT80-QCT-PLGA NPs, the 

hydrodynamic diameter was measured as 204.7 nm and 145.9 nm, respectively. After 

drug loading, the decrease in the size was observed. However, PDI values of 
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20%TT80-PLGA NPs and 20%TT80-QCT-PLGA NPs were found as 10.6% and 

10.9%, respectively which were almost the same. 

 

 
 

Figure 4. 38. Hydrodynamic diameter and PDI value measurement of targeted NPs 

via DLS (A) 10%TT80-PLGA NPs, (B) 10%TT80-QCT-PLGA NPs, (C) 20%TT80-

PLGA NPs, (D) 20%TT80-QCT-PLGA NPs. 

 

Also, 1.25% and 2.50% PPT by weight was used as a targeting agent and targeted 

NPs were synthesized using PPT to compare its effects with TT80 that was used as 

another targeting agent. TPP amount found in 1.25% and 2.50% PPT-conjugated NPs 

were the equivalents of the TPP amount found in 10% and 20% TT80-conjugated NPs, 

respectively. First of all, the hydrodynamic diameter of 1.25%PPT-PLGA NPs and 

1.25%PPT-QCT-PLGA NPs was measured as 138.5 nm with a PDI value of 9.0% and 

149.5 nm with a PDI value of 16.1%, respectively. It can be concluded that a slight 

increase was observed in the size of the NPs after drug loading while the increase in 

the PDI value was more obvious. Moreover, the hydrodynamic diameter of 2.50%PPT-

PLGA NPs was obtained as 139.5 nm with a PDI value of 7.1%. After drug loading, 

the size of the 2.50%PPT-QCT-PLGA NPs was measured as 165.7 nm with a PDI 

value of 19.0%. In this case, drug loading caused an increase in both hydrodynamic 

diameter and PDI value (Figure 39). 
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Figure 4. 39. Hydrodynamic diameter and PDI value measurement of targeted NPs 

via DLS (A) 1.25%PPT-PLGA NPs, (B) 1.25%PPT-QCT-PLGA NPs, (C) 2.50%PPT-

PLGA NPs, (D) 2.50%PPT-QCT-PLGA NPs. 

 

Furthermore, the surface charge of NPs was measured as it can be seen in Figure 

4.40, Figure 4.41, and Figure 4.42. The zeta potential of non-targeted PLGA NPs was 

obtained as -13.1 ± 2.12 mV as in Figure 4.40A while the zeta potential of OCT-PLGA 

NPs was found as -15.1 ± 1.79 mV as in Figure 4.40B. Therefore, the surface charge 

of non-targeted empty and drug-loaded NPs was obtained negative and similar to each 

other. 

  

 
 

Figure 4. 40. Zeta potential measurements of non-targeted NPs (A) non-targeted 

PLGA NPs, (B) QCT-PLGA NPs. 

 

After conjugating 10% and 20% TT80 by weight as a targeting agent, zeta 

potential values of NPs were measured again to determine whether the targeting was 

achieved or not as it can be seen in Figure 4.41. After conjugating positively charged 

TPP molecule, the surface charge of 10%TT80-PLGA NPs and 20%TT80-PLGA NPs 
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was found as -5.22 ± 0.581 mV and -2.99 ± 1.19 mV, respectively while the non-

targeted PLGA NPs had a surface charge of -13.1 ± 2.12 mV (Figure 4.40A). 

Moreover, after encapsulating QCT as a drug molecule, the zeta potential of 

10%TT80-QCT-PLGA NPs and 20%TT80-QCT-PLGA NPs was measured as -2.34 

± 0.35 mV and -11.8 ± 2.48 mV, respectively while the surface charge of QCT-PLGA 

NPs was -15.1 ± 1.79 mV (Figure 4.40B). All in all, the shift was observed in the 

surface charge values of TT80 targeted NPs through the positive side compared to non-

targeted NPs. 

 

 
 

Figure 4. 41. Zeta potential measurements of targeted NPs containing TT80 as a 

targeting agent (A) 10%TT80-PLGA NPs, (B) 10%TT80-QCT-PLGA NPs, (C) 

20%TT80-PLGA NPs, (D) 20%TT80-QCT-PLGA NPs. 

 

Furthermore, after conjugating 1.25% and 2.50% PPT by weight as a targeting 

agent, the surface charge of NPs was analysed again as in Figure 4.42. The zeta 

potential values of 1.25%PPT-PLGA NPs and 2.50%PPT-PLGA NPs was found as -

4.76 ± 1.12 mV and -4.28 ± 1.15 mV, respectively while the non-targeted PLGA NPs 

had a surface charge of -13.1 ± 2.12 mV (Figure 4.40A). Also, the surface charge of 

1.25%PPT-QCT-PLGA NPs and 2.50%PPT-QCT-PLGA NPs was measured as 6.92 

± 0.619 mV and 3.11 ± 0.619 mV, respectively while the surface charge of QCT-

PLGA NPs was -15.1 ± 1.79 mV (Figure 4.40B). Therefore, the surface charge values 

of targeted NPs shifted towards the positive side compared to non-targeted NPs. Also, 

after the drug loading, positive surface charge was obtained for 1.25%PPT-QCT-
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PLGA NPs and 2.50%PPT-QCT-PLGA NPs as in Figure 4.42B and Figure 4.42D, 

respectively. 

 

 
 

Figure 4. 42. Zeta potential measurements of targeted NPs containing PPT as a 

targeting agent (A) 1.25%PPT-PLGA NPs, (B) 1.25%PPT-QCT-PLGA NPs, (C) 

2.50%PPT-PLGA NPs, (D) 2.50%PPT-QCT-PLGA NPs. 

 

The surface morphology of non-targeted PLGA NPs, QCT-PLGA NPs, 

10%TT80-QCT-PLGA NPs, and also 2.50%PPT-QCT-PLGA NPs was analysed 

using SEM as in Figure 4.43A, Figure 4.43B, Figure 4.43C, and Figure 4.43D, 

respectively. Moreover, the diameter of some of these NPs was determined. Smooth 

and spherical morphology was observed for NPs. Moreover, the hydrodynamic 

diameter of non-targeted PLGA NPs, QCT-PLGA NPs, and 2.50%PPT-QCT-PLGA 

NPs was obtained as 213.5 nm, 206.5 nm, and 165.7 nm, respectively using DLS 

device. However, with SEM, the measured diameters of these non-targeted PLGA 

NPs, QCT-PLGA NPs, and 2.50%PPT-QCT-PLGA NPs were found smaller than 

these values as it can be seen in Figure 4.43.  
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Figure 4. 43. Morphological analysis of NPs via SEM (A) non-targeted PLGA NPs, 

(B) QCT-PLGA NPs, (C) 10%TT80-QCT-PLGA NPs, (D) 2.50%PPT-QCT-PLGA 

NPs. 

 

Furthermore, the dimensions and the structure of NPs were examined using TEM 

as in Figure 4.44. As it was stated previously, the hydrodynamic diameter of 

10%TT80-QCT-PLGA NPs, 20%TT80-QCT-PLGA NPs, 1.25%PPT-QCT-PLGA 

NPs, and 2.50%PPT-QCT-PLGA NPs were measured as 188.2 nm (Figure 4.38B), 

145.9 nm (Figure 4.38D), 149.5 nm (Figure 4.39B), and 165.7 nm (Figure 4.39D), 

respectively by using DLS device. However, with TEM, the hydrodynamic diameters 

were found smaller compared to the ones measured with DLS. In addition to these, 

spherical shape of targeted and drug-loaded NPs was observed.  
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Figure 4. 44. Morphological analysis of NPs via TEM (A) 10%TT80-QCT-PLGA 

NPs, (B) 20%TT80-QCT-PLGA NPs, (C) 1.25%PPT-QCT-PLGA NPs, (D) 

2.50%PPT-QCT-PLGA NPs. 

 

The stability of non-targeted PLGA NPs and QCT-PLGA NPs was investigated 

as in Figure 4.45A and Figure 4.45B, respectively by incubating them in 1M pH 7.4 

PBS at both 25˚C and 37˚C up to almost 30 days. The hydrodynamic diameter of both 

non-targeted PLGA NPs and QCT-PLGA NPs was found closer to each other during 

first 9 days. However, after this point, some fluctuations in the size were seen and an 

increase in the NP size was observed in the long term. In the statistical analysis, the p-

value was found statistically significant (p < 0.0001) for the hydrodynamic diameter 

of NPs after the 9th day with respect to their diameter observed during first 9 days. 
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Figure 4. 45. Stability analysis of NPs (A) non-targeted PLGA NPs, (B) QCT-PLGA 

NPs, * p < 0.0001 for the hydrodynamic diameter of NPs with respect to their diameter 

during first 9 days, n = 3.  

 

The amount of QCT molecule encapsulated into the non-targeted and targeted NPs 

was determined using LC/MS-MS device and total drug concentration and drug EE 

was calculated as in Table 4.6. The drug EE of QCT-PLGA NPs was found as 56.88%. 

After addition of TT80 as a targeting agent, the drug EE of 10%TT80-QCT-PLGA 

NPs and 20%TT80-QCT-PLGA NPs was obtained as 53.60% and 60.20%, 

respectively. In addition, after targeting with PPT, the drug EE of 1.25%PPT-QCT-

PLGA NPs and 2.50%PPT-QCT-PLGA NPs was calculated as 54.64% and 47.96%, 

respectively. All in all, total drug concentration in both non-targeted and targeted NPs 

was found close to each other.  
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Table 4. 6. Total QCT concentration and drug EE in NPs. 

