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ABSTRACT

DUAL ENCAPSULATION OF GOLD NANORODS AND
CHEMOTHERAPY DRUGS INTO PLGA

NANOPARTICLES FOR COMBINED CANCER THERAPY

Due to its multifaceted nature, cancer often requires combination therapies

for e�ective treatment. In this study, we report the development of a dual�functional

nanoplatform in which gold nanorods (AuNRs) and doxorubicin (DOX) are co�encapsulated

within poly(lactic�co�glycolic acid) (PLGA) nanoparticles (≈246 nm). The miniemulsion-

based formulation produced nanoparticles with a narrow size distribution (PDI ≤ 0.1),

a DOX loading of 32±4 µg/mL, and 47% AuNR encapsulation e�ciency. AuNR encap-

sulated PLGA nanoparticles retained their structural integrity, shape, and longitudinal

surface plasmon resonance (LSPR) properties during 110�day storage at 4 ◦C. Upon

near-infrared laser irradiation (808 nm, 1W/cm2, 5 min), nanoparticles generated a

temperature increase of approximately 25 ◦C, con�rming preserved photothermal per-

formance. 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) as-

says in MCF�7 breast cancer cells revealed that cytotoxicity was primarily driven by the

DOX payload, with no statistically signi�cant synergy observed between chemotherapy

and photothermal e�ects.

Keywords: PLGA Nanoparticles, Gold Nanorods, Doxorubicin, Dual Photothermal�

Chemotherapy System, Colloidal Stability, MCF�7 Breast-Cancer Cells.
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ÖZET

KOMB�NE KANSER TEDAV�S� �Ç�N ALTIN
NANOÇUBUKLARIN VE KEMOTERAP� �LAÇLARININ

PLGA NANOPART�KÜLLER�NE �K�L�
ENKAPSÜLASYONU

Kanserin çok yönlü yap�s�, etkili bir tedavi için genellikle birden fazla yak-

la³�m�n birlikte kullan�lmas�n� gerektirir. Bu çal�³mada, alt�n nanoçubuklar (AuNR)

ve doksorubisin (DOX) birlikte poli(laktik-ko-glikolik asit) (PLGA) nanoparçac�klar�na

enkapsüle edilerek geli³tirilen çift i³levli bir nanoplatform sunulmu³tur. Geli³tirilen

nanoparçac�klar�n ortalama çap� yakla³�k 246 nm'dir. Miniemülsiyon yöntemiyle haz�r-

lanan formülasyon, dar bir boyut da§�l�m� (PDI ≤ 0.1), 32±4 µg/mL DOX yükleme

miktar� ve %47 oran�nda AuNR enkapsülasyon verimi sa§lam�³t�r. PLGA içine enkap-

süle edilen AuNR'lerin yap�sal bütünlü§ü, ³ekli ve boylamsal yüzey plazmon rezonans�

(LSPR) özellikleri 4 °C'de 110 gün boyunca korunmu³tur. Yak�n k�z�lötesi (NIR) lazer

(808 nm, 1W/cm2, 5 dakika) uygulamas� sonucunda,nanoparçac�klar yakla³�k 25 °C'lik

bir s�cakl�k art�³� sa§lam�³t�r. Bu sonuç, sistemin fototermal performans�n� korudu§unu

göstermektedir. MCF-7 meme kanseri hücrelerinde yap�lan MTT testi sonuçlar�na göre,

sitotoksisite büyük ölçüde DOX'un kemoterapötik etkisine ba§l�d�r. Fototermal etki

ile anlaml� bir sinerji gözlemlenmemi³tir. Çal�³mada elde edilen veriler, AuNR'lerin

PLGA içine yüklendi§inde plazmonik özelliklerini korudu§unu göstermektedir.

Anahtar Sözcükler: PLGA Nanoparçac�klar, Alt�n Nanoçubuklar, Doksorubisin,

Kombine Fototermal-Kemoterapi Sistemi, Kolloidal Stabilite, MCF-7 Meme Kanseri

Hücreleri.
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1. INTRODUCTION

1.1 Motivation

The disadvantages encountered in the clinical use of traditional anticancer drugs

have led to the need to deliver chemotherapeutics to the tumor area in a controlled

manner through external stimulus-triggerable mechanisms, which can result in better

patient compliance and treatment outcomes [1],[2]. However, the fact that untargeted

heating in thermochemotherapy, one of the combined treatments, produces undesir-

able results shows the necessity of targeting external stimuli as much as targeting the

chemotherapeutic drug [3]. At this point, photothermal therapy, which allows the heat

to be precisely localized to the targeted area, achieves this e�ective result thanks to

light and photothermal agents [3].

Generation of photo�hyperthermia e�ects by near-infrared (NIR) photon irra-

diation may be provided by various photothermal agents such as gold nanoparticles,

carbon nanomaterials, and conducting polymeric nanomaterials. Low absorption coef-

�cients of NIR light in hemoglobin, and water provide long tissue penetration depth [4].

The nanomaterials used as photothermal agents successfully transform the absorbed

NIR photons into heat and this energy transformation acts on tumors without dam-

aging normal tissue. In addition to all these, the fact that photo-induced heat has an

indirect e�ect by increasing the sensitivity to chemotherapeutic agents by increasing

membrane permeability and blood vessel dilation in the tumor area is a strong fac-

tor for the application of this combined therapy [1]. Among plasmonic gold materials,

which are photothermal agents, gold nanorods stand out in terms of showing longitudi-

nal surface plasmon resonance (LSPR) in the near infrared light regions that penetrate

into the tissue and with its ease of LSPR band tunability [5].
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Poly lactic-co-glycolic acid (PLGA), which has FDA-approved formulations, is

biocompatible and biodegradable, and provides the �exibility to control drug release

kinetics with its varying lactide/glycolide ratio when used as a drug delivery vehi-

cle [6],[7]. Additionally, glass transition temperature (Tg) also has an impact on drug

release behavior. With the increasing movement of polymer chains during transition,

drug molecules will leak out of the polymer chain cage, which increases the drug re-

lease rate [7]. Without any speci�c external in�uence, drug-loaded PLGA particles are

generally released from the PLGA matrix by passive di�usion, hydrolysis or enzymatic

digestion, which can result from several days to months [8]. Considering the heat emit-

ted by photothermal agents during photothermal treatment, the use of PLGA material,

which has relatively low Tg value that needs to be reached for passing transition state

from glassy to rubbery, is also promising in terms of controllable drug di�usion with

active release.

The general aim of this research is to design a light-driven polymeric nanocarrier

system loaded with gold nanorods and doxorubicin for use in drug delivery applications

and to evaluate the photothermal and cytotoxic e�ectiveness of the designed system

on cancer cells (Figure1.1).
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Figure 1.1 General representation of the research.

1.2 Objectives

The primary objective of this thesis is to develop and evaluate a multifunctional

polymeric nanoparticle system based on poly(lactic-co-glycolic acid) (PLGA), designed

for the co-delivery of gold nanorods (AuNRs) and doxorubicin (DOX), with potential

application in combined photothermal and chemotherapeutic cancer treatment. The

system aims to achieve high colloidal stability, e�cient light-to-heat conversion, and

controlled drug release, while maintaining biocompatibility under physiologically rele-

vant conditions.

To achieve this ultimate goal, the following speci�c objectives were pursued:

Objective-1: Gold nanorods (AuNRs) were synthesized and characterized to

ensure suitable size, morphology, and longitudinal surface plasmon resonance (LSPR)
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properties for photothermal conversion at 808 nm.

Objective-2: A series of PLGA nanoparticle formulations were prepared by

varying the AuNR:PLGA ratio to determine the optimal AuNR loading condition that

allows for stable encapsulation without aggregation.

Objective-3: The optimal AuNR-loaded PLGA formulation was identi�ed

through comprehensive physicochemical characterization, including scanning transmis-

sion electron microscopy (STEM) imaging, dynamic light scattering (DLS), Fourier�

Transform infrared spectroscopy (FTIR), and TGA, focusing on homogeneity, mor-

phology, and encapsulation e�ciency.

Objective-4: Doxorubicin (DOX) was co-encapsulated into the optimized PLGA-

Au nanoparticles, and the dual-loaded system (PLGA-Au-DOX) was evaluated for

particle size, polydispersity index (PDI), colloidal stability, and drug loading e�ciency.

Objective-5: Long-term stability studies were conducted under di�erent con-

ditions:

(a) colloidal and optical stability of AuNRs after mechanical stress (centrifugation pro-

tocols) over 110 days and

(b) pH-dependent bu�er storage (pH 7.4, 6.5, 5.5) at 4◦C over 300 days.

Objective-6: Photothermal performance of AuNR-loaded nanoparticles was

assessed using NIR laser irradiation at di�erent power densities. The thermal response

was recorded to evaluate light-to-heat conversion e�ciency.

Objective-7: Biocompatibility of PLGA and PLGA-Au nanoparticles was tested

using the MTT assay on L929 �broblast cells, following ISO 10993-5:2020 guidelines.

Objective-8: The combined therapeutic potential (chemotherapy + photother-

mal therapy) of PLGA-DOX and PLGA-Au-DOX formulations was evaluated in vitro

on MCF-7 breast cancer cells, including control comparisons under near�infrared (NIR)
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laser exposure.

1.3 Thesis Outline

Five fundamental chapters comprise this thesis. The primary objectives are

de�ned, the motivation for the study is introduced, and the thesis's general struc-

ture is outlined in Chapter 1. The principles of photothermal therapy (PTT), the

integration of PTT with chemotherapy, drug delivery systems, and the use of PLGA

as a biodegradable nanocarrier are all covered in Chapter 2, which also provides a

comprehensive context on cancer and the limitations of conventional therapies. These

topics serve as the thesis's scienti�c foundation. The materials and experimental pro-

cedures employed in the investigation are detailed in Chapter 3. The synthesis of

PLGA nanoparticles, optimization of AuNR loading, co-encapsulation of doxorubicin

and AuNRs, physicochemical characterization, drug release experiments, nanoparticle

stability analysis, photothermal irradiation studies, and in vitro cell culture assays are

all included in this chapter. The experimental results are presented and discussed in

detail in Chapter 4. The physicochemical stability, drug release pro�les, photother-

mal e�ciency, and cytotoxic responses of MCF-7 breast cancer cells are used to assess

the performance of the dual-functional nanoplatform. The main �ndings are summa-

rized in Chapter 5 and a perspective on future research directions is provided. It also

underscores the potential of the devised system for additional in vivo applications in

dual-modality cancer therapy.
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2. RESEARCH BACKGROUND

2.1 Cancer and the Need for Advanced Therapeutic Strategies

Breast cancer (BC) is currently among the most common types of cancer world-

wide, and its incidence is anticipated to rise by nearly 50% by 2030, largely due to

lifestyle changes and advances in screening technologies. In addition to being a leading

cause of death and morbidity among women, the burden of the disease is even greater

in developing countries where access to early diagnosis and e�ective treatment is often

limited. Treatment challenges, genetic factors and the rapid progression of the disease

are also important factors that contribute to lower survival rates [9],[10].