 

NPs 

Total Drug 

Concentration 

(µg/mL) 

 

Drug EE 

 

QCT-PLGA NPs 142.20 56.88% 

10%TT80-QCT-PLGA NPs 134.09 53.60% 

20%TT80-QCT-PLGA NPs 150.49 60.20% 

1.25%PPT-QCT-PLGA NPs 136.60 54.64% 

2.50%PPT-QCT-PLGA NPs 119.90 47.96% 

 

Furthermore, the release rate of QCT from QCT-PLGA NPs was analysed in two 

different environments which were pH 7.4 PBS and pH 5.5 acetate buffer solution as 

in Figure 4.46. The drug release percentage from NPs was notably higher in pH 5.5 

solution compared to pH 7.4 solution. At the end of 11th day, drug release from QCT-

PLGA NPs reached to almost 95% at pH 5.5 acetate buffer solution while it was only 

around 35% in pH 7.4 PBS solution. 

 

 
 

Figure 4. 46. Release profiles of QCT-PLGA NPs after incubation in pH 7.4 PBS and 

pH 5.5 acetate buffer solution for certain periods in the range of 0-21d, n = 3.  
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After the characterization of NPs, in vitro evaluation of them was carried out. First 

of all, in vitro cytotoxicity of NPs was investigated via CCK-8 assay. Different 

concentrations of samples were prepared such that they included the 1 µM, 5 µM, 10 

µM, 25 µM, 50 µM, 75 µM, 100 µM, 150 µM, 200 µM, 300 µM, and 375 µM 

concentration of drug molecule. The cell viability graph with respect to different 

concentration values was obtained in terms of percentage as in Figure 4.47, Figure 

4.49, and Figure 4.51. Furthermore, in order to find the IC50 value for these samples, 

the nonlinear regression curves were drawn using GraphPad Prism as in Figure 4.48, 

Figure 4.50, and Figure 4.52. 

 

 

 

The change in the percentage of cell viability with respect to the increase in the 

concentration values was given in Figure 4.47 for QCT and QCT-PLGA NPs. P-value 

was obtained statistically significant (p < 0.0001) for QCT-PLGA NPs with respect to 

QCT. It was observed that the cell viability was around 100% between the 

concentration values of 1 µM and 10 µM for QCT while it was around 100% between 

1 µM and 50 µM for QCT-PLGA NPs. After these points, the decrease in the cell 

viability was observed as the concentration increased for both samples. However, this 

decrease occurred more gradually in QCT-PLGA NPs compared to QCT. Also, 

between 25 µM and 200 µM, the viability of cells was higher when they were treated 

with QCT-PLGA NPs rather than QCT. 

 

 
 

Figure 4. 47. Cell viability (%) vs. concentration (µM) graph for QCT and QCT-

PLGA NPs, p < 0.0001 for QCT-PLGA NPs with respect to QCT, n = 3.  
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Also, in Figure 4.48, it was observed that the decrease in the cell viability started 

from the lower concentration values when the cells were treated with QCT instead of 

QCT-PLGA NPs. 

 

 
 

Figure 4. 48. Cell viability results obtained by CCK-8 assay for QCT and QCT-PLGA 

NPs, n = 3. 

 

The cell viability of 10%TT80-QCT-PLGA NPs and 20%TT80-QCT-PLGA NPs 

with respect to different concentrations was given in Figure 4.49. P-value was obtained 

statistically significant (p < 0.0001) for TT80-conjugated NPs with respect to QCT. It 

was observed that, between 25 µM and 200 µM, the viability of cells was higher in the 

presence of NPs compared to QCT. Also, the cell viability was found between 95% 

and 100% even at 100 µM drug concentration for 10%TT80-QCT-PLGA NPs. After 

this point, the gradual decrease in the viability was observed as the concentration 

increased. However, the cell viability was around 71% and 80% between 1 µM and 

100 µM for 20%TT80-QCT-PLGA NPs. After this point, the gradual decrease in the 

viability was observed as the concentration increased. All in all, the cellular viability 

was higher when there was a treatment with 10%TT80-QCT-PLGA NPs compared to 

20%TT80-QCT-PLGA NPs. The increase in the amount of targeting agent caused the 

decrease in the cell viability. 
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Figure 4. 49. Cell viability (%) vs. concentration (µM) graph for QCT, 10%TT80-

QCT-PLGA NPs, and 20%TT80-QCT-PLGA NPs, p < 0.0001 for TT80-conjugated 

NPs with respect to QCT, n = 3. 

 

In Figure 4.50, it was seen that the graph obtained for 10%TT80-QCT-PLGA NPs 

and 20%TT80-QCT-PLGA NPs were almost the same. Also, the decrease in the cell 

viability was more severe when the cells were treated with QCT compared to TT80-

targeted NPs. 

 

 
 

Figure 4. 50. Cell viability results obtained by CCK-8 assay for QCT, 10%TT80-

QCT-PLGA NPs, and 20%TT80-QCT-PLGA NPs, n = 3. 

 

In Figure 4.51, the cell viability (%) vs. concentration (µM) graph was seen for 

QCT-loaded and PPT-targeted NPs in comparison with free QCT molecule. P-value 

was obtained statistically significant (p < 0.0001) for PPT-conjugated NPs with respect 

to QCT. The cell viability was similar and around 100% between 5 µM and 150 µM 

for 1.25%PPT-QCT-PLGA NPs. After 150 µM, viability of the cells decreased as 

concentration increased. However, the cell viability was around 100% between 5 µM 

QCT 

10%TT80-QCT-PLGA NPs 

20%TT80-QCT-PLGA NPs 

 

 

QCT 

10%TT80-QCT-PLGA NPs 

20%TT80-QCT-PLGA NPs 
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and 25 µM for 2.50%PPT-QCT-PLGA NPs and between 50 µM and 100 µM, the cell 

viability was obtained between 91% and 96%. After this concentration value, the 

decrease in the cell viability was seen. All in all, it was found that until 300 µM 

concentration, the cell viability was higher in the presence of NPs compared to QCT. 

Also, the decrease in the cellular viability was observed when there was an increase in 

the amount of targeting agent. 

 

 
 

Figure 4. 51. Cell viability (%) vs. concentration (µM) graph for QCT, 1.25%PPT-

QCT-PLGA NPs, and 2.50%PPT-QCT-PLGA NPs, p < 0.0001 for PPT-conjugated 

NPs with respect to QCT, n = 3. 

 

In Figure 4.52, it was observed that the decrease in the cell viability occurred at 

lower concentrations for the cells treated with QCT compared to the ones treated with 

PPT-targeted NPs. Also, cell viability decreased slower for the cells treated with 

1.25%PPT-QCT-PLGA NPs rather than 2.50%PPT-QCT-PLGA NPs. 

 

 
 

Figure 4. 52. Cell viability results obtained by CCK-8 assay for QCT, 1.25%PPT-

QCT-PLGA NPs, and 2.50%PPT-QCT-PLGA NPs, n = 3. 

QCT 

1.25%PPT-QCT-PLGA NPs 

2.50%PPT-QCT-PLGA NPs 

 

 

QCT 

1.25%PPT-QCT-PLGA NPs 

2.50%PPT-QCT-PLGA NPs 
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The IC50 values were calculated using the graphs seen in Figure 4.48, Figure 4.50, 

and Figure 4.52 and they can be seen in Table 4.7. The drug molecule itself had the 

lowest IC50 value in terms of concentration (µM) compared to all NPs. The IC50 

values for 10%TT80-QCT-PLGA NPs, 20%TT80-QCT-PLGA NPs, and 1.25%PPT-

QCT-PLGA NPs were found similar to each other while this value was highest for 

20%TT80-QCT-PLGA NPs. Compared to QCT-PLGA NPs, 10%TT80-QCT-PLGA 

NPs, 20%TT80-QCT-PLGA NPs, and 1.25%PPT-QCT-PLGA NPs had higher IC50 

values while 2.50%PPT-QCT-PLGA NPs had slightly lower one. 

 

Table 4. 7. IC50 values of free QCT and NPs. 

 

Samples IC50 value (µM) 

QCT 39.9 

QCT-PLGA NPs 177.5 

10%TT80-QCT-PLGA NPs 211.6 

20%TT80-QCT-PLGA NPs 224.5 

1.25%PPT-QCT-PLGA NPs 206.1 

2.50%PPT-QCT-PLGA NPs 161.2 

 

After the completion of CCK-8 assay, the in vitro evaluation of NPs was continued 

by conducting ROS assay. In this manner, the ROS activity of QCT, QCT-PLGA NPs, 

10%TT80-QCT-PLGA NPs, 20%TT80-QCT-PLGA NPs, 1.25%PPT-QCT-PLGA 

NPs, and 2.50%PPT-QCT-PLGA NPs was analysed by applying their IC25 and IC50 

concentration values on mouse microglial cells. At the end, the ROS fluorescence 

graph with respect to different concentration values was obtained in terms of 

percentage as in Figure 4.53. P-value was obtained statistically significant (p < 0.0001) 

for QCT with respect to controls; for QCT-PLGA NPs with respect to QCT; and for 

all targeted NPs with respect to non-targeted QCT-PLGA NPs. It was stated in Section 

3.2.4.6 that the cells were treated with LPS to create an inflammatory environment. In 

this manner, cells with both LPS and DCFDA were used as a positive control. This 
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showed the maximum ROS production condition of the cells when they were not 

treated with free drug or any NPs. On the other hand, cells without LPS were used as 

a background control that showed the basal ROS production of the cells without any 

treatment. The ROS level was found as almost 72.85% and 35.04% for positive control 

and background control, respectively. Therefore, in case of an inflammation, the 

increase in the ROS production was observed. Compared to both positive and 

background controls, ROS production was found higher for QCT at both IC25 and 

IC50 values which were almost 99.78% and 91.83%, respectively. However, all NPs 

including both non-targeted and targeted ones decreased the ROS production 

compared to both positive control and QCT at two different concentration values. 

When the results were compared with background control, QCT-PLGA NPs had 

similar ROS production at both IC25 and IC50 values which were almost 36.38% and 

34.72%, respectively. On the other hand, all 10%TT80-QCT-PLGA NPs, 20%TT80-

QCT-PLGA NPs, 1.25%PPT-QCT-PLGA NPs, and 2.50%PPT-QCT-PLGA NPs 

resulted in decreased ROS production compared to both background control and QCT-

PLGA NPs at IC25 and IC50 concentration values. The ROS level of 10%TT80-QCT-

PLGA NPs, 20%TT80-QCT-PLGA NPs, 1.25%PPT-QCT-PLGA NPs, and 

2.50%PPT-QCT-PLGA NPs was obtained as around 9.05%, 7.93%, 25.02%, and 

17.07%, respectively at IC25 concentration value. However, they were found as almost 

6.5%, 5.30%, 20.79%, and 13.03%, respectively at IC50 concentration value. In 

addition to these, the measured ROS fluorescence was slightly decreased for QCT 

when the drug concentration increased while it was almost the same for QCT-PLGA 

NPs at both IC25 and IC50 values. However, as the drug concentration increases, the 

measured ROS fluorescence was decreased for all targeted NPs which were 10%TT80-

QCT-PLGA NPs, 20%TT80-QCT-PLGA NPs, 1.25%PPT-QCT-PLGA NPs, and 

2.50%PPT-QCT-PLGA NPs. In general, compared to 10%TT80-QCT-PLGA NPs, 

20%TT80-QCT-PLGA NPs had lower ROS production at both IC25 and IC50 values. 

Similarly, 2.50%PPT-QCT-PLGA NPs had lower ROS production at both IC25 and 

IC50 values compared to 1.25%PPT-QCT-PLGA NPs. All in all, the increase in the 

concentration of targeting agent caused the decrease in the ROS production. Although, 

statistically significant differences in ROS levels across IC25 and IC50 drug 



113 
 

concentrations were not observed for the samples, the increase in the drug 

concentration resulted in the slight decrease in the ROS level. 

 

 

 

Figure 4. 53. ROS assay results of QCT, QCT-PLGA NPs, 10%TT80-QCT-PLGA 

NPs, 20%TT80-QCT-PLGA NPs, 1.25%PPT-QCT-PLGA NPs, and 2.50%PPT-QCT-

PLGA NPs in comparison with cell controls, * p < 0.0001 for QCT with respect to 

positive and background control; ** p < 0.0001 for QCT-PLGA NPs with respect to 

QCT; *** p < 0.0001 for targeted NPs with respect to QCT-PLGA NPs, n = 3.  

 

Moreover, JC-1 assay was conducted as a final in vitro experiment to assess the 

mitochondria-targeting efficacy of synthesized targeted NPs compared to non-targeted 

NPs and free drug. This assay was performed using free QCT, QCT-PLGA NPs, 

10%TT80-QCT-PLGA NPs, 20%TT80-QCT-PLGA NPs, 1.25%PPT-QCT-PLGA 

NPs, and 2.50%PPT-QCT-PLGA NPs. Furthermore, the impact of varying 

concentration levels of these samples on EOC 20 microglial cells was investigated, 

including drug concentrations of 5 µM, 10 µM, and 20 µM. Also, two different 

controls were incorporated into this analysis to evaluate the acquired results. The cells 

without LPS but with CCCP was used as a positive control since CCCP serves as a 

mitochondrial membrane disrupter. In addition, the cells with only LPS were used as 

a cell control to demonstrate both the induction of inflammation upon LPS application 

on cells and to observe its effect on mitochondrial membrane potential. At the end of 

this assay, the cells stained in the corresponding wells of the cell culture plate, 

including both controls and NPs, were observed using a fluorescence microscope at 

RT in the absence of light. Their images were captured with the scale bar adjusted to 

300 µm, as illustrated below. 

Concentration (µM) 
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First, the captured image for controls was presented in Figure 4.54. The images of 

cells treated with CCCP showed only the formation of green fluorescence, namely JC-

1 monomers (J-monomer). In contrast, in the images of the cell control, a minor red 

fluorescence signal indicating JC-1 aggregates (J-aggregate) was observed alongside 

clear green signals. This was also evident in the overlay picture. 

 

 
 

Figure 4. 54. Fluorescence microscopy results of JC-1 assay on EOC 20 cells for 

CCCP and control.  

 

Furthermore, the fluorescence microscopy images for QCT at different drug 

concentration values were captured (Figure 4.55). In all concentration values, the 

intensity of green fluorescence was higher than the red one. However, as the 

concentration of drug molecule increased from 5 µM to 20 µM, the increase in the red 

fluorescence was noticed. Therefore, for QCT, it was achieved that as drug 

concentration increased, the formation of J-aggregates also increased. Moreover, 
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compared to controls in Figure 4.54, QCT had higher formation of J-aggregates in all 

concentrations.  

 

 
 

Figure 4. 55. Fluorescence microscopy results of JC-1 assay on EOC 20 cells for QCT 

at drug concentrations of 5, 10, and 20 µM.  

 

The obtained image for QCT-PLGA NPs at the end of JC-1 assay was presented 

in Figure 4.56. The increase in the red and the decrease in the green fluorescence were 

observed while the concentration increased. Furthermore, when compared to both 

QCT and the controls, the non-targeted QCT-PLGA NPs exhibited a more pronounced 

formation of J-aggregates and a reduced intensity of the green signal in the overlay 

image at all concentration values. At all, the usage of NPs enhanced the formation of 

red J-aggregates compared to both controls and free QCT.  
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Figure 4. 56. Fluorescence microscopy results of JC-1 assay on EOC 20 cells for QCT-

PLGA NPs at drug concentrations of 5, 10, and 20 µM. 

 

Moreover, the images were captured for the cells treated with 10%TT80-QCT-

PLGA NPs as in Figure 4.57. It was seen that as concentration increased from 5 µM 

to 20 µM, there was an increase in the intensity of red fluorescence and a decrease in 

the intensity of green fluorescence. In addition to this, at all concentration values, the 

10%TT80-QCT-PLGA NPs demonstrated a higher formation of J-aggregates and a 

lower intensity of J-monomers in the overlay image compared to both QCT and QCT-

PLGA NPs. All in all, targeting with 10% TT80 resulted in an increased formation of 

J-aggregates even at the lowest concentration value compared to the results obtained 

for free drug and non-targeted NPs. 
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Figure 4. 57. Fluorescence microscopy results of JC-1 assay on EOC 20 cells for 

10%TT80-QCT-PLGA NPs at drug concentrations of 5, 10, and 20 µM. 

 

In addition to these, the images for cells subjected to the treatment with 20%TT80-

QCT-PLGA NPs can be seen in Figure 4.58. As the concentration value varies from 5 

µM to 20 µM, an increase in the brightness of the red signals so in the intensity of J-

aggregates were seen, together with the decrease in the J-monomers. Also, when the 

overlay images of 20%TT80-QCT-PLGA NPs were compared with the 10%TT80-

QCT-PLGA NPs, the dose dependent relationship was observed. Specifically, an 

increase in the dose of the TT80 as a targeting agent led to a proportional increase in 

the red fluorescence, namely J-aggregates regardless of the drug concentration.  
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Figure 4. 58. Fluorescence microscopy results of JC-1 assay on EOC 20 cells for 

20%TT80-QCT-PLGA NPs at drug concentrations of 5, 10, and 20 µM.  

 

Furthermore, the same assay was conducted for 1.25%PPT-QCT-PLGA NPs and 

the results were given in Figure 4.59. It was evident that, compared to both 10%TT80-

QCT-PLGA NPs and 20%TT80-QCT-PLGA NPs, the brightness and intensity of J-

monomers were very high while the intensity of J-aggregates was low at a drug 

concentration of 5 µM. Yet, with an increase in the concentration, there was a 

noticeable increase in red fluorescence and a decrease in the brightness of green 

fluorescence. This indicated that as the drug concentration increased, the formation of 

J-aggregates also increased. When the overlay images were compared with QCT and 

QCT-PLGA NPs, it was observed that the addition of PPT as a targeting agent 

improved the amount of red fluorescence signals even at the lowest drug concentration 

value.  
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Figure 4. 59. Fluorescence microscopy results of JC-1 assay on EOC 20 cells for 

1.25%PPT-QCT-PLGA NPs at drug concentrations of 5, 10, and 20 µM.  