Breast cancer is characterized using histological classi�cation and molecular

classi�cation [11]. The therapeutic strategy for breast cancer is primarily determined

by four speci�c molecular subtypes, de�ned according to the expression of hormone

receptors that a�ect the prognosis of the disease. The subtypes comprise luminal A,

luminal B, triple-negative, and HER2-enriched breast tumors [12]. During the past

century, the treatment of people with breast cancer has changed signi�cantly from a

purely surgical strategy to a multidisciplinary one that now includes immunotherapy,

targeted therapy, endocrine therapy, chemotherapy, and radiotherapy. This change has

resulted from a growing comprehension of the illness and the identi�cation of notable,

unusual characteristics that set it apart from other forms of cancer [13].

The typical BC treatment regimen includes surgery, chemotherapy, radiation

therapy, and endocrine and hormone therapy; however, these methods might have sig-

ni�cant side e�ects and limitations (Figure 2.1) [14]. Regarding the e�ects on the

surrounding problems, breast surgery damages the lymphatic, neurological, and blood

vessels, resulting in �brosis and abnormalities of gait, particularly following unilateral
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mastectomy, as well as upper limb lymphedema [15]. Adjuvant therapy, including ra-

diation therapy (RT), is usually used to eliminate any leftover cancer cells and reduce

the chance of recurrence after neoadjuvant therapy shrinks the tumor. Even though

radiation therapy stops cancer from coming back, because it uses high doses of radia-

tion, it can have negative side e�ects include decreased feeling, skin irritation, and skin

peeling in the treated areas [14].

Figure 2.1 A summary of nanotechnology-based strategies for cancer diagnosis and treatment. The
left side shows therapeutic approaches like PTT, photodynamic therapy (PDT), and radiotherapy,
while the right side highlights diagnostic tools such as Magnetic Resonance Imaging (MRI) and blood
tests. The central nanoparticles represent multifunctional systems that can support both diagnosis
and treatment[16].

2.2 Limitations of Conventional Chemotherapy

Conventional chemotherapy, long regarded as a cornerstone in the treatment

of breast cancer, faces several signi�cant limitations that compromise its overall e�-

cacy and negatively a�ect patient outcomes as low selectivity, high toxicity, insu�cient

access of drugs to the target tumor, poor drug solubility and low bioavailability (Fig-

ure 2.2). In particular, inadequate drug delivery to the target tumor is one of the main

problems that seriously hinders the positive results of chemotherapy [17].
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Breast cancer stem cells (BCSCs) develop resistance to both chemotherapy and radio-

therapy through drug e�ux, DNA repair, anti-apoptotic and antioxidant mechanisms;

activation of pathways such as Hippo and PI3K/AKT/NRF2 also supports this resis-

tance [18]. A signi�cant di�culty in cancer therapy is drug resistance, when cancer

stem cells demonstrate resilience to chemotherapeutic drugs and stay impervious to

treatment, ultimately resulting in tumor recurrence [12].

Figure 2.2 Common side e�ects associated with di�erent cancer treatment modalities. Chemother-
apy, surgery, hormone therapy, radiation, immunotherapy, and targeted therapy each come with spe-
ci�c risks, ranging from fatigue and in�ammation to drug resistance, organ toxicity, or nerve dam-
age [19].

2.3 Combined Therapy Approaches in Cancer Treatment

The complex nature of cancer requires the implementation of several comple-

mentary treatment strategies. Consequently, several combination techniques such as

chemo-gene therapy, chemo-radiotherapy, chemo-immunotherapy, chemo-photothermal

therapy, as well as combined therapy regimens have been formulated to improve ther-
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apeutic e�cacy against cancer (Figure 2.3)[20].

Synergistic e�ects are attempted by carrying more than one therapeutic agent

in the same nanocarrier. Co-delivery systems provide better synergy, increase patient

compliance, and allow more precise control of the dose of each drug. Thanks to the

integration of nanotechnology into this �eld:

� Biological distribution of drugs is improved,

� The duration of drug residence in the bloodstream is extended,

� Controlled release is provided,

� Drug entry into the cell via endocytosis is allowed to overcome multidrug resis-

tance (MDR).

For this purpose various nanocarriers systems like micellars, liposomes, biodegred-

able polymer nanoparticles, nanohydrogels and dendrimers are being intensively re-

searched [21].

Nanoparticles incorporating photothermal agents, photosensitizers, or anticancer

drugs have been developed to enhance the therapeutic e�cacy of chemotherapy com-

bined with PDT or PTT. Following phototherapy, tumor cells can be rapidly destroyed

through vascular damage, necrosis, or apoptosis. Nevertheless, because phototherapy

alone may not completely eradicate all tumor cells, there is a risk of tumor recurrence.

Integrating chemotherapy at this stage can help suppress further tumor progression [22].
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The results obtained from studies in the literature using gold nanorods as photothermal

agents and combined with chemotherapeutic drugs are promising [23],[1],[24].

Figure 2.3 Illustration of various cancer treatment strategies, including immunotherapy, radiother-
apy, chemotherapy, gene therapy, and phototherapy. At the center, combination therapy is highlighted
as an integrative approach that brings together multiple treatment methods to improve therapeutic
outcomes [25].

2.4 Principles of Photothermal Therapy (PTT)

The facile, controllable, and noninvasive characteristics of photothermal ther-

apy (PTT), which is based on photothermal compounds to absorb near-infrared light

and generate heat, have garnered signi�cant research interest in cancer treatment [26].

Since tumor cells are more heat-sensitive compared to healthy cells, they can be se-

lectively eliminated through this technique. Typically, laser systems are employed in

PTT to induce controlled thermal damage in the a�ected tissue [12].

Few research have examined the basic biological responses to PTT, such as

whether dying cells undergo the apoptotic or necrotic route whereas, most have fo-

cused on operational therapeutic e�ects. Necrosis and apoptosis are well-known yet

distinct cell death mechanisms. Necrosis destroys cellular activities and cell membrane

integrity, allowing potentially cytotoxic or antigenic contents to escape into the extra-
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cellular space. Leakage can cause in�ammatory responses that damage surrounding

tissues or cause tumor growth. In contrast, the cell cycle includes apoptosis. Apop-

totic cells have intact plasma membranes, therefore cytoplasmic contents rarely leak,

preventing cell and tissue harm. Apoptotic cells also release some indicators on their

cell membranes, which phagocytes use to preferentially recognize and quickly engulf

them. For these reasons, apoptosis is seen as the "cleaner" cell death method [27].

As the ambient temperature rises to 42°C, protein denaturation and transient cellular

inactivation occur (Figure 2.4). Between 43 and 45°C, prolonged cellular inactivation

and localized oxidative stress are observed, leading to the initiation of apoptosis in can-

cer cells. When the temperature reaches around 46°C, rapid necrosis begins, a process

referred to as thermoablation. Further heating to 48�60°C causes immediate cellu-

lar death due to microvascular thrombosis and ischemia [20],[28]. While the intricate

mechanisms of thermoablation remain incompletely elucidated, it is well acknowledged

that temperature-induced denaturation of the cell membrane and cytoplasmic proteins

is pivotal in cellular death [20].

Figure 2.4 Schematic representation of the photothermal therapy mechanism. Photothermal agents
are injected into tumor-bearing mice and activated by near-infrared (NIR) irradiation. The resulting
heat raises the tumor temperature above 42°C, leading to cancer cell death through necrosis, apoptosis,
or necroptosis [29].

In recent years, near-infrared (NIR) light-responsive materials have garnered

signi�cant attention in the �eld of cancer photothermal therapy. Because NIR light

within the 650�900 nm wavelength range is weakly absorbed by skin and tissues, it
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enables deeper tissue penetration without causing damage. Additionally, NIR-based

photothermal therapy o�ers a non-invasive treatment option that preserves surround-

ing healthy cells. Several notable photothermal agents have been speci�cally designed

for this purpose. Materials such as gold nanocages, carbon nanotubes, gold nanoshells,

and gold nanorods e�ciently absorb NIR light and convert it into thermal energy,

inducing cytotoxic e�ects on cancer cells. Among these agents, gold nanorods are

particularly promising due to their tunable longitudinal absorption in the NIR region

and their easily modi�able surface properties [30]. GNRs have two surface plasmon

peaks, with the weaker, untunable peak corresponding to the visible light transverse

SPR frequency due to their shape. The GNR aspect ratio (length:width) tunes the

second peak in the near-infrared region (NIR), which corresponds to the stronger lon-

gitudinal surface plasmon resonance (SPR) frequency. At peak SPR frequency, GNRs

absorb and scatter strongly, which can be used for imaging and therapy. The tissue

optical window (600�1000 nm) produces less endogenous scattering and absorption in-

terference, making it ideal for biological applications [31]. However, to ensure e�ective

tumor accumulation through the enhanced permeability and retention (EPR) e�ect

and to achieve e�cient tumor ablation, challenges such as heterogeneous heat distri-

bution within the tumor and the necessity for high laser power must also be carefully

considered [30]. Also, the biocompatibility and certain de�ciencies in photothermal

characteristics restrict its utilization. The presence of a toxic cetyltrimethylammo-

nium bromide (CTAB) molecular layer on the surface makes it unfavorable for direct

photothermal therapy. Furthermore, its structure will collapse and change under laser

irradiation and the advantageous NIR window of the GNRs may transition to the visi-

ble spectrum due to the commonly seen aggregation and clustering of the GNRs inside

various cells leading to a reduction in photothermal e�cacy [32],[33]. Consequently,

enhancing biocompatibility and photothermal stability creates a signi�cant barrier for

the photothermal application of gold nanorods [32]. Therefore, various nanoscale en-

capsulation systems have been engineered to encapsulate coat gold nanorods (GNRs)

and demonstrate their distinctive and ampli�ed therapeutic e�ects through thermal

ablation of tumors (Figure 2.5) [33],[34].
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Figure 2.5 Synthesis and surface modi�cation of gold nanorods (AuNRs) for photothermal therapy.
AuNRs synthesized using CTAB show cytotoxicity, while coating with BSA:Dextran or BSA:Gum
Arabic (GG) improves biocompatibility. Upon 808 nm NIR irradiation, all AuNR formulations gen-
erate heat, demonstrating their photothermal potential [34].