 

Finally, the fluorescence microscopy images of the EOC 20 cells treated with 

2.50%PPT-QCT-PLGA NPs can be seen in Figure 4.60. It was observed that as the 

drug concentration increased, a corresponding increase was also observed in the J-

aggregates, similar to the other NPs. As mentioned earlier, a dose dependent 

relationship was observed when the targeting agent was TT80. In other words, 20% 

TT80-conjugated NPs exhibited increased red fluorescence compared to the 10% 

TT80-conjugated ones in all drug concentrations. However, a similar dose dependency 

was not notably observed when the targeting agent was PPT. When comparing the 

overlay images of 2.50%PPT-QCT-PLGA NPs with those of 1.25%PPT-QCT-PLGA 

NPs, it was observed that the amount of red fluorescence signal remained similar, 

despite an increase in the dose of the targeting agent. 
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Figure 4. 60. Fluorescence microscopy results of JC-1 assay on EOC 20 cells for 

2.50%PPT-QCT-PLGA NPs at drug concentrations of 5, 10, and 20 µM.  
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5. DISCUSSION 

  
 

 

5.1. Discussion for Project 1: Macrophage-Targeted NPs 

 

 

 

Inflammatory diseases such as cardiovascular, metabolic, and neurodegenerative 

diseases often result from increased inflammation and deficiencies that arise during 

the resolution of inflammation (60,61). AS is one of these chronic inflammatory 

diseases and its initiation and the progression are greatly affected by the proper 

functioning of inflammatory cells and factors. For instance, immune cells known as 

macrophages that are responsible for removing apoptotic cells, play pivotal roles in 

the resolution of inflammation and the regulation of immune responses (62,63). 

Therefore, within the scope of this project, these cells were preferred as promising 

targets for the treatment or prevention of AS. Due to the shortcomings of traditional 

treatment methods such as high dosage requirements, low therapeutic potency, and 

inadequate delivery to the target site, novel treatment methodologies have been 

developed to ensure the proper functioning of these cells and to regulate some anti-

inflammatory pathways (2,4). Considering these, macrophage-targeted S2P peptide-

conjugated and anti-inflammatory VitE metabolites encapsulated PLGA NPs were 

developed as a DDS within the scope of this project. 

 

 

 

First, non-targeted empty and drug-loaded NPs were synthesized as it was 

explained in Section 3.2.1.1. After the synthesis of S2P peptide which is specific to 

the stabilin-2 receptor overexpressed on the surface of macrophages (50,51), its 

purification was completed via prep-HPLC as in Figure 4.1. Also, the chemical 

characterization of S2P peptide was confirmed using an LC/MS-MS device, as shown 

in Figure 4.2. This purified and characterized peptide was linked to DSPE-PEG-Mal 

and DSPE-PEG-S2P conjugation was accomplished, as described in Section 3.2.1.3. 

The presence of all components in the conjugate was confirmed by conducting 1H 

NMR analysis. The spectrum in Figure 4.3 shows the protons of the S2P peptide, 
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DSPE lipid, and PEG polymer. After that, the FT-IR analysis was conducted for 

DSPE-PEG-Mal, S2P peptide, and DSPE-PEG-S2P as in Figure 4.4. It was found that 

the characteristic functional groups of DSPE-PEG and S2P peptide were both seen in 

the FT-IR spectrum of DSPE-PEG-S2P conjugate. This proved the presence of both 

of these precursor materials in the structure of conjugate. By using this conjugate, 

targeted empty and drug-loaded NPs were synthesized as in 3.2.1.4. Also, both FITC-

labelled and RhB-conjugated FITC-labelled NPs were synthesized for the 

visualization of NPs in vitro. During all these experimental procedures, the 

characterization of NPs was conducted and at the end, the NPs were obtained with 

optimum properties. 

 

 

 

After the synthesis of NPs, their hydrodynamic diameter and PDI values were 

analysed using DLS device. The hydrodynamic diameter of non-targeted empty and 

drug-loaded NPs were obtained higher compared to non-coated NPs as in Figure 4.5. 

This increase was due to the coating with PEGylated lipid, namely DSPE-PEG 

polymer. After the conjugation of S2P targeting peptide, the hydrodynamic diameter 

of S2P-PLGA NPs and S2P-α-13′-COOH PLGA NPs showed an increase compared 

to their non-targeted versions as in Figure 4.6. The reason behind this could be the 

conjugation of S2P peptide to the DSPE-PEG polymer with 1:10 by weight. However, 

the similar increase in size was not observed for S2P-GA-PLGA NPs compared to 

non-targeted GA-PLGA NPs. Their hydrodynamic diameter was found close to each 

other. This could be caused by the additional centrifugation applied on GA-loaded 

non-targeted and targeted NPs for 2 min at 4000 rpm to remove the aggregates and 

optimize the NP size. Similarly, FITC-S2P-PLGA NPs, RhB-FITC-S2P-PLGA NPs, 

and RhB-FITC-S2P-α-13′-COOH PLGA NPs showed slightly higher hydrodynamic 

diameter compared to FITC-PLGA NPs, RhB-FITC-PLGA NPs, and RhB-FITC-α-

13′-COOH PLGA NPs, respectively as seen in Figure 4.7 and Figure 4.8. However, 

the increase in their size was not highly notable as seen in the size of S2P-PLGA NPs 

and S2P-α-13′-COOH PLGA NPs. The reason behind this was the additional 

centrifugation conducted at the end of the synthesis process of these labelled NPs to 

remove the aggregates and optimize NP size. Furthermore, the PDI values of NPs were 
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obtained smaller than 0.213 and, in this way, stable, compact, and monodisperse NPs 

were achieved as in Figure 4.5, Figure 4.6, Figure 4.7, and Figure 4.8. The size of NPs 

was suitable to circulate through the blood stream and interact with cells.  

 

 

 

In addition to DLS analysis, zeta potential of NPs was measured as in Figure 4.9, 

Figure 4.10, Figure 4.11, and Figure 4.12. It was observed that after the conjugation 

of positively charged S2P peptide as a targeting agent, the surface charge of NPs 

shifted towards the positive side. Therefore, this shift in the zeta potential values 

proved the successful conjugation of macrophage targeting peptide onto the surface of 

NPs. Moreover, the morphologies of NPs and their diameters were analysed as in 

Figure 4.13 and Figure 4.14. The presence of coating layer was observed, especially 

in Figure 4.14A for PLGA NPs. This proved the successful synthesis of DSPE-PEG 

coated NPs. The hydrodynamic diameter of NPs that were measured with TEM was 

found smaller compared to the hydrodynamic diameter of NPs that were measured 

with DLS. The reason behind this was dehydration. As it was stated in the Materials 

and Methods section, NPs were synthesized and stored in water. However, to conduct 

SEM and TEM analyses, the NP solutions were dropped on grids, and they were waited 

to dry for 2 days under sterile conditions. After the water evaporated, the analyses were 

conducted. For this reason, the reduction in the NP sizes was observed. Furthermore, 

in the FT-IR spectrum of PLGA NPs in Figure 4.15, all characteristic peaks coming 

from PLGA polymer and DSPE-PEG coating were observed which proved their 

presence in the NP structure. Also, some of the characteristic peaks of PLGA polymer, 

DSPE-PEG coating, and drug molecule were together observed in the FT-IR spectrum 

of α-13′-COOH PLGA NPs which also proved their presence in the NP structure.  

 

 

 

In case of stability analysis, some fluctuations were observed during the first hours 

of incubation in the size of PLGA NPs and α-13′-COOH PLGA NPs as in Figure 4.16. 

This rapid change could be caused by the addition of NPs in PBS that contains salt 

solution. In general, the hydrodynamic diameter of PLGA NPs, α-13′-COOH PLGA 

NPs, and GA-PLGA NPs was highly stable during first 2 days of incubation and the 
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gradual increase in the size was observed after this point as in Figure 4.16 and Figure 

4.17. This was also statistically confirmed with a significant p-value obtained after the 

2nd day, indicating a notable difference in the NP size beyond that point. Around the 

15th day and beyond, their diameter remained between 600 nm and 800 nm for weeks. 

This may indicate that NPs dispersed as they swelled, and polymer chains formed NPs 

gradually started to move apart from each other after 15 days. Thus, it could be 

concluded that NPs could maintain their stability for a long time under different 

environmental conditions. Moreover, the net protein concentrations in targeted NPs 

were measured via nanodrop device and found between 13.69 µg/mL and 29.09 µg/mL 

for different NPs as in Table 4.1. Before and after drug loading, the protein 

concentrations were found close to each other. This proved that there was almost no 

loss of targeting peptide during drug loading process and all targeted NPs synthesized 

in this project contained targeting agent on their surface.  

 

 

 

Furthermore, drug EE of NPs were analysed as in Table 4.2. Drug EE of non-

targeted and targeted NPs were found close to each other. This proved that the addition 

of targeting peptide did not significantly affect the encapsulation of drug molecules. 

Also, drug EE was higher in case of α-13′-COOH was used as a drug molecule instead 

of GA. The reason behind this could be caused by the difference in the chemical 

structure of drugs. After that, the drug release from NPs were analysed in both pH 7.4 

PBS and pH 5.5 acetate buffer solution as in Figure 4.18, Figure 4.19, and Figure 4.20. 

In case of inflammation, the pH of the environment decreases. Therefore, in this 

experiment, pH 7.4 represented the healthy body conditions while pH 5.5 environment 

mimicked the inflammatory case. It was observed that drug release from NPs in pH 

5.5 solution was higher than the drug release percentage in pH 7.4 solution. That was 

a sign that proved the higher drug release in case of inflammation rather than the 

healthy body fluid. It was observed that after 627h, drug release from α-13′-COOH 

PLGA NPs was around 75% in pH 5.5 while it was almost 25% in pH 7.4. Also, after 

768h, the drug release from GA-PLGA NPs reached almost 77% in pH 5.5 acetate 

buffer solution while it was around 4% in pH 7.4 PBS solution. Therefore, the 

sustained and controlled drug release from both α-13′-COOH and GA-loaded NPs was 
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achieved in pH 5.5 inflammatory environment. In addition to all these characterization 

tests, the FITC and RhB concentration on dye-labelled non-targeted and targeted NPs 

was measured as in Table 4.3 and Table 4.4. It was observed that the concentration of 

dyes found in NPs decreased during the addition process of S2P targeting peptide onto 

their surface. Despite this decrease in dye concentration, it was achieved that all NPs 

had enough amount of FITC and RhB dyes for visualization. 

 

 

 

At the end of this project, DSPE-PEG coated, macrophage-targeted and anti-

inflammatory VitE metabolites containing biocompatible and biodegradable NPs were 

successfully synthesized in a monodisperse manner and their characterization tests 

were completed. These NPs showed promising results by providing controlled and 

sustained drug release against AS-induced inflammation. In the literature, it has been 

demonstrated that the attachment of the S2P peptide as a biomolecule enables the 

effective delivery of NPs to macrophages in vivo (50,51). Also, it has been proved that 

the usage of α-13′-COOH and GA as drug molecules could exhibit promising results 

in the treatment of inflammatory diseases such as AS thanks to their anti-inflammatory 

properties (45,46). Although this targeting agent, drug molecules, or polymer itself has 

been used in the literature, there are no studies available showing the anti-

inflammatory effect of α-13′-COOH-loaded S2P-conjugated NPs and GA-loaded S2P-

conjugated NPs on macrophages. This contributes to the uniqueness of this project. 

Also, for the future studies, this project could provide valuable insights into the use of 

the targeted NPs as carriers in treatment approaches for various diseases where 

macrophages play a crucial role. 

 

 

 

5.2. Discussion for Project 2: CS-Coated NPs 

 

 

 

Increased inflammation, imbalances that occur in the process of resolving 

inflammation, and non-resolution of inflammatory conditions for a long time 

eventually led to the development of chronic inflammatory diseases (60,61). AS is one 
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of these diseases that threaten the life of many people for several years (62). Various 

traditional treatment methodologies are present to find a cure for this disease, but they 

have some limitations including high dosage requirements and serious side effects. 

Therefore, novel treatment methodologies using DDS have been studied for years 

(2,4). In this project, CS-coated CUR and αTCP loaded core-shell PLGA NPs were 

developed against AS-induced inflammation.  

 

 

 

Within the scope of this project, non-coated empty and drug-loaded NPs were 

synthesized as it was explained in Section 3.2.2.1. After this process, CS-coated empty 

and drug-loaded NPs were synthesized as in Section 3.2.2.2 and their characterization 

tests were completed in terms of hydrodynamic diameter, surface charge, morphology, 

stability, encapsulated total drug amount, and drug release profile. The non-coated and 

coated versions were compared and at the end, core-shell PLGA NPs with optimum 

properties were obtained.  

 

 

 

First of all, the hydrodynamic diameter and PDI values of NPs were analysed 

using DLS device. As in Figure 4.21, the size of non-coated empty and drug-loaded 

NPs were found similar to each other. Therefore, it could be concluded that drug 

loading did not have a significant effect on hydrodynamic diameter of NPs. Then, CS 

coating was performed and DLS analysis was conducted again as in Figure 4.22. It 

was achieved that CS coating caused an increase in the hydrodynamic diameter values 

of all NPs. However, the increase in the size was smaller for CS-αTCP-PLGA NPs 

compared to others. The reason behind this could be the centrifugation conducted at 

the end to remove the aggregates and optimize the NP size. The centrifugation process 

was longer for CS-αTCP-PLGA NPs compared to CS-PLGA NPs and CS-CUR-PLGA 

NPs. Therefore, smaller size was obtained for CS-αTCP-PLGA NPs. Finally, the PDI 

values of NPs were obtained smaller than 0.186 and, in this way, stable, compact, and 

monodisperse NPs were achieved as in Figure 4.21, and Figure 4.22. All in all, the size 

of NPs was suitable to circulate through the blood stream and interact with cells. 
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Moreover, the zeta potential measurements were conducted for both non-coated 

and CS-coated NPs to observe the effect of coating on NPs as in Figure 4.23 and Figure 

4.24. The non-coated NPs showed negative surface potential. However, after the 

coating with positively charged CS, the surface charge of NPs was found positive. 

Therefore, this shift in the zeta potential values through the positive side proved the 

successful coating of CS onto the surface of NPs.  In addition, the smooth and spherical 

shape of all non-coated and CS-coated NPs was observed via SEM analysis as in 

Figure 4.25. 

 

 

  

In case of stability analysis, some fluctuations in the size were observed during 

the first hour of incubation for both non-coated and CS-coated NPs as in Figure 4.26, 

Figure 4.27, and Figure 4.28. This could be caused by the instantaneous addition of 

NPs in PBS solution. However, for all graphs, non-significant p-value (p > 0.05) was 

obtained, indicating that there were no statistically significant changes in the NP size 

over the period examined under different conditions. This proved the sufficient 

stability of all these NPs. Moreover, in detail, it was seen at the end that compared to 

non-coated NPs, all CS-coated NPs showed less fluctuations in their hydrodynamic 

diameter measurements, and they were more stable during the incubation. The reason 

behind this was the presence of CS coating. The coating of NPs with natural CS 

polymer protected the NPs from dispersion and swelling more compared to non-coated 

ones. Also, drug-loaded CS-CUR-PLGA NPs (Figure 4.27B) and CS-αTCP-PLGA 

NPs (Figure 4.28B) had enhanced stability in the long term compared to empty CS-

PLGA NPs (Figure 4.26B). The loading of NPs with hydrophobic drug molecules 

increased their stability by providing more compact structure in the hydrophilic 

environment. Thus, it could be concluded that NPs, especially the CS-coated ones, 

could maintain their stability for a long time under different environmental conditions. 

Furthermore, the EE of CUR and αTCP drug molecules were analysed as in Table 4.5 

for both non-coated and CS-coated versions. The reduction in the EE of CUR was 

observed after the coating while the EE of αTCP remained almost the same. This 

difference in the EE could be caused by the chemical properties of drugs. Both the 

coating procedure and the additional centrifugations conducted to optimize the NP size 
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could also be the reasons for the reduction in the EE of CUR inside of NPs. After that, 

the drug release from NPs were analysed in both pH 7.4 PBS and pH 5.5 acetate buffer 

solution as in Figure 4.29. In case of inflammation, there is a decrease in the pH level 

of the surrounding environment. Hence, in this experiment, a pH of 7.4 was employed 

to simulate healthy body conditions, while a pH of 5.5 was used to mimic an 

inflammatory environment. The results revealed that the release of the drug from NPs 

was notably higher in the pH 5.5 solution compared to the drug release percentages 

observed in the pH 7.4 solution. This situation proved the higher drug release in the 

presence of inflammation compared to the drug release in a healthy body fluid. 

Furthermore, it was seen that, both in pH 5.5 and pH 7.4 environment, the release of 

CUR and αTCP drug molecules from CS-coated NPs was slower than the drug release 

from their non-coated versions. Therefore, this observation showed that the shell made 

of CS provided a sustained and slower release by protecting the drug molecule in the 

PLGA core part. In addition, the release rate of αTCP was slower than the release rate 

of CUR in both pH 5.5 and pH 7.4. This could occur due to the difference in the 

chemical structure and properties of drugs. All in all, the sustained and controlled drug 

release from both CS-CUR-PLGA NPs and CS-αTCP-PLGA NPs was achieved in pH 

5.5 inflammatory environment. 

 

 

 

As a result of this project, CS-coated, antioxidant and anti-inflammatory CUR and 

αTCP drug molecules containing, biocompatible and biodegradable core-shell PLGA 

NPs were synthesized in a monodisperse manner and their characterization tests were 

completed properly. These NPs showed promising results by providing controlled and 

sustained drug release against AS-induced inflammation. In the literature, CS, which 

is one of the natural polymers, has been frequently used for surface coating and 

modifications. Also, core-shell NPs have been commonly synthesized by using this 

polymer (57). In most of the studies, CUR and αTCP has been preferred as drug 

molecules thanks to their superior antioxidant and anti-inflammatory properties 

(38,41). Although these are widely used in the studies, CUR-loaded and αTCP-loaded, 

CS-coated core-shell PLGA NPs against AS-induced inflammation are not present in 

the literature. Their development within the scope of this project adds uniqueness to 
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this study. Also, with the future studies, this project could enable researchers to 

compare the efficacy of CS-coated NPs containing different drug molecules on 

inflammation. 

 

 

 

5.3. Discussion for Project 3: Mitochondria-Targeted NPs 

 

 

 

Mitochondria are a pivotal cellular organelle that undertake a multitude of vital 

functions in the body such as the regulation of biosynthesis, metabolism, apoptosis, 

and cell survival. Also, mitochondria serve as the primary source of ROS and play a 

key role in the regulation of oxidative stress and immune responses (64). Excessive 

production of oxidants such as free radicals and ROS in the body results in the 

formation of oxidative stress, a major contributor to chronic inflammatory diseases 

(59,65). These chronic inflammatory diseases are fatal and cause several patients to 

suffer for years. For this reason, it is required to develop novel treatment 

methodologies against oxidative stress-induced inflammations due to the 

shortcomings of traditional treatment methods such as high toxicity and insufficient 

delivery to the target site (2,4). Given the significant impact of oxidative stress on 

inflammation and its correlation with serious diseases, mitochondria-targeted TPP 

formulations-conjugated and anti-inflammatory and antioxidant QCT drug molecule 

loaded PLGA NPs were developed as a DDS within the scope of this project. 