2.5 Photo-Chemotherapy: Integration of PTT and Chemother-

apy

Traditional cancer treatment methods such as chemotherapy and radiotherapy,

which cause serious side e�ects due to high doses and intense radiation, reduce the
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patient's quality of life and cause a decrease in treatment success. Therefore, the in-

creasing need for more e�ective and less side-e�ect treatments has paved the way for the

development of non-invasive approaches such as magnetic hyperthermia, photothermal

therapy and photodynamic therapy. In particular, the combination of photothermal

therapy and chemotherapy is on the agenda as a remarkable application [35]. The

integration of chemotherapy with photothermal therapy, one of the combined treat-

ments, stands out with its ability to reduce the development of drug resistance and to

reduce systemic side e�ects. Photosensitive nanostructures increase the sensitivity of

cells that are already responsive to chemotherapy by producing localized heat. Small

drug molecules can be chemically bound to structures that react to light using di�erent

synthetic methods or encapsulated inside them. After NIR application, the drugs to-

gether with the nanostructure are released in a controlled manner and provide targeted

drug accumulation in the tissue (Figure 2.6)[20].

Figure 2.6 Schematic illustration of the synergistic action of CHT and PTT utilizing GNRs [30].

Gold nanorods hold promise for both drug delivery systems and direct pho-

tothermal cancer therapy due to their strong optical and photothermal properties;

they also have potential for advanced sensing technologies such as surface-enhanced

Raman scattering (SERS) [36]. Particle size, shape, and the metal's dielectric con-

stant all a�ect the surface plasmon resonance (SPR) of gold nanoparticles, which is

caused by a collective coherent resonant oscillation in the presence of the oscillating
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electromagnetic �eld of the light (Figure 2.7) [37]. A recent study investigated in gold

nanorods were encapsulated within PLGA and further functionalized with folic acid to

enhance biocompatibility and tumor targeting e�ciency. The resultant nanostructures

maintained signi�cant NIR absorbance and e�ective photothermal conversion, while

demonstrating enhanced cell survival, thereby a�rming their appropriateness for ther-

apeutic applications [38].

Figure 2.7 Schematic illustration of the light-induced optical properties of gold nanorods and their
applications. Upon light exposure, gold nanorods exhibit strong absorption and scattering in the
visible to NIR range, enhanced local electric �elds, and photothermal e�ects. These properties enable
applications such as chemical sensing, biological imaging, surface-enhanced Raman scattering (SERS),
and photothermal therapy [36].

Doxorubicin (DOX) is an important chemotherapy drug developed in the 1960s

and approved by the FDA in 1974. DOX, which belongs to the anthracycline group,

is naturally red-orange in color and water-soluble. It is used in the treatment of many

types of cancer, including breast cancer, ovarian cancer, soft tissue and bone sarco-

mas, leukemia and lymphoma in adult and pediatric patients. Its basic mechanism of

action is to stop cell proliferation by inhibiting the topoisomerase II enzyme, which

is responsible for DNA replication in cancer cells. DOX, which has strong anticancer

properties, is subject to dose limitation or treatment interruption due to its serious

side e�ects. Various nanoformulation strategies such as liposomes, dendrimers, solid

lipids and lipid nanoparticles have been developed as a solution to this situation (Fig-

ure 2.8). In this way, it is aimed to improve both drug delivery and reduce systemic

toxicity [36],[39]. Tsai et al. engineered a doxorubicin-loaded PLGA nanoparticle with

a surface in addition decorated with cationic and anionic polyelectrolytes, signi�cantly
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enhancing colloidal stability and in vitro anticancer e�cacy [40].

Figure 2.8 Representation of nanoformulation that can be loaded with DOX [41].

2.6 Drug Delivery Systems for Cancer Therapy

In recent years, there has been growing interest in drug delivery systems that

utilize nanomaterials capable of responding to environmental stimuli and o�ering con-

trolled drug release within the body. "On-demand" drug delivery platforms, designed

to meet individual patient needs, allow for precise spatial and temporal regulation of

therapeutic release at speci�c sites over de�ned periods. However, conventional drug

delivery systems still encounter major obstacles, such as limited control over release

pro�les, challenges in drug-organ compatibility, and di�culties in production processes,

often leading to ine�cient and non-speci�c drug distribution. Additionally, di�erences

in chemical environments across various organs make oral delivery unsuitable for many

drugs, while adverse e�ects on non-target tissues remain a critical issue. To overcome

these limitations, implantable delivery systems have been developed, providing direct

access to tumors and enabling localized therapeutic interventions. Moreover, stimulus-

responsive nanomaterials signi�cantly enhance the e�ectiveness of cancer treatments



17

by supporting the creation of more sophisticated and targeted delivery strategies (Fig-

ure 2.9) [42].

Figure 2.9 Schematic illustration of stimuli-responsive drug delivery systems. Nanocarriers can be
engineered to release therapeutic agents in response to speci�c triggers, including light, temperature,
magnetic or electrical �elds, redox conditions, enzymatic activity, and pH changes. These smart
systems enable controlled, site-speci�c, and e�cient drug release, enhancing therapeutic outcomes
while minimizing o�-target e�ects [43].

Many di�erent kinds of pharmaceuticals can be administered using nanoparti-

cles, including hydrophilic and hydrophobic small compounds, vaccinations, and bi-

ological macromolecules [44]. The controllability of parameters such as size, surface

properties, and biocompatibility allows these systems to precisely regulate drug release

of polymeric nanoparticles (PNPs). PNPs hold promise in the treatment of diseases

such as cancer due to their potential to overcome biological barriers and provide stimuli-

responsive drug release. However, manufacturing di�culties and barriers to integration

into clinical applications limit the wider use of this technology[45].

A wide range of synthetic and natural biodegradable polymers exists. Starch,

albumin, gelatin, sodium alginate, and chitosan are examples of natural biodegrad-
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able polymers [46]. Other commonly used polymers include poly(lactic acid) (PLA),

poly(lactic-co-glycolic acid) (PLGA), poly(-caprolactone) (PCL) and polyanhydrides,

each of which o�ers di�erent degradation rates and drug delivery properties. Meth-

ods such as nanoprecipitation, emulsion-evaporation and spray drying from solution

are used in the preparation of PNPs, and these production techniques have a direct

e�ect on the morphology, drug loading capacity and release kinetics of the carrier.

Especially in cancer treatment, PNPs are used to increase therapeutic e�cacy by re-

ducing systemic toxicity [47]. To our knowledge, the study by Chuang et al. is the sole

report evaluating a PLGA/DOX/AuNR system as a drug delivery vehicle in MCF-7

cells [1]. Unlike the HADP nanocomplexes that required additional HSA coating, our

PLGA-AuNR-DOX formulation achieves stable encapsulation through a more straight-

forward design, underscoring its novelty and practical advantage. Also, in that study,

the optimization of gold-nanorod loading and the evaluations of long-term nanoparticle

stability were not conducted. This disparity is prevalent not only in that work but also

in other research that integrates a polymer matrix, gold nanorods, and a chemother-

apeutic drug [23],[1],[24]. These studies demonstrate the e�ectiveness of drug delivery

systems in cancer treatment.

2.7 PLGA as a Biodegradable Carrier

Poly(lactic-co-glycolic acid) (PLGA) is a synthetic copolymer synthesized from

lactic acid and glycolic acid monomers, widely recognized for its signi�cant success in

drug delivery and tissue engineering applications [39]. PLGA is highly biocompatible

and biodegradable in the human body; its breakdown products, CO2 and H2O, are

non-toxic and removed from the body by the Krebs cycle. The degradation of ester

linkages through hydrolysis in aqueous environments is regulated by polymer chemistry

factors, including glycoside unit concentration, initial molecular weight (MW), stere-

ochemistry (d and l composition), and end-group functionalization (Figure 2.10) [48].

Among its notable advantages are its complete biodegradability in aqueous environ-

ments, regulatory approvals from both the FDA and EMA for parenteral drug delivery,

protection of drugs from degradation, and its ability to enable sustained and targeted
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release. Nevertheless, despite achieving high encapsulation e�ciency, the commercial-

ization of PLGA nanoparticles remains limited, primarily due to their low drug loading

capacities. This challenge is even more critical when working with hydrophilic drugs

such as doxorubicin [39].

Figure 2.10 Chemical structural diagram for PLGA and its monomers. Owing to the existence of
ester bonds that undergo hydrolysis in watery settings [48].

In an aqueous environment, PLGA is subjected to hydrolytic degradation, which

results in the random hydrolysis of ester linkages that are present along the polymer

backbone. One carboxylic acid group and one hydroxyl group are generated by each

hydrolyzed ester linkage. The molecular weight of the polymer is reduced as a result

of the scission of long polymer chains, which increases its hydrophilicity. Subsequently,

the polymer forms water-soluble fragments. These water-soluble fragments are hy-

drolyzed to lactic and glycolic acids, which are subsequently decomposed to produce

energy, carbon dioxide, and water through the body's typical metabolic pathways.

The degradation mechanism of PLGA is signi�cantly in�uenced by the monomer ratio

of lactic:glycolic acid. For example, the hydrophobic lactide content of PLGA 85:15

is higher than that of PLGA 50:50, which results in a more rapid rate of degrada-
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tion [49]. The PLGA end group also contributes to polymer breakdown. The acidic

terminal group of PLGA facilitates the hydrolysis of ester bonds, resulting in the for-

mation of more acidic groups in an autocatalytic cycle throughout the degradation

process. Consequently, the PLGA containing an acidic terminal group degrades far

more rapidly than its ester-ended counterpart [50]. The glass transition temperature

(Tg) of PLGA is similarly associated with its lactic acid to glycolic acid (LA:GA) ratios.

The glass transition temperature (Tg) of polymers denotes the temperature at which

they transition from a glassy state (below Tg) to a rubbery one (above Tg). Given that

the Tg of PLGA is approximately 50 °C, which exceeds physiological temperature, it is

typically de�ned by the mechanical strength and rigidity of its composition. The glass

transition temperature (Tg) rises with higher polymer molecular weights and increased

lactic acid (LA) content [51].
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Table 2.1
Key physicochemical and degradation-related properties of PLGA.

Property Description

Composition (LA:GA ra-

tio)

The most common ratio is 50:50. Higher GA content increases

hydrophilicity and accelerates degradation.

Melting Temperature The melting point decreases with increasing GA fraction, enabling

the fabrication of diverse structures.

Solubility PLGA is soluble in various organic solvents (e.g.,

dichloromethane, acetone); solubility decreases as GA con-

tent increases.

Glass Transition Tempera-

ture (Tg)

Approximately 50°C. Tg increases with higher molecular weight

and LA content, enhancing mechanical rigidity.

Crystallinity PLGA is primarily amorphous, facilitating homogeneous drug dis-

tribution and controlled release.

Molecular Weight and Vis-

cosity

Higher molecular weight correlates with increased viscosity.