 

 

 

First of all, non-targeted empty and drug-loaded NPs were synthesized as it was 

given in Section 3.2.3.1. After their optimization, TT80 conjugate was prepared to be 

used as a mitochondrial targeting agent as it was explained in Section 3.2.3.2. The 

purification of this conjugate was achieved via prep-HPLC, as shown in Figure 4.30. 

Then, its chemical characterization was accomplished with LC/MS-MS as in Figure 

4.31. Furthermore, the chemical structure of TT80 conjugate was confirmed by 

conducting 1H NMR analysis. The characteristic protons coming from both TPP and 

Tween80 were observed in its spectrum, as given in Figure 4.32, confirming its 
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successful synthesis. Also, FT-IR analysis was conducted as in Figure 4.33. It was 

observed that the characteristic functional groups of both TPP and Tween80 were seen 

in the FT-IR spectrum of TT80 conjugate. This proved the presence of both precursor 

materials in the structure of conjugate. In addition, PPT conjugate was synthesized as 

another mitochondrial targeting agent as it was explained in Section 3.2.3.3. First, 

PLGA-PEG was synthesized, and its characteristic functional groups were 

investigated using FT-IR spectroscopy as depicted in Figure 4.34. The FT-IR spectrum 

of the PLGA-PEG conjugate exhibited the characteristic functional groups of both 

PLGA and PEG polymers, affirming the successful formation of this conjugate. 

Subsequently, PPT was synthesized by incorporating both TPP-Br and the synthesized 

PLGA-PEG. The chemical structure of PLGA polymer, PLGA-PEG copolymer, and 

PPT conjugate was investigated via 1H NMR analysis as in Figure 4.35. In the 

spectrum of PLGA-PEG copolymer, the characteristic protons of both PLGA and PEG 

polymer were observed. Similarly, in the 1H NMR spectrum of PPT conjugate, the 

protons of PLGA-PEG copolymer and TPP molecule were detected. This indicated the 

proper synthesis and formation of the PPT conjugate. FT-IR analysis was also carried 

out for this conjugate as in Figure 4.36 and the presence of the characteristic peaks of 

precursor TPP and PLGA-PEG molecules was observed in the spectrum of PPT. All 

in all, TT80 and PPT conjugates were successfully synthesized and chemically 

characterized within the scope of this project, and they were used as mitochondrial 

targeting agents. By using these conjugates and their different amounts by weight, 

targeted empty and drug-loaded NPs were synthesized as it was explained in Section 

3.2.3.4. During all these experimental procedures, NPs were characterized, and in vitro 

evaluation of these NPs was completed at the end. All in all, the NPs were obtained 

with optimum properties to be used in the treatment of oxidative stress-induced 

inflammation. 

 

 

 

Following the synthesis of NPs, their hydrodynamic diameter and PDI values were 

analysed using DLS device. The size of non-targeted PLGA NPs and QCT-PLGA NPs 

were found almost the same and they were obtained in a monodisperse manner as in 

Figure 4.37. This observation demonstrated that drug loading did not have a substantial 
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impact on the hydrodynamic diameter of non-targeted NPs. After the conjugation of 

10% and 20% TT80 by weight as a targeting agent, the DLS analysis was carried out 

again as in Figure 4.38. The hydrodynamic diameter of empty 10%TT80-PLGA NPs 

and 20%TT80-PLGA NPs were found as 180.2 nm and 204.7 nm, respectively. After 

drug loading, the size of 10%TT80-QCT-PLGA NPs and 20%TT80-QCT-PLGA NPs 

were obtained as 188.2 nm and 145.9 nm, respectively. The minor differences 

observed in the hydrodynamic diameter values could be caused by the experimental 

process and conducted homogenizations and filtrations. Moreover, all the targeted NPs 

obtained using 10% and 20% TT80 by weight as a targeting agent exhibited uniformity 

in size and were found to be monodisperse, with a PDI value lower than 0.119. In 

addition to this, targeted NPs were also synthesized by using 1.25% and 2.50% PPT 

by weight and their hydrodynamic diameter and PDI value measurements were 

obtained as in Figure 4.39. The amount of TPP found in 1.25% and 2.50% PPT-

conjugated NPs were the equivalents of the amount of TPP found in 10% and 20% 

TT80-conjugated NPs, respectively. The hydrodynamic diameter of empty 1.25%PPT-

PLGA NPs and 2.50%PPT-PLGA NPs were measured as 138.5 nm and 139.5 nm, 

respectively. After drug loading, the size of 1.25%PPT-QCT-PLGA NPs and 

2.50%PPT-QCT-PLGA NPs were obtained as 149.5 nm and 165.7 nm, respectively. 

The minor increase in the size was observed for drug-loaded NPs containing 1.25% 

and 2.50% PPT by weight compared to empty ones. The slight variations in the 

hydrodynamic diameter values may be attributed to factors related to the experimental 

procedures, including the homogenization and filtration processes that were carried 

out to optimize the NP size. Furthermore, all these targeted NPs, containing 1.25% and 

2.50% PPT by weight as a targeting agent, were consistently found to be 

monodisperse, exhibiting a PDI value lower than 0.190. All in all, after the DLS 

analysis, it was concluded that stable, compact, and monodisperse, non-targeted and 

targeted, empty and drug-loaded NPs were obtained. Their size was suitable to 

circulate through the blood stream and interact with cells in the targeted region. 

 

 

 

Moreover, the surface charge of NPs was measured as in Figure 4.40, Figure 4.41, 

and Figure 4.42. It was observed that the zeta potential values of non-targeted empty 
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and drug-loaded NPs were negative. After conjugating 10% TT80, 20% TT80, 1.25% 

PPT, and 2.50% PPT by weight as targeting agents, a shift in the zeta potential values 

of NPs towards the positive side was observed compared to non-targeted NPs. This 

shift could be attributed to the attachment of positively charged TPP containing 

conjugates onto the surface of NPs as a mitochondrial targeting agent. Furthermore, 

the surface morphology and diameter of non-targeted PLGA NPs, QCT-PLGA NPs, 

10%TT80-QCT-PLGA NPs, and also 2.50%PPT-QCT-PLGA NPs were analysed 

with SEM as it can be seen in Figure 4.43. In the SEM results, the smooth and spherical 

morphology of non-targeted and targeted NPs was observed. However, the 

hydrodynamic diameter of NPs that were measured with SEM was found smaller 

compared to the hydrodynamic diameter of NPs that were measured with DLS. This 

occurred due to the dehydration. As it was written in the Materials and Methods 

section, NPs were synthesized and stored in ddH2O. On the other hand, in order to 

conduct SEM analysis, the NP solutions were dropped on grids and left to dry for 

almost 2 days under sterile conditions. After the water evaporated, the NPs were coated 

with gold and the analysis was conducted under high vacuum. For this reason, the 

decrease in the NP sizes was observed in the SEM results. Furthermore, the dimensions 

and structure of 10%TT80-QCT-PLGA NPs, 20%TT80-QCT-PLGA NPs, 1.25%PPT-

QCT-PLGA NPs, and 2.50%PPT-QCT-PLGA NPs were investigated with TEM as in 

Figure 4.44. The spherical shape of targeted and drug-loaded NPs was observed. 

Compared to the hydrodynamic diameter values measured with DLS device, the 

decrease in size of NPs was also seen in the TEM results. This decrease could occur 

due to the dehydration of NPs and the working conditions of the TEM device. Similar 

to the SEM analysis, NPs that were prepared in ddH2O were dropped on TEM grids 

and were waited to dry for almost 2 days under sterile conditions before conducting 

the experiment. After the water evaporated, the analysis was carried out under high 

vacuum and low-pressure conditions. Therefore, the decrease in the hydrodynamic 

diameter of NPs was observed in the TEM results similar to the SEM results. 

 

 

  

Following these characterization tests, the stability of both non-targeted PLGA 

NPs and QCT-PLGA NPs was assessed by incubating them in 1M pH 7.4 PBS at 
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temperatures of 25˚C and 37˚C for a period of nearly 30 days. As in Figure 4.45, the 

hydrodynamic diameter of NPs remained relatively consistent during first 9 days under 

different environmental conditions, with minor fluctuations presumably attributed to 

the addition of NPs in PBS. Also, statistical analysis revealed a non-significant p-value 

until the end of 9th day, indicating that there were no significant changes in the 

hydrodynamic diameter of NPs up to this time. However, after the 9th day, the gradual 

increase in the NP size was observed for both empty and drug-loaded NPs. Also, a 

statistically significant p-value smaller than 0.0001 was observed after 9th day, 

indicating a significant difference in the NP size. This increase in the size could be 

attributed to the dispersion of NPs since they swelled in PBS solution. The polymer 

chains which formed the compact NP structure started to move apart from each other 

so, the hydrodynamic diameter increased gradually. Nevertheless, it can be concluded 

that the hydrodynamic diameter of both non-targeted PLGA NPs and QCT-PLGA NPs 

was found highly stable under different environmental conditions up to 9 days. 

Furthermore, the EE of QCT in NPs were investigated as in Table 4.6. Drug EE of 

non-targeted and targeted NPs were found close to each other even though there were 

some minor differences. These minor differences in drug EE could be occurred due to 

the variations in the experimental conditions, purification processes, and also 

homogenization and filtration steps performed to achieve monodisperse NPs. At the 

end, obtained NPs had a drug EE between 47.96% and 60.20%. After that, the release 

rate of drug molecule from QCT-PLGA NPs was analysed in two different 

environments which were pH 7.4 PBS and pH 5.5 acetate buffer solution as in Figure 

4.46. Theoretically, it is known that if the inflammation occurs, the pH of the 

environment decreases. Considering this, in this study, a pH of 7.4 was used to 

simulate a healthy body state, while a pH of 5.5 was employed to mimic inflammatory 

conditions. At the end, it was clearly observed that the drug release percentage from 

NPs was significantly higher in pH 5.5 solution compared to pH 7.4 solution. At the 

end of 11th day, drug release from QCT-PLGA NPs reached to almost 95% at pH 5.5 

acetate buffer solution while it was only around 35% in pH 7.4 PBS solution. 

Therefore, compared to the conventional drug molecules, the sustained and controlled 

drug release from QCT-PLGA NPs was achieved in pH 5.5 inflammatory 

environment. 
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After completion of these characterization tests, in vitro evaluation of NPs was 

conducted to analyse their toxicity, ROS activity, and targeting efficacy. First of all, 

CCK-8 assay was conducted to investigate in vitro cytotoxicity of NPs against various 

concentration values between 1 µM and 375 µM as it can be seen in Figure 4.47, Figure 

4.49, and Figure 4.51. A statistically significant p-value smaller than 0.0001 was 

observed for all graphs in these figures, indicating that both the drug concentration and 

the differences in the samples significantly influence cell viability. In detail, it was 

observed that compared to free drug, the cell viability was higher in the presence of 

both non-targeted and targeted NPs until 300 µM concentration. Also, the decrease in 

the cell viability was observed for both free QCT and NPs while the concentration 

increased. Therefore, it was achieved that the increase in the concentration of drug 

molecules caused toxic effects on cells after some point. Moreover, the decrease in the 

cellular viability was observed when there was an increase in the amount of targeting 

agent. The reason behind this was the increase in the TPP concentration. As it was 

stated earlier, the critical threshold for the concentration of the cationic TPP molecule 

is 10 µM. As its concentration increases, it can lead to the development of undesirable 

side effects, such as proton leakage and depolarization of the mitochondrial membrane 

(27). Nevertheless, it is evident that, in comparison to free QCT molecule, all NPs 

exhibited superior cell viability, even at higher drug molecule concentrations. 

Furthermore, the IC50 values of NPs were investigated by using the nonlinear 

regression curves as in Figure 4.48, Figure 4.50, and Figure 4.52. It was achieved that 

compared to all NPs; QCT had the lowest IC50 value in terms of concentration as in 

Table 4.7. Therefore, it can be concluded that NPs were found more non-toxic to the 

L-929 mouse skin fibroblast cells compared to free drug. 

 

 

 

Furthermore, the ROS activity of NPs was analysed against their IC25 and IC50 

concentration values as in Figure 4.53. It was given in Section 2.4.2 that the 

overproduction of ROS in the body leads to the formation of an oxidative stress that 

causes severe chronic inflammatory diseases. Therefore, it is crucial to keep the ROS 

production at an optimum desired level for the proper functioning of the body. 

Considering this, within the scope of this project, mitochondria-targeted NPs were 
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developed for the treatment of oxidative stress-induced inflammation, and it had 

expected them to reduce the ROS production in case of an inflammation. LPS was 

used during this assay to create an inflammatory condition. In this context, positive 

cell control was created by applying both LPS and DCFDA on cells to observe the 

maximum ROS production when the cells were not treated with NPs in case of an 

inflammation. On the other hand, the background control was obtained by applying 

only DCFDA on cells to observe the basal ROS production of microglial cells when 

they were not treated with any NPs. The results clearly proved that in case of an 

inflammation, ROS production was significantly increased compared to their basal 

ROS level. Furthermore, the highest ROS production was observed when the cells 

were treated with free QCT at both IC25 and IC50 concentration values. The 

statistically significant difference was observed for the ROS level of QCT compared 

to the ROS level of controls since p-value was obtained smaller than 0.0001. The ROS 

production of the cells treated with free drug was obtained even higher than the ones 

depicted as positive control. Therefore, it was achieved that QCT itself did not have a 

curative effect on ROS production. However, QCT-PLGA NPs significantly lowered 

the ROS level at both IC25 and IC50 values compared to free drug so that it was similar 

to the ROS level of background control. This was also demonstrated statistically, and 

this proved the necessity and efficacy of NPs in decreasing ROS production compared 

to free drug. On the other hand, it was clearly observed that all targeted NPs, which 

were 10%TT80-QCT-PLGA NPs, 20%TT80-QCT-PLGA NPs, 1.25%PPT-QCT-

PLGA NPs, and 2.50%PPT-QCT-PLGA NPs, significantly reduced the ROS level 

compared to both QCT and QCT-PLGA NPs at IC25 and IC50 doses. This difference 

was again proved statistically with a p-value smaller than 0.0001. Therefore, it was 

achieved that the usage of targeting agents on NPs could have a pivotal role in reducing 

and regulating ROS level in case of an inflammation. Moreover, for two different 

doses, it was observed that the increase in the concentration of targeting agent reduced 

the ROS production. In other words, 20%TT80-QCT-PLGA NPs and 2.50%PPT-

QCT-PLGA NPs had lower ROS level than 10%TT80-QCT-PLGA NPs and 

1.25%PPT-QCT-PLGA NPs, respectively. This also proved that both TPP and PPT 

targeting agents could prevent the overproduction of ROS in case of an inflammation 

since they improved its reduction compared to non-targeted QCT-PLGA NPs and free 
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drug. Furthermore, slightly lower ROS level for 10%TT80-QCT-PLGA NPs, 

20%TT80-QCT-PLGA NPs, 1.25%PPT-QCT-PLGA NPs, and 2.50%PPT-QCT-

PLGA NPs was observed at IC50 concentration value than IC25. This showed that the 

decrease in the ROS production was linearly correlated with the increase in doses when 

targeted NPs applied. All in all, it can be concluded that targeted NPs could effectively 

reduce the ROS production compared to free drug and non-targeted NPs and this paved 

the way for the usage of them in the treatment of oxidative stress-induced 

inflammations. 

 

 

 

In addition to all these experiments, the mitochondrial targeting efficacy of NPs 

was investigated by conducting JC-1 assay. The principle of this assay mainly depends 

on the change in the mitochondrial membrane potential. It is mentioned in the literature 

that JC-1 is able to pass through the cell membrane when the mitochondrial membrane 

potential is elevated. Under these conditions, it forms aggregates inside the 

mitochondria, resulting in red fluorescence. On the other hand, when there is a 

decrease in the membrane potential of mitochondria, JC-1 goes from the mitochondrial 

matrix to the cytoplasm of the cell, resulting in the formation of monomer with green 

fluorescent (72). In other words, the JC-1 dyes form red fluorescence or J-aggregates 

in the healthy mitochondria while they form green fluorescence or J-monomer upon 

induction of the apoptosis of mitochondria. In this experiment, LPS was employed to 

create an inflammatory environment, thereby enabling the observation of anti-

inflammatory healing effects of both free drug and NPs upon reaching mitochondria. 

Considering all this information, it was expected to observe higher formation of red 

fluorescence in the images of cells when synthesized NPs were applied on them. First 

of all, the cells that were treated with only CCCP and only LPS was analysed as 

controls (Figure 4.54). Since CCCP acts as a disrupter of mitochondrial membrane 

potential, it was utilized as a positive control. It was expected to observe the formation 

intense green fluorescence in the presence of CCCP due to its induction of 

mitochondrial depolarization. As expected, only J-monomers were seen in the 

captured images of CCCP-treated cells, with no detection of J-aggregates or red 

fluorescence. This observation confirmed the proper functioning and reliability of the 



137 
 

assay. In addition, in the images of the cells that were treated with only LPS, intense 

green fluorescence was observed, along with some minor red fluorescence. This 

observation confirms the presence of inflammation and the induction of apoptosis in 

response to inflammation. Furthermore, to better observe the effect of NPs, the cells 

were also treated with QCT as a free drug, and the JC-1 assay was conducted. Drug 

concentrations of 5 µM, 10 µM, and 20 µM were applied to the cells. It was observed 

that the formation of J-aggregates was higher than that obtained for controls regardless 

of the drug concentration as in Figure 4.55. As drug concentration increased, the 

increase in the red fluorescence was observed indicating drug-dose dependency. 

However, the intensity of green fluorescence was also very high and for this reason, J-

monomers were highly abundant in the overlay images. Furthermore, the captured 

images for QCT-PLGA NPs can be seen in Figure 4.56. It was observed that with an 

increase in drug concentration, there was a corresponding increase in red fluorescence. 

Compared to QCT alone, the overlay images of QCT-PLGA NPs exhibited more red 

fluorescence, indicating a higher presence of healthy mitochondria. This also proved 

the necessity and advantageous feature of the usage of NPs in the treatment of 

inflammation. Then, the effects of targeting agents on mitochondrial membrane 

potential and their ability to target mitochondria were analysed at different ratios of 

the targeting agents. 10%TT80-QCT-PLGA NPs displayed a greater formation of J-

aggregates compared to the non-targeted QCT-PLGA NPs, as depicted in Figure 4.57. 