Molecular weights between 15�100 kDa correspond to degrada-

tion over weeks to months.

Degradation Mechanism Mass loss occurs through hydrolysis of ester bonds, water absorp-

tion, and polymer chain scission.

Autocatalytic E�ect Carboxyl end groups generated during degradation catalyze fur-

ther hydrolysis; PLGA�COOH degrades faster than end-capped

PLGA.

Biological In�uences Adsorption of proteins, cell accumulation, and free radical pro-

duction can accelerate in vivo degradation.

Biodegradation Products Lactate and glycolate are eliminated via the Krebs cycle or ex-

creted in urine.

pH In�uence Degradation and drug release are enhanced under alkaline condi-

tions (high pH) [51].
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3. EXPERIMENTAL SECTION

3.1 Materials

Poly(lactic-co-glycolic acid) (PLGA, Resomer RG 503H; lactide:glycolide 50:50,

acid-terminated, molecular weight 24�38 kDa) was acquired from Sigma-Aldrich. Chlo-

roform (ACS reagent, ≥99.8%) was obtained from Fisher Scienti�c. Poly(vinyl alcohol)

(PVA; Mw 13�23 kDa, 87�89% hydrolyzed) was provided by Sigma-Aldrich. Doxoru-

bicin hydrochloride (DOX·HCl) was acquired from Biosynth Carbosynth. Dulbecco's

phosphate-bu�ered saline (DPBS) was procured from Gibco, a division of Thermo

Fisher Scienti�c. A dialysis membrane with a molecular weight cuto� of 6000�8000

was acquired from Carl Roth.

For cell culture investigations, Dulbecco's Modi�ed Eagle's Medium (DMEM),

fetal bovine serum (FBS, sourced from Brazil), Penicillin-Streptomycin (10,000 U/mL,

100×), and Trypsin-EDTA (0.25% with phenol red) were procured from Gibco; Dimethyl

sulfoxide (DMSO, cell culture reagent) was obtained from NutriCulture; Thiazolyl Blue

Tetrazolium Bromide (MTT Reagent, 98%) was acquired from Thermo Fisher; and

Trypan Blue was sourced from Hyclone.

3.2 Synthesis of PLGA Nanoparticles

PLGA nanoparticles were synthesized utilizing a miniemulsion process adapted

from a previously reported protocol in our laboratory [52]. To create the organic (dis-

persed) phase, 50 mg of PLGA was dissolved in 2.5 mL of chloroform. Simultaneously,

the aqueous phase was prepared by dissolving 75 mg of poly(vinyl alcohol) (PVA) in

10 mL of Milli-Q water with continuous agitation. The aqueous phase was gradually

added to the organic phase while being magnetically agitated at 1000 rpm at room

temperature (25 ◦C) for 1 hour to form a macroemulsion. Ultrasonication was subse-
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quently performed in an ice bath for 2 minutes using a Branson Soni�er (450 W) at

70% amplitude, with 10-second on/o� cycles to generate a stable miniemulsion. The

organic solvent was subsequently evaporated by agitating the emulsion at 300 rpm for

16 hours at room temperature, leading to the formation of PLGA nanoparticles.

Gold nanorods (AuNRs) were manufactured by a seed-mediated growth method as

described by Zengin et al. [34]. Gold nano seeds were synthesized by reducing 0.01M

HAuCl4·3H2O solution with 0.01M ice-cold NaBH4 in the presence of 0.1M cetyl-

trimethylammonium bromide (CTAB). The mixture was gently stirred and subse-

quently incubated at 30◦C in a water bath. To prepare the growth solution, 0.01M

HAuCl4 was combined with 0.1M CTAB, 0.1M AgNO3 and 0.1M L(+)-Ascorbic acid,

respectively. Finally, the seed solution was incorporated into the growth solution. The

resulting solution was maintained for 3 hours in a 30◦C water bath. After 3 hours,

the solution was subjected to centrifugation at 4000 rpm and preserved at +4◦C. The

technique carried out without modi�cation, and all compounds (same lot number) and

concentrations utilized were in accordance with those outlined in the original protocol.

3.3 Optimization of Gold Nanorod Encapsulation

To ascertain the optimal gold loading ratio for dual therapy applications, gold

nanorods (AuNRs) were encapsulated at varied mass ratios of 5%, 10%, 14%, 27%, and

41% relative to a �xed PLGA mass. The quantity of AuNR corresponding to the speci-

�ed weight was determined using the established calibration curve (Figure A.1.A), and

the calculated volume of gold nanorods was subjected to centrifugation at 12,000 rpm

for 15 minutes. PLGA was dissolved in chloroform, and the centrifuged AuNRs were

incorporated into the vial and mixed at 1600 rpm for one minute to achieve the dis-

persed phase. The aqueous phase, containing PVA dissolved in Milli-Q water, was

incrementally introduced into the dispersed phase while stirring at 1000 rpm. The

macroemulsion was subsequently created by continuous agitation at 1000 rpm for one

hour at 25 ◦C. Afterwards, AuNR-encapsulated PLGA nanoparticles were subjected to

centrifugation twice for 30 minutes at 6000 rpm, after which the pellet was re-dispersed

in Milli-Q water.
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3.4 Combined Encapsulation of Gold Nanorods and Doxoru-

bicin

By the miniemulsion technique, a �nal concentration of 1 mg/mL of doxorubicin-

hydrochloride (DOX) and 0.714 mg/mL of gold nanorod-encapsulated PLGA nanopar-

ticles was produced. The amount of AuNR corresponding to 7.14 mg was determined

as described in Section 3.3. DOX (10 mg) was �rst dissolved in 0.3 mL of DMSO,

then PLGA (50 mg) dissolved in 2.5 mL of chloroform and centrifuged AuNRs were

added and mixed at 1600 rpm for one minute to obtain the dispersed phase. The next

steps of the synthesis were conducted as per the methodology described in Section 3.3.

The encapsulated Dox content was spectrophotometrically evaluated at 480 nm using

the In�nite M1000 microplate reader (Tecan, USA) based on the absorbance of the

supernatants. DPBS was used to dilute the supernatants in a 2:5 (sample:total) (v:v)

ratio. The previously established Dox calibration curve was utilized to determine the

concentration corresponding to the absorbance value (Figure A.1.B).

The amount of encapsulated gold nanorods (AuNRs) in the nanoparticle for-

mulations was quanti�ed by thermogravimetric analysis (TGA). Measurements were

conducted in a nitrogen atmosphere utilizing a TGA55 apparatus (TA Instruments). In

platinum pans, 1.036 mg of lyophilized PLGA-Au-DOX nanoparticles were subjected

to heating up to 800 °C at a rate of 10 °C/min. The residual mass at 600 °C was em-

ployed to determine the gold concentration in the AuNR-loaded formulations.

A CTAB-stabilized gold nanorod solution was created for lyophilization at a �nal

concentration of 0.714 mg/mL, as indicated by the calibration curve (Figure A.1.A). A

speci�ed volume of this solution was lyophilized, resulting in a dried mass of 0.172 mg,

which was subsequently evaluated under identical TGA conditions to ascertain the

residual gold content.
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3.5 Characterization of Nanoparticles

The hydrodynamic diameter of the nanoparticles was determined using a dy-

namic light scattering (DLS, Zetasizer Lab, Malvern Instruments, U.K.) at a �xed

scattering angle of 90°. The values were presented as intensity-weighted average size

(Z-average). To ensure optimal count rates and minimize multiple scattering e�ects,

50 µL of nanoparticle suspension was diluted with 950 µL of Milli-Q water (1:20, v/v)

for each measurement. Zeta potential (ζ-potential) measurements were conducted uti-

lizing the same device in a 1 mM KCl solution (1:21, v/v) to maintain a consistent

ionic environment. To prevent damage to the zeta cuvette, the number of measurement

runs was limited to a maximum of 40.

Morphological characterization of the nanoparticles was performed using scan-

ning transmission electron microscopy (STEM) with a Quatra S instrument (Thermo

Fisher Scienti�c). For STEM analysis, diluted nanoparticle solutions were deposited

onto 300-mesh carbon-coated copper grids. The obtained STEM images of AuNRs

were analyzed using ImageJ software to measure the length and width of individual

nanorods [53].

The optical properties of the synthesized gold nanorods were evaluated using a

TECAN In�nite M Nano microplate reader within an absorbance range of 230�1100 nm.

FTIR spectroscopy was carried out using the Shimadzu IR Spirit-T spectrometer. The

encapsulation e�ciency (EE) of AuNR based on TGA analysis was calculated using

Eq. 3.1.

%EE =
Amount of encapsulated Au (mg)

Amount of Au initially used (mg)
(3.1)
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3.6 In Vitro Doxorubicin Release

Using the dialysis method, the in vitro release pro�le of doxorubicin (DOX) was

assessed for both PLGA-DOX and PLGA-Au-DOX nanoparticle formulations. After

that, the dialysis membranes were �lled with the nanoparticle suspension (1 mL) with a

molecular weight cut-o� (MWCO) of 6�8 kDa. Beakers �lled with 13 mL of Dulbecco's

Phosphate Bu�ered Saline (DPBS, pH 7.4) were used to submerge the dialysis bags.

The release media was kept at 37 °C and agitated at 300 rpm utilizing a temperature-

controlled magnetic stirrer. Samples (600 µL) of the release media were collected at

speci�ed intervals: hourly during the initial 4 hours, then approximately every 24 hours

until 96 hours. After each sampling, an equivalent volume (600 µL) of fresh DPBS was

introduced to preserve sink conditions and maintain a consistent volume.

The DOX content in each sample was determined by measuring absorbance at

480 nm with a UV-Vis spectrophotometer (In�nite M Nano, TECAN, USA), following

the equilibration of the samples to room temperature. The concentration of DOX

was determined utilizing a previously constructed calibration curve (Figure A.1.B).

Notably, no spectral interference was detected during DOX quanti�cation since the

gold nanorods (AuNRs) enclosed in the PLGA-Au-DOX formulation do not show a

distinctive absorbance peak at 480 nm. Consequently, the UV-Vis signal at 480 nm is

solely ascribed to the released DOX.

3.7 Bu�er- and RPM-Based Stability Analysis of Nanoparticles

Two distinct stability tests were conducted to assess the behavior of nanopar-

ticles under varying environmental and mechanical conditions. Each study was desig-

nated a unique code for clarity and consistent reference throughout the thesis. The

STB-Bu�er (Stability-Bu�er) concentrated on evaluating the stability of PLGA nanopar-

ticles across various bu�er systems, including sodium acetate, sodium phosphate, and
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phosphate-bu�ered saline, with di�ering pH levels. Conversely, STB-Rpm (Stability-

Rpm) assessed the in�uence of several centrifugation methods on the stability of gold

nanorods. PLGA nanoparticles and gold nanorods underwent successive centrifugation

at di�erent speeds, subsequently followed by storage and observation.

3.7.1 STB-Bu�er

To assess the structural stability of the encapsulated systems, synthesized free

PLGA nanoparticles were kept at 4 °C in three distinct bu�er media (pH 7.4, 6.5, and

5.5 sodium phosphate bu�er, and phosphate-bu�ered saline, respectively) and sampled

at predetermined intervals (Figure 4.9.A). After the nanoparticle was synthesized, two

consecutive centrifugation cycles were performed on 2.5 mL of nanoparticle suspension

at 6000 rpm for 30 minutes. Subsequent to each cycle, the pellet was resuspended in

2.5 mL of fresh bu�er and stored at 4 °C. Stability was evaluated by tracking changes

in hydrodynamic diameter and polydispersity index (PDI) by dynamic light scattering

(DLS) and UV-VIS measurements over time.

3.7.2 STB-Rpm

The STB-Rpm study was formulated based on the cumulative centrifugation

stages to which gold nanorods (AuNRs) are subjected during their manufacture and

subsequent processing into PLGA-Au nanoparticles. Consequently, two distinct cen-

trifugation methods were developed and evaluated during this study. RPM1 encom-

passes centrifugation procedures start with an initial spin at 4000 rpm, commonly

utilized during AuNR production, followed by 12000 rpm. It denotes the state of

unencapsulated AuNRs immediately before the encapsulation. In the RPM2 condi-

tion, following the 4000 rpm and 12000 rpm steps, two further centrifugation cycles at

6000 rpm were performed. The RPM2 setting was applied to both free AuNRs and

PLGA-Au formulations. RPM2 therefore signi�es the ultimate cleaned state of the

formulations.
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3.8 In Vitro Photothermal Irradiation and Heat Pro�ling

Using a continuous-wave (CW) diode laser tuned to 808 nm with power densities

of 0.5, 0.75, and 1 Wcm-2, 0.3 mL of PLGA Np, gold nanorod (AuNR), PLGA-Au

Np, and PLGA-Au-DOX Np suspensions were placed in transparent microcentrifuge

tubes and subjected to radiation for 300 seconds. The previously created calibration

curve was used to calculate the AuNR content (Figure A.1.A). All experiments were

performed in triplicate (n = 3). The thermal camera (FLIR E5 XT Wi�) is positioned

at a 90-degree angle relative to the laser and the sample surface. The laser power

density was veri�ed using a calibrated power meter (Newport Model 1918-R). The laser

point size was established at 0.5 cm2, ensuring comprehensive coverage of the sample's

upper surface. FLIR Tools software was used to determine the peak temperatures

during the 30-second intervals of thermal imaging.

3.9 Cell Culture

This study utilized MCF-7 human breast cancer cells (ATCC HTB-22) and L929

murine �broblast cells (ATCC CCL-1). Both cell lines were cultivated in high-glucose

Dulbecco's Modi�ed Eagle Medium (DMEM, Gibco), augmented with 10% (v/v) fetal

bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco). Cells were sus-

tained at 37 °C in a humidi�ed incubator with a 5% CO2 environment (Nüve EC160,

Turkey). Cells were detached for passage using 0.25% trypsin-EDTA (Gibco) for 5

minutes under standard incubation conditions. The enzymatic process was inhibited

by the introduction of complete growth media, and the cell suspension was centrifuged

at 1000 rpm for 5 minutes. The supernatant was discarded, and the cell pellet was re-

constituted in fresh media. Cell vitality and density were assessed using an automated

cell counter (BIO-RAD TC20) with trypan blue staining.



29

3.10 Cell Viability (MTT) Assay

Cytotoxicity was evaluated per ISO 10993-5:2020 with L929 murine �broblast

cells (ATCC CCL-1) as the standard cell line. Cell viability was assessed using the

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test. Ten thou-

sand cells were inoculated into each well of 96-well plates containing 100 µL of full

growth medium. After a 24-hour incubation period, the medium was replaced with

fresh media containing nanoparticles at varying concentrations (10 to 150 µg mL-1),

and the cells were subsequently incubated for a further 24 or 48 hours.

DMSO served as the blank, whereas untreated cells cultivated just with complete

media acted as the negative control group. After each incubation period, the media

was discarded, and 100 µL of PBS was utilized to gently rinse the cells. Subsequently,

100 µL of fresh DMEM, augmented with 10 µL of MTT solution (5 mg/mL) (MTT

reagent, 98%, Thermo Fisher), was added to each well. After a 4-hour incubation, the

media was carefully removed, and the resulting formazan crystals were dissolved in

100 µL.

Absorbance was measured at 570 nm using a Bio-Rad iMark microplate reader.

Six tests were conducted for each condition, and the �ndings were expressed as mean ±

standard deviation.

3.11 Photothermal Cytotoxicity in MCF-7 Breast Cancer Cells

Both groups were seeded on the same 96-well plate for each nanoparticle group

in order to guarantee that the laser-exposed and non-exposed cells were exposed to the

same experimental circumstances, including any possible environmental changes dur-

ing irradiation. This con�guration enabled all wells to experience identical handling

procedures, including temporary removal from aseptic conditions during laser expo-
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sure. Nanoparticles were introduced at speci�ed doses (150 µg mL-1 and 250 µg mL-1)

following a 24-hour cell adhesion period. To reduce thermal interference, one blank

well was maintained between each sample well. Following 24 hours of nanoparticle

incubation, the wells were rinsed with dPBS and replenished with fresh media. Wells

allocated for photothermal treatment were irradiated with an 808 nm laser at 1 W cm-2

for 300 seconds, whereas the other wells were maintained under identical external con-

ditions without laser exposure. Following a 24-hour incubation period to facilitate drug

release from the polymer matrix, the plates were subjected to an MTT-based viability

assessment.

Before determining the laser parameters for photothermal treatment, control

tests were performed to evaluate the impact of laser exposure alone on cell viability.

MCF-7 cells cultured in 96-well plates (without nanoparticle) were subjected to near-

infrared (NIR) laser irradiation at di�ering power densities and durations: 1 W/cm2 for

5 minutes, 1.7 W/cm2 for 5 minutes, and 2 W/cm2 for 5 and 10 minutes. Subsequent to

irradiation, the cells were cultured for 24 hours under conventional culture conditions.

3.12 Statistical Analysis

Statistical analyses were performed using OriginPro 2025 (OriginLab Corpo-

ration, Northampton, MA, USA). For experiments in which only cells were exposed

to laser irradiation (n = 3), data were analyzed by one-way ANOVA followed by

Tukey's post hoc test, with a signi�cance threshold of p < 0.01. For experiments in

which nanoparticle-treated cells were subjected to laser irradiation (n = 3), a three-

way ANOVA followed by Tukey's post hoc test was applied, with p < 0.05 considered

statistically signi�cant. All results are presented as mean ± standard deviation (SD).
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4. RESULTS AND DISCUSSION

4.1 Fabrication of PLGA Nanoparticles and Parameter Tuning

for AuNR Loading

As seen in Figure 1.1, the miniemulsion-solvent evaporation approach was used

to create all of the PLGA nanoparticles. A previously optimized procedure was used

to produce blank PLGA nanoparticles prior to AuNR encapsulation in our lab [34].

The system's surface characteristics and structural stability were assessed using the

nanoparticles in the absence of photothermal agents. Dynamic light scattering (DLS)

analyses revealed that the blank nanoparticles had an average hydrodynamic diameter

of 220 nm and a polydispersity index (PDI) of 0.11, indicating a uniform size distribu-

tion (Table 4.1). This initial characterization served as a crucial baseline for assessing

the following e�ects of AuNR loading on particle size, shape, and stability. In the lit-

erature, the hydrodynamic diameter of blank PLGA nanoparticles produced by using

PVA generally varies between ∼92�258 nm [52],[54],[55]. The particles developed in

this study (∼220 nm) are positioned toward the upper end of this range, which is of-

ten associated with higher encapsulation capacity due to increased core volume, while

remaining within the biologically suitable size window for e�ective delivery.

Before the synthesis of drug and AuNR-loaded nanoparticles, we performed an op-

timization study for AuNR loading to determine the optimal concentration of gold

nanorods (AuNR) for enhanced photothermal e�cacy. Five PLGA nanoparticle for-

mulations (PLGA-Au1 to PLGA-Au5) were developed by varying the AuNR concen-

trations while maintaining a constant PLGA content (Table 4.1). A thorough struc-

tural and optical analysis was conducted to evaluate the morphological integrity, the

uniformity of AuNR distribution inside the nanoparticles, and their photothermal ca-

pabilities. Three main factors were taken into consideration when choosing the best

formulation: AuNRs' successful incorporation into the polymeric matrix as opposed

to their existence as free entities in the surrounding medium; their favorable physico-

chemical properties; and their uniform dispersion throughout the PLGA nanoparticles.
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Visual inspection, STEM imaging, DLS measurements, and FTIR analysis combined

facilitated the identi�cation of the most promising formulation for future applications.

Table 4.1
Hydrodynamic dimensions and polydispersity index (PDI) values of PLGA nanoparticles containing

gold nanorods at di�erent loading ratios. Measurements were conducted using dynamic light
scattering (DLS) in aqueous solutions prior to puri�cation.

Sample Np AuNR (% w/w of PLGA) Size (nm) PDI Zeta Potential (mV)

PLGAinitial 0 220 ± 1 0.11 ± 0.01 -2.0 ± 0.7

PLGA-Au1 5 293 ± 8 0.09 ± 0.02 -1.4 ± 0.5

PLGA-Au2 10 287 ± 3 0.09 ± 0.10 -6.0 ± 0.2

PLGA-Au3 14 213 ± 1 0.10 ± 0.01 -1.0 ± 0.7

PLGA-Au4 27 297 ± 5 0.15 ± 0.03 -10.0 ± 0.2

PLGA-Au5 41 228 ± 3 0.30 ± 0.02 -4.0 ± 0.4

PLGA-Au1 and PLGA-Au2 nanoparticles exhibited a marked increase in av-

erage hydrodynamic radius despite encapsulating relatively small amounts of gold

nanorods compared to blank nanoparticles (Table 4.1). According to STEM imag-

ing results, the PLGA-Au1 and PLGA-Au2 formulations showed an uneven distribu-

tion of gold nanorods (AuNRs) within the nanoparticles, likely due to the low initial

AuNR content during encapsulation (Figure 4.1.A-B). Additionally, free AuNRs were

visible outside the nanoparticles. In contrast, the PLGA-Au4 formulation, which in-

corporated more gold nanorods than PLGA-Au3, displayed a hydrodynamic radius of

approximately 297 nm with a PDI of 0.15. The PLGA-Au3 sample, however, achieved

a more desirable size of around 210 nm and a PDI value of 0.10 (Table 4.1). Although

the PLGA-Au4 formulation had a higher gold nanorod input, it was also deemed un-

suitable, as STEM images revealed an increased presence of unencapsulated AuNRs. In

contrast, PLGA-Au3 exhibited a uniform AuNR distribution, favorable physicochemi-

cal characteristics, and successful encapsulation e�ciency (Table 4.1,Figure 4.1).

In the highest loading attempt, where gold nanorods were added at 41% w/w rel-

ative to PLGA, aggregation occurred during synthesis. These aggregates were removed

from the suspension via �ltration and subsequently analyzed with Fourier-transform
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infrared spectroscopy (FTIR) (Figure 4.2). The �ltered suspension was further ex-

amined by STEM and DLS to assess remaining particles. STEM and FTIR �ndings

con�rmed that PLGA and AuNRs had interacted to form aggregates. The supernatant

obtained after removing aggregated particles was further analyzed using STEM imag-

ing and DLS measurements. DLS data revealed a relatively high PDI (0.30), attributed

to particle aggregation, even though the average size remained within the target range.

Due to this tendency toward aggregation, the PLGA-Au5 system was excluded from

further testing.
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Figure 4.1 STEM images of PLGA nanoparticles encapsulating gold nanorods at varying loading
ratios. (A) PLGA-Au1, (B) PLGA-Au2, (C) PLGA-Au3 (selected as optimal formulation), (D) PLGA-
Au4, and (E) PLGA-Au5.
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Among all the tested systems, PLGA-Au3 demonstrated the highest encapsu-

lation e�ciency and was selected as the optimal AuNR-loaded formulation. Before

puri�cation, optimum formulation was assessed to better re�ect the actual entrapment

performance of gold nanorods during synthesis. The optimized formulation (PLGA-

Au3) was then centrifuged to remove impurities, yielding the puri�ed version, referred

to as PLGA-Au. This puri�cation step was critical for eliminating toxic, CTAB-

coated, non-encapsulated AuNRs. Moreover, since the formulation was intended for

dual encapsulation with doxorubicin (DOX) in the subsequent steps, removing free

DOX molecules and residual AuNRs after drug loading was essential to ensure accu-

rate analysis. Hence, puri�cation played a vital role in improving biocompatibility and

establishing a robust and reproducible platform for drug incorporation and therapeutic

evaluation.

Figure 4.2 FTIR Spectrum of the residues precipitated in the synthesis of PLGA-Au5 encoded
sample, PLGA and lyophilized AuNR.
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4.2 Co-Encapsulation of AuNRs and DOX: Evaluation of Drug

Release Behavior

Following DLS and STEM analyses, the PLGA�Au3 nanoparticle sample, iden-

ti�ed as the optimal formulation, underwent two puri�cation steps by centrifugation

at 6000 rpm for 30 minutes each. The puri�ed nanoparticles are hereafter referred to

as PLGA-Au Np. After puri�cation, the hydrodynamic radius of PLGA�Au Np in-

creased slightly from approximately 213 nm to 221 nm, while the PDI decreased from

0.10 to 0.06. For consistency in comparison, the PLGAinitial nanoparticles presented

in Table 4.1 were also subjected to the same centrifugation protocol, and their char-

acterizations were repeated after this puri�cation step (referred as PLGApurified. Even

after multiple centrifugation steps, both PLGA and PLGA-Au nanoparticles main-

tained their structural integrity and monodisperse distribution, as con�rmed by DLS

measurements (Table 4.2) and STEM imaging (Figure 4.3). In this study, the puri�ed

optimum formulation (PLGA�Au Np) displayed a mean diameter of approximately

220 nm (Table 4.2) following centrifugation, indicating a smaller and more compact

particle size compared to values commonly reported. Literature data show that the

diameters of PLGA nanoparticles incorporating gold nanorods typically range from

350 nm to 500 nm, depending on the formulation and production method used [8],[56].

After successful incorporation of gold nanorods (AuNRs) into PLGA nanoparti-

cles and the optimization of puri�cation conditions (6000 rpm for 30 minutes, repeated

twice), doxorubicin (DOX) was subsequently loaded into the nanoparticle system. The

hydrodynamic radius of these DOX-encapsulated PLGA nanoparticles is larger ( 241

nm) than that of blank PLGA and PLGA-Au Np and similar to that of PLGA-Au-

DOX Np ( 246 nm). To assess the morphological and physicochemical characteristics

of the synthesized and puri�ed nanoparticles, STEM imaging was carried out (Fig-

ure 4.3). The resulting images con�rmed that blank PLGA nanoparticles, prepared

using our previously optimized laboratory protocol, maintained their spherical shape,

smooth surface, and uniform size distribution, consistent with earlier observations [52].
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For accurate comparison, the initial PLGA nanoparticles presented in Table 4.1

were also puri�ed using the same centrifugation parameters, and subsequent charac-

terizations were performed on these puri�ed particles (referred to as PLGApuri�ed ).

Additionally, gold nanorods synthesized based on the previously established protocol

by Zengin et al. [34] exhibited well-de�ned rod-shaped morphology with an average

length of 32.5 ± 3.9 nm and an average width of 10.1 ± 1.6 nm, corresponding to an

aspect ratio of 3.2 ± 0.7 (n= 64). In STEM images of PLGA-Au and PLGA-Au-DOX

formulations, gold nanorods were clearly visible within the polymer matrix, retaining

their original shape. The sustained spherical morphology of the nanoparticles indicated

that AuNRs were successfully integrated without compromising structural integrity.

Moreover, the bare AuNRs, analyzed prior to nanoparticle synthesis, preserved their

dimensions and morphology throughout the process, further con�rming their stability

and applicability for photothermal therapy.

Figure 4.3 STEM images of the nanoparticles.
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The hydrodynamic diameter, polydispersity index (PDI), and surface charge of

the synthesized and puri�ed nanoparticles were assessed using Dynamic Light Scatter-

ing (DLS) and Electrophoretic Light Scattering (ELS), as summarized in Table 4.2.

All formulations exhibited mean particle sizes below 250 nm, a range considered fa-

vorable for cellular internalization and e�ective tumor accumulation via the enhanced

permeability and retention (EPR) e�ect. Compared to blank PLGA nanoparticles,

both PLGA-Au and PLGA-Au-DOX formulations showed a modest increase in parti-

cle size, attributed to the incorporation of gold nanorods and doxorubicin. Despite this

increase, the particles maintained a uniform nanoscale distribution, as evidenced by

PDI values below 0.1, indicating monodisperse populations and consistent formulation

quality.

Table 4.2
Physicochemical properties of di�erent nanoparticle formulations.

Sample Size (nm) PDI Zeta Potential (mV)

PLGApuri�ed Np 229± 1 0.09± 0.02 −1.4± 0.5

PLGA-Au Np 221± 2 0.06± 0.02 −2.4± 0.9

PLGA-DOX Np 241± 4 0.08± 0.02 −15.6± 1.3

PLGA-Au-DOX Np 246± 3 0.09± 0.02 −16.3± 1.2

Zeta potential measurements revealed that all nanoparticle formulations pos-

sessed slightly negative surface charges close to zero, attributed to the use of a non-

ionic surfactant during synthesis. Despite their low zeta potential, colloidal stability

was likely maintained through steric stabilization conferred by the adsorbed surfactant,

consistent with previous �ndings [52],[57],[58].

To further characterize the system, thermogravimetric analysis (TGA) was per-

formed to assess both the thermal stability and gold content of the PLGA-Au-DOX

formulation (Figure 4.4). In the CTAB-coated gold nanorods (AuNR) sample, TGA

revealed a residual mass of approximately 10.76%, which aligns well with literature-

reported values of 12% for similarly structured AuNRs [59]. The observed high mass
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loss was primarily due to the thermal decomposition of the CTAB coating, emphasizing

the necessity of surface modi�cation [34] or encapsulation into biocompatible materials

,as in this study, to mitigate CTAB-associated cytotoxicity.

For thermogravimetric analysis (TGA), the nanoparticle suspension was lyophilized

after being arranged to an optimal level of 0.714 mg/mL. The actual concentration of

the dried sample was found to be 1.275 mg/mL. Based on the 10.76% residual mass

and an initial volume of 10 mL, the total amount of elemental gold in the sample was

calculated to be 1.37 mg. As shown in the TGA thermogram (Figure 4.4), the PLGA-

Au-DOX nanoparticle formulation exhibited a slight initial weight loss (∼0.88%) below

200 ◦C, attributed to the evaporation of moisture. The main degradation occurred

above 200 ◦C, corresponding to the breakdown of the PLGA matrix, PVA and the

encapsulated doxorubicin. At 800 ◦C, the �nal residue was 1.9%, con�rming the pres-

ence of thermally stable gold nanorods. Given the dried sample's concentration of

3.44 mg/mL, the total encapsulated gold content in PLGA-Au-DOX was determined

to be 0.66 mg, representing a 48% encapsulation e�ciency relative to the initial 1.37 mg

of pure gold. For comparison, a study by Amirishoar et al. reported an encapsulation

e�ciency of only 1.1%, since our formulation achieved approximately 1.8-fold higher

gold content, highlighting the improved loading capacity achieved in this study [38].

Doxorubicin (DOX) loading was quantitatively assessed for both PLGA-DOX

and PLGA-Au-DOX nanoparticle formulations. Each formulation was prepared in

triplicate (n = 3) to ensure reproducibility. The PLGA-DOX nanoparticles demon-

strated a drug loading concentration of 85 ± 22 µg/mL, whereas the PLGA-Au-DOX

formulations exhibited a signi�cantly lower concentration of 32 ± 4 µg/mL. These

�ndings indicate that the incorporation of gold nanorods (AuNRs) into the polymeric

matrix may compromise drug loading e�ciency, potentially due to competition for en-

capsulation space or physicochemical interactions between DOX and AuNRs during

nanoparticle formation. This observation is consistent with previous studies, which

reported a decrease in DOX encapsulation e�ciency when co-loaded with hydrophobic
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Figure 4.4 TGA analysis of the samples of PLGA-Au-DOX Np and AuNR.

AuNRs in PLGA-based systems [1]. In a multifunctional nanocomposite composed of

PLGA, DOX, and AuNRs with a human serum albumin (HSA) coating, encapsula-

tion e�ciency dropped from 33.4% in DOX/PLGA nanoparticles to 30.4% and 23.0%

in formulations with low and high AuNR content, respectively. Despite the reduc-

tion, DOX was still encapsulated at therapeutically relevant concentrations across all

AuNR-loaded systems [1].

The in vitro release pro�les of PLGA-DOX and PLGA-Au-DOX nanoparticles

displayed a characteristic biphasic pattern, beginning with an initial burst release,

followed by a sustained release plateau and eventual stabilization (Figure 4.5). This

release behavior is consistent with prior studies on PLGA-based systems, where an early

burst phase is commonly observed due to the nature of the polymer matrix [58]. In

both formulations, a notable portion of doxorubicin was released within the �rst hour,
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with minimal additional release in the following period. The similarity between the

release curves suggests that the presence of gold nanorods did not markedly in�uence

the passive di�usion of DOX from the PLGA matrix under the tested conditions.

Figure 4.5 Cumulative drug release pro�les of PLGA-DOX and PLGA-Au-DOX nanoparticles in
DPBS at 37 °C.

Such a release pro�le aligns with previously reported data for acid-terminated

PLGA nanoparticles. For instance, Betancourt et al. reported that acid-end capped

PLGA nanoparticles (∼230 nm, ζ ≈ −45 mV) released 20�30% of encapsulated DOX

within the �rst hour at pH 7.4, followed by a gradual release reaching 65�75% over 24

hours. In contrast, at pH 4.0, over 50% of DOX was released in the �rst hour, exceeding

90% within 12 hours�an e�ect attributed to polymer autocatalysis and the diminished

ionic interaction between cationic DOX and deprotonated PLGA carboxyl groups [60].

Similarly, Wang et al. compared acid-terminated and ester-terminated PLGA micro-

spheres loaded with doxycycline, �nding that although acid-terminated formulations

had lower encapsulation e�ciency, they exhibited signi�cantly faster release rates and

earlier bulk erosion [50]. In contrast, ester-terminated systems retained over 50% of

the drug even after 42 days, demonstrating a more prolonged release pro�le. Given

that our formulation also utilized acid-terminated PLGA, the initial burst release we
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observed aligns with the rapid early-phase drug di�usion reported in previous studies.

4.3 Stability Pro�le of AuNR and PLGA Nanoparticle Systems

To facilitate the potential clinical application of the developed photothermal

nanoparticle system, extensive stability studies were performed under varying condi-

tions. Speci�cally, long-term colloidal and structural stability was monitored over a

110-day period using two distinct centrifugation protocols designed to mimic practi-

cal storage and handling conditions. This comparative approach aimed to clarify how

cumulative mechanical stress, introduced by repeated centrifugation, in�uences the

structural and optical integrity of gold nanorods (AuNRs), both in their unencapsu-

lated form and when embedded within PLGA nanoparticles.

The motivation for this investigation stemmed from the observation that AuNRs

are subjected to multiple centrifugation steps throughout their synthesis and puri�ca-

tion processes. Given that the complete formulation work�ow includes four successive

centrifugation cycles, including a �nal spin before encapsulation, it was essential to

systematically assess how these repeated procedures may impact the colloidal stability

of both free and encapsulated AuNRs.

While prior studies have provided only limited insights into the colloidal stability

of PLGA-Au nanocomposites, our 110-day investigation, utilizing controlled stirring

speeds (rpm) and a multi-step centrifugation protocol, o�ers the �rst long-term physical

stability dataset in the literature. The results demonstrate that PLGA nanospheres

successfully preserve the morphology of encapsulated gold nanorods (AuNRs) over

extended periods, whereas uncoated AuNRs rapidly undergo aggregation and a loss

of their characteristic longitudinal surface plasmon resonance (LSPR) features under

identical conditions (Figure 4.6 and Figure 4.7).
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Figure 4.6 Morphological evaluation of unencapsulated AuNRs after di�erent centrifugation pro-
tocols at t=0 and t=110 days, and STEM images at t=110 days for (A) RPM1 condition and (B)
RPM2 condition.

Control experiments further revealed that unencapsulated AuNRs experienced

rapid morphological deterioration during post-synthesis processing steps, as seen in

both RPM1 and RPM2 protocols (Figure 4.6). In this study, two distinct centrifuga-

tion sequences were applied to AuNRs both before and after puri�cation. The �rst

protocol (RPM1) involved a two-step process: centrifugation at 4000 rpm followed by

12,000 rpm. The second, more rigorous protocol (RPM2), consisted of four consecutive

spins as 4000 rpm, 12,000 rpm, 6000 rpm, and a �nal 6000 rpm cycle. These protocols

were exclusively applied to free AuNRs and PLGA-Au nanoparticle formulations. The

physicochemical outcomes of RPM1 are presented under the label PLGA-Au3 in Ta-

ble 4.1, while results from RPM2 are reported as PLGA-Au Np in Table 4.2.

Following repeated centrifugation, the distinctive longitudinal LSPR band of

the bare AuNRs completely vanished within 18 days (Figure 4.6.B), accompanied by

visual evidence of aggregation in the form of dark precipitates at the bottom of stor-

age tubes and amorphous agglomerates in STEM images. Notably, STEM analysis of

centrifuged AuNRs revealed isotropic gold masses ranging from 80�300 nm in diam-
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eter. These formations represent advanced rod-rod fusion stages, typically occurring

after the depletion of the CTAB surface layer, a phenomenon well-documented in prior

studies [61],[62]. The loss of the longitudinal LSPR band can be attributed not only

to morphological deformation and aggregation but also to the gradual depletion of

nanorods during successive washing steps, which ultimately leads to a decrease in op-

tical density observed in the RPM2 protocol. In contrast, gold nanorods encapsulated

within PLGA maintained their characteristic rod-like morphology and optical proper-

ties even after 110 days of storage under identical centrifugation conditions (Figure 4.7

and Figure 4.8).

Figure 4.7 Stability analysis of AuNR encapsulated PLGA nanoparticles subjected to RPM1 cen-
trifugation protocol. (A) Hydrodynamic size and polydispersity index (PDI) were monitored over a
110-day storage period by dynamic light scattering (DLS) , and morphological changes were visualized
using STEM imaging at (B) day 0 (t = 0) and (C) day 110 (t = 110).

These results underscore the protective role of the PLGA matrix in preserving

AuNR structure by preventing CTAB desorption, thereby maintaining colloidal stabil-

ity throughout multiple washing and resuspension cycles (Figure 4.7 and Figure 4.8).

To assess the long-term colloidal and structural stability of PLGA nanoparti-

cles under physiologically relevant conditions, samples were stored in bu�er solutions

at pH 7.4, 6.5, and 5.5 at 4 ◦C and monitored for over 300 days (Figure 4.9). The

objective was to examine how varying pH and ionic strengths a�ect nanoparticle sta-

bility over time, particularly after the removal of excess surfactant and free polymer

through a double centrifugation process. This approach enabled the use of puri�ed

resuspensions for stability evaluation and provided valuable insight into the behavior
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of PLGA nanoparticles�the core component of our nanocarrier system�under condi-

tions mimicking physiological and pathological environments.

Figure 4.8 Stability analysis of AuNR encapsulated PLGA nanoparticles subjected to RPM2 cen-
trifugation protocol. (A) Hydrodynamic size and polydispersity index (PDI) were monitored over a
110-day storage period by dynamic light scattering (DLS) , and morphological changes were visualized
using STEM imaging at (B) day 0 (t = 0) and (C) day 110 (t = 110).

In this STB-Bu�er protocol, nanoparticles underwent two centrifugation steps

prior to bu�er storage to eliminate unbound surfactants. Remarkably, the hydrody-

namic diameter and polydispersity index (PDI) remained stable across all pH conditions

throughout the 300-day period (Figure 4.9). This consistent size and distribution sug-

gest that the PLGA matrix e�ectively preserves nanoparticle integrity even in mildly

acidic environments (pH 6.5 and 5.5), which are relevant to tumor microenvironments

and endosomal compartments.

Furthermore, the similarity in size and PDI before and after centrifugation in-

dicates that while excess polyvinyl alcohol (PVA) is removed, the tightly adsorbed

PVA remains bound to the nanoparticle surface, likely contributing to the observed

long-term colloidal stability. Collectively, these results underscore the robustness of

the miniemulsion-based synthesis method and con�rm the suitability of the resulting

PLGA nanoparticles for biomedical applications requiring extended stability, even after

puri�cation.



46

Figure 4.9 Blank PLGA nanoparticles were incubated in three bu�er systems(pH 5.5, 6.5, and 7.4).
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4.4 Laser-Induced Photothermal Behavior of the Nanoparticle

System

Following the optimization of gold nanorod and doxorubicin encapsulation, laser

irradiation experiments were conducted to verify the photothermal conversion e�ciency

of the formulation containing the optimal AuNR loading. Speci�cally, temperature el-

evations resulting from NIR-induced heating were measured for PLGA-Au and PLGA-

Au-DOX nanoparticles and compared to blank PLGA nanoparticles (control) at vary-

ing power densities. For these measurements, 0.3 mL of each formulation was placed

in centrifuge tubes and monitored using a thermal camera.

As shown in Figure 4.10, the encapsulation of gold nanorods within the PLGA

matrix enabled e�ective and controllable heat generation upon NIR laser exposure.

Notably, PLGA-Au-DOX nanoparticles exhibited a temperature rise of approximately

25 ◦C within 5 minutes under 808 nm laser irradiation at 1.0W/cm2, whereas blank

PLGA nanoparticles showed minimal temperature change. A clear correlation was ob-

served between power density and temperature increase for AuNR-loaded formulations

(PLGA-Au and PLGA-Au-DOX), whereas no signi�cant temperature shift occurred in

PLGA-only controls across all tested power levels. As previously discussed, the gold

content encapsulated in our nanoparticle formulation was compared with that reported

by Amirishoar et al. [38]. According to the results, while their system exhibited a tem-

perature increase of only 10 ◦C after 60 minutes of laser irradiation at 1 W/cm2, our

formulation achieved an approximate 25 ◦C rise within just 5 minutes under identical

conditions. This substantial di�erence suggests a more e�cient photothermal conver-

sion in our system, likely attributable not only to di�erences in AuNR loading but also

to additional formulation parameters; such as nanoparticle structure, dispersion stabil-

ity, or polymer�nanorod interactions, which may collectively enhance heat generation

e�ciency.
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Figure 4.10 Photothermal response of PLGA-Au nanoparticles at constant volume under di�erent
laser power densities.

As presented in Figure 4.10.D, the temperature variations recorded for the blank

PLGA nanoparticles across all three power densities were negligible, con�rming their

role as an e�ective control. This observation rules out any signi�cant photothermal

contribution from the polymer or residual PVA, thereby attributing the entire ther-

mal e�ect to the presence of gold nanorods. Notably, the DOX-loaded formulation

consistently produced a 2�3 ◦C higher temperature increase compared to its Au-only

counterpart under identical laser irradiation conditions. This �nding indicates that

doxorubicin encapsulation does not hinder AuNR incorporation. Furthermore, tem-

perature elevation in all AuNR-containing formulations showed a clear dependence on

applied power density, re�ecting a dose-responsive heating behavior.
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4.5 Dual-Modality Treatment Outcomes: Cytotoxic and Pho-

tothermal Responses

Following con�rmation of the favorable physicochemical characteristics of the

nanoparticle formulations, stability assessments and photothermal performance tests

were conducted. Based on the positive outcomes, further evaluations were carried out

at the cellular level. The biocompatibility of both blank PLGA and gold-loaded PLGA

(PLGA�Au) nanoparticles was assessed using the MTT cell viability assay on L929

mouse �broblast cells (ATCC CCL-1), in accordance with ISO 10993-5:2020 guidelines

(Figure 4.11).

For blank PLGA nanoparticles, no notable dose- or time-dependent cytotoxic

e�ects were observed, indicating that the polymer matrix is biologically inert under the

experimental conditions described previously. Similarly, PLGA nanoparticles encapsu-

lating gold nanorods exhibited no concentration-dependent cytotoxicity. At the highest

tested concentration of 150µg/mL, PLGA�Au nanoparticles maintained approximately

79% cell viability after 24 hours and 72% after 48 hours of exposure. Blank PLGA

nanoparticles demonstrated comparable results, with cell viabilities of approximately

63% at 24 hours and 80% at 48 hours. Importantly, all tested concentrations preserved

≥72% viability after 48 hours, exceeding the ISO-de�ned biocompatibility threshold of

70%. These �ndings con�rm that both PLGA and PLGA�Au nanoparticles are well

tolerated by L929 cells, even at elevated concentrations, supporting their suitability for

further biomedical applications.
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Figure 4.11 Cell viability on L929 cell line.

To ensure consistent experimental conditions across all treatment groups, nanopar-

ticle and laser interaction studies were conducted using a single 96-well plate. This

setup allowed for direct comparison between laser-irradiated and non-irradiated cells,

while select wells were intentionally left empty to prevent unintended heat di�usion

between neighboring wells.

PLGA-based nanoparticles were administered at concentrations of 150 and 250

µg/mL following a 24-hour cell attachment period. After an additional 24-hour incuba-

tion, the wells were gently washed, and fresh culture medium was added. Subsequently,

designated wells were exposed to an 808 nm near-infrared (NIR) laser at 1W/cm2 for

300 seconds, while control wells were kept under identical conditions without laser

exposure. Cell viability was assessed 24 hours post-irradiation using the MTT assay

(Figure 4.12), enabling evaluation of the photothermal e�ect on cell survival in the

presence of PLGA-based nanoparticle formulations.
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Figure 4.12 Cell viability after NIR irradiation of (A) only MCF-7 cell line and (B) nanoparticle
containing MCF-7 cell line.

To independently determine the e�ects of laser irradiation without nanoparticle

interference, MCF-7 cells were exposed to varying power densities and durations of

NIR laser treatment (Figure 4.12A). Irradiation at 1 W/cm2 for 5 min resulted in



52

no statistically signi�cant change in cell viability compared to untreated controls (p =

0.062). Increasing the power to 1.7 W/cm2 for 5 min reduced viability by approximately

18±8% (p = 0.055). A brief exposure at 2 W/cm2 for 5 min produced a modest increase

in the MTT signal (p = 0.119), whereas extending the same power to 10 min lowered

viability to about 83 ± 7% (p = 0.080). Based on these results, the laser condition of

1 W/cm2 for 5 min was chosen for subsequent experiments, as it caused the smallest

deviation from the control group and did not lead to any signi�cant change in cell

viability.

To apply laser treatment to cells containing nanoparticles, all experimental

groups were seeded on the same 96-well plate to ensure uniform conditions between

laser-exposed and non-exposed cells. PLGA-based nanoparticles (150 and 250 µg/mL)

were added following a 24 h attachment period. After 24 h of incubation, the wells

were washed and replenished with fresh medium. Selected wells were irradiated with

an 808 nm laser (1 W/cm2, 300 s), while control wells remained under comparable

ambient conditions without exposure. Cell viability was assessed using the MTT assay

after an additional 24 h. At a concentration of 150 µg/mL, PLGA-DOX resulted in

32 ± 4% viability, whereas PLGA-DOX + NIR showed 37 ± 1%, indicating a modest

and statistically insigni�cant increase in cytotoxicity (p > 0.05). This slight improve-

ment may arise from a combination of thermal e�ects and altered drug di�usion at this

concentration. The negligible di�erence is likely due to the already high cytotoxicity of

DOX at this dose, which may mask any additional thermal contribution in the absence

of a photothermal agent.

When doxorubicin (DOX) was co-encapsulated with gold nanorods in the PLGA-

Au-DOX formulation, a comparable trend to the PLGA-DOX system was observed.

In the absence of laser exposure, the PLGA-Au-DOX group resulted in a cell viability

of 38%, whereas laser-treated samples (PLGA-Au-DOX + NIR) showed slightly higher

viability at 45%. This unexpected outcome suggests that photothermal heating at this

dose may have modi�ed drug release kinetics, potentially reducing DOX bioavailability

and thereby diminishing cytotoxicity despite the presence of both AuNRs and DOX.
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Notably, at a higher nanoparticle concentration (250 µg/mL), all DOX-containing

formulations exhibited markedly greater cytotoxicity compared to their 150 µg/mL

counterparts. For example, PLGA-DOX + NIR and PLGA-Au-DOX + NIR treat-

ments resulted in cell viabilities of 16% and 18%, respectively. This concentration-

dependent enhancement in therapeutic e�ect likely re�ects increased drug availability

and uptake, contributing to elevated cytotoxic stress. Collectively, these results a�rm

the chemotherapeutic potential of DOX-loaded PLGA nanoparticles and support their

e�cacy in delivering cytotoxic agents to cancer cells.

Additionally, gold-loaded nanoparticles subjected to NIR laser irradiation (PLGA-

Au + NIR) led to a moderate increase in cell viability, 44% at 150 µg/mL and 58% at

250 µg/mL, which is likely attributable to photothermal e�ects alone, in the absence of

chemotherapeutic agents. In a related study, 808 nm laser exposure at 2.5W/cm2 for

10 minutes resulted in an unexpected increase in cell viability in MCF-7 breast cancer

cells treated with both blank PLGA and folic acid-functionalized PLGA nanoparti-

cles [38]. The authors suggested that this concentration-dependent proliferation could

be due to the natural, biodegradable nature of the polymers, which may provide nu-

tritive support and promote cellular growth.

Overall, the results indicate that, under the tested conditions, the cytotoxic im-

pact of DOX-containing formulations substantially surpassed any additional e�ect from

NIR irradiation. The marked reduction in cell viability at higher DOX concentrations

re�ects the dominant chemotherapeutic activity. Rather than being a drawback, this

outcome emphasizes that the successful combination of photothermal and chemother-

apeutic modalities depends on the precise tuning of laser settings and nanoparticle

architecture. It also implies that once a certain level of chemotherapeutic potency is

reached, potential photothermal contributions may become less apparent. These obser-

vations provide valuable guidance for designing combination treatment strategies under

physiologically relevant settings and for developing more e�cient in vivo applications.
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5. CONCLUSIONS AND OUTLOOK

5.1 Conclusions

This study focuses on the physicochemical characteristics, stability, photother-

mal potential, and biological performance of a multifunctional nanoparticle system

made of poly(lactic-co-glycolic acid) (PLGA), gold nanorods (AuNRs), and the chemother-

apeutic agent doxorubicin (DOX). It underscores the vital signi�cance of nanoparticle

composition and the optimization of laser parameters for the e�ective design of inte-

grated photothermal-chemotherapeutic systems.

This comprehensive study has brought to light the following important �ndings

and conclusions:

1. Acid-terminated PLGA nanoparticles synthesized via the miniemulsion method

exhibited excellent physicochemical properties, demonstrating suitability for fur-

ther formulation steps.

2. The mass ratio of gold nanorods (AuNRs) to PLGA plays a critical role in achiev-

ing e�cient encapsulation. When the AuNR content exceeds a certain threshold

relative to the polymer mass, particle aggregation and precipitation are observed

in the system. This �nding provides a valuable indication for determining the

maximum AuNR loading capacity within the PLGA matrix.

3. TGA analysis veri�ed that gold nanorods (AuNRs) were successfully encapsu-

lated into the PLGA matrix, with an encapsulation e�ciency of roughly 47%.

This outcome is encouraging for advanced theranostic applications.

4. Doxorubicin (DOX) was e�ectively co-encapsulated with AuNRs in PLGA nanopar-

ticles, resulting in particles with appropriate size, polydispersity index (PDI), and

colloidal stability for biological applications.
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5. When the DOX encapsulation e�ciency in PLGA-Au-DOX and PLGA-DOX

was examined, it was determined that there was more drug in the formulation

containing only DOX.

6. In vitro release studies con�rmed the characteristic sustained release pro�le of

acid-terminated PLGA, with no signi�cant alteration due to AuNR incorporation.

7. To the best of our knowledge, this is the �rst work to show that mechanical stress

and the encapsulation state of AuNRs have a major impact on their long-term

structural and optical stability over a period of 110 days. Encapsulation in PLGA

Nps signi�cantly inhibited aggregation and preserved LSPR integrity throughout

repeated centrifugation.

8. PLGA-Au and PLGA-Au-DOX nanoparticles showed e�cient photothermal con-

version under NIR laser exposure, PLGA-Au-DOX nanoparticles generate tem-

perature increases of up to 25 °C at 1W/cm2, without a�ecting the polymer-only

control group, con�rming that the e�ect is entirely AuNR-driven.

9. Cytotoxicity experiments conducted on L929 �broblasts indicated that both PLGA

and PLGA-Au nanoparticles exhibit biocompatibility, even at elevated concen-

trations, surpassing ISO 10993-5 viability standards.

10. Photothermal therapy experiments on MCF-7 cancer cells revealed no synergistic

e�ect between laser exposure and DOX treatment at tested conditions, while the

cytotoxic response remained primarily concentration-dependent.

11. These �ndings collectively underscore the need of precise optimization of laser

parameters and formulation design for future combined therapeutic techniques,

and highlight the importance of assessing systems under physiologically relevant

conditions for e�ective clinical translation.

12. A year-long investigation on colloidal stability was performed by keeping PLGA

nanoparticles in bu�er solutions at pH levels of 7.4, 6.5, and 5.5 at 4 °C to replicate

physiologically relevant conditions. Following the elimination of excess surfactant

using centrifugation, the puri�ed nanoparticle suspensions exhibited stable hy-

drodynamic diameter and polydispersity index (PDI) values