This observation affirmed that targeting enhanced the healing process in case of an 

inflammation, leading to a higher occurrence of healthy mitochondria. Also, as the 

drug dose increased from 5 µM to 20 µM, the decrease in the number of J-monomers 

and increase in the number and brightness of J-aggregates were observed. This also 

proved their dose-dependent response and underscored the advantages of employing 

targeted NPs with TT80 as a targeting agent. When the targeting agent increased to 

20% by weight (Figure 4.58), the intensity and amount of red fluorescence 

significantly increased at all drug concentration values compared to those containing 

10% TT80. The decrease in the J-monomers and the increase in the J-aggregates were 

observed as the concentration increased. In the overlay image, it was evident that there 

was an increased number of healthy mitochondria when the cells were treated with 

20%TT80-QCT-PLGA NPs. Therefore, the targeting ability was found to be linearly 
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proportional to the ratio of the targeting agent, TT80. When the targeting agent was 

PPT rather than TT80, the intensity and number of J-aggregates remained similar 

regardless of the increase in the ratio of the targeting agent from 1.25% PPT (Figure 

4.59) to 2.50% PPT (Figure 4.60). Therefore, the targeting ability was not linearly 

proportional to the ratio of the PPT as a targeting agent. Also, the brightness and the 

amount of red fluorescence signals were not as pronounced as those observed with 

TT80-conjugated targeted NPs. This could be attributed to the formation of steric 

hindrance after conjugating the targeting agent at the end of the polymer, PLGA-PEG. 

However, as the drug concentration increased, the formation of red fluorescence also 

increased. Additionally, targeting with PPT still resulted in a higher number of healthy 

mitochondria compared to QCT and QCT-PLGA NPs. However, due to the steric 

hindrance, the usage of TT80 provided high mitochondrial membrane potential and 

increased number of healthy mitochondria compared to PPT. All in all, it can be 

concluded that the usage of targeted NPs resulted in the formation of more J-

aggregates and so provided advantageous results for treating inflammation regardless 

of the type of targeting agent, compared to both free drug and non-targeted NPs. 

 

 

 

In conclusion, biocompatible, biodegradable, and mitochondria-targeted PLGA 

NPs that were loaded with anti-inflammatory QCT as a drug molecule were 

successfully synthesized. The necessary characterization tests were completed to 

obtain NPs with optimized properties in terms of size, surface charge, and morphology. 

The hydrodynamic diameter of both non-targeted PLGA NPs and QCT-PLGA NPs 

was found highly stable during first 9 days and QCT-PLGA NPs provided the 

sustained and controlled drug release at pH 5.5 inflammatory environment. Compared 

to free drug, all NPs showed higher cell viability even at high concentration values of 

drug molecule. Moreover, in comparison with free drug and non-targeted NPs, all 

targeted NPs significantly reduced the ROS production in the presence of an 

inflammation. Also, the use of targeted NPs enhanced the formation of J-aggregates in 

JC-1 assay, regardless of the type of targeting agent, thereby providing favourable 

results for healing inflammation and increasing the number of healthy mitochondria. 

Therefore, these NPs that were synthesized within the scope of this project exhibited 
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promising results to be used in the treatment of oxidative stress-induced inflammation 

compared to conventional treatment methodologies. In the literature, it is stated that 

the transport of TPP-conjugated NPs from the cytoplasm into mitochondria is 

facilitated up to a hundred times compared to the transport of non-targeted NPs. 

Therefore, targeting efficacy of TPP to the mitochondria has been proved (32). 

Moreover, QCT has been commonly used in the studies thanks to its antioxidant and 

anti-inflammatory properties. Also, in the literature, it is demonstrated that carrying 

QCT with NPs enhances its stability, bioavailability, and pharmacokinetic profile 

while reducing its toxicity to the body (36). Although mitochondrial targeting agent 

TPP and QCT have been frequently used in the studies separately, there is no study 

available in the literature that utilizes TPP-conjugated QCT-loaded PLGA NPs for the 

treatment of oxidative stress-induced inflammation. Also, to compare the effectiveness 

of targeting agents, two different conjugates containing TPP were synthesized, and 

their different ratios were conjugated to NPs within the scope of this project. The usage 

of these conjugates is not also available in the literature. This contributes to the 

originality of this project. Finally, these optimized mitochondria-targeted anti-

inflammatory drug-loaded PLGA NPs have a great potential to serve as an effective 

DDS for the future studies in the treatment of many chronic inflammatory diseases in 

which mitochondria play a pivotal role. 
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6. CONCLUSION 

 

 

 

The studies conducted in this thesis consisted of three main projects which 

included the development of macrophage-targeted NPs, CS-coated NPs, and 

mitochondria-targeted NPs. In general, all these projects concentrated on the synthesis 

and evaluation of various PLGA NPs loaded with anti-inflammatory drug molecules 

to combat inflammation caused by AS or oxidative stress. 

 

 

 

In the first project, monodisperse and stable NPs with low PDI values were 

successfully obtained. The addition of positively charged S2P peptide as a targeting 

agent onto the NPs was confirmed through zeta potential surface charge 

measurements. Additionally, the presence of the targeting agent was validated by 

analysing the net protein concentration found in targeted NPs using a nanodrop device. 

Moreover, SEM images revealed the smooth and spherical shape of the NPs, while 

TEM images confirmed the presence of a polymeric coating layer around the NPs. 

Furthermore, with FT-IR analysis, the presence of chemical functional groups of the 

drug molecule and coating layer in NPs was confirmed. Drug release studies 

demonstrated that, after approximately 27 days, the drug release percentage from the 

NPs was around 75% at pH 5.5, whereas it was approximately 25% at pH 7.4 solution 

when the drug was α-13′-COOH. Similarly, after approximately 32 days, the drug 

release from the NPs reached almost 77% at pH 5.5, while it was approximately 4% at 

pH 7.4 solution when the drug was GA. These findings confirmed the sustained and 

controlled release of drug molecules in an acidic inflammatory environment. In 

summary, the successful synthesis of macrophage-targeted PLGA NPs loaded with 

various VitE metabolites for addressing inflammation induced by AS was achieved. 

 

 

 

In the second project, monodisperse NPs with low PDI values were synthesized. 

After coating the NPs with CS, an increase in size was achieved while maintaining 

mono-dispersity, enabling safe circulation throughout the blood. The addition of 
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positively charged CS as a coating layer was confirmed through surface charge 

measurements. Together with these, their smooth and spherical nature were revealed 

by SEM images. It was also demonstrated that CS coating improved stability and 

facilitated sustained and prolonged release of drugs from the NPs. Consequently, the 

second project of this thesis study was also accomplished properly.  

 

 

 

Finally, in the third project, mitochondria-targeted NPs were synthesized using 

10% and 20% TT80 and 1.25% and 2.50% PPT by weight as targeting agents, resulting 

in sizes smaller than 210 nm and exhibiting mono-dispersity. The addition of TT80 or 

PPT as targeting agents was confirmed by observing a shift in zeta potential values 

towards the positive side, attributed to TPP being a positively charged small molecule. 

Their surface morphology, dimensions, and structure were verified through SEM and 

TEM images. The NPs demonstrated high stability for up to 9 days and provided 

controlled and prolonged release of QCT in acidic inflammatory environments. 

Furthermore, in vitro characterization assays were conducted to assess the impact of 

NPs on cell viability, ROS production, and mitochondria-targeting. The synthesized 

NPs exhibited high cellular viability even at elevated drug concentrations, and all 

targeted NPs effectively reduced ROS production under inflammatory conditions. 

Additionally, it was observed from the fluorescence microscope images that targeted 

NPs promoted the formation of J-aggregates, indicating their ability to prevent 

mitochondrial apoptosis in the presence of inflammation. This confirmed the efficacy 

of NPs in targeting mitochondria. In conclusion, optimized mitochondria-targeted NPs 

loaded with QCT were successfully synthesized and showed a great potential to serve 

as an effective DDS for treating inflammations induced by oxidative stress. 

 

 

 

In the light of all this information, it is evident that all three projects were 

conducted appropriately, yielding promising results for future studies. Although the 

PLGA polymer, drug molecules, and targeting agents have been used in the literature 

for years, their combination as achieved in this thesis study is unique and original. This 

underscores the potential of the research to enhance the quality of life for patients with 
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chronic inflammatory disorders. Also, with some variations in targeting agents or drug 

molecules, it may be possible to extend the application of these studies to treat other 

severe diseases. Therefore, it can be concluded that the studies conducted within the 

scope of this thesis will pave the way for numerous future investigations. 
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8. APPENDIX 

 

 

 

Appendix 1. 1H NMR analysis of the non-targeted and mitochondria-targeted drug-

loaded NPs (project 3) 

 

 

   
The chemical structure of both non-targeted QCT-PLGA NPs and targeted 

10%TT80-QCT-PLGA NPs was analysed by 1H NMR spectroscopy in deuterium 

oxide (D2O). In the spectrum of QCT-PLGA NPs (Figure 8.1A), the aromatic protons 

of the drug molecule, QCT, were observed around 8.25-8.75 ppm. Also, the -CH2 and 

OH protons of PEG polymer were detected around 3.50-4.00 ppm and 2.00-2.50 ppm, 

respectively. Also, the D2O protons were seen around 4.50-5.00 ppm. After the 

conjugation of targeting agent onto the NPs, the previously mentioned peaks coming 

from the aromatic protons of QCT and -CH2 and OH protons of PEG were observed 

at similar ppm values. However, in addition to these, the aromatic protons of TPP 

molecule were seen around 6.50-7.50 ppm in the spectrum of 10%TT80-QCT-PLGA 

NPs (Figure 8.1B). This additional peak coming from TPP molecule confirmed the 

successful addition of the targeting agent to the NPs. 
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Figure 8. 1. 1H NMR spectrum of the (A) QCT-PLGA NPs (B) 10%TT80-QCT-

PLGA NPs. 
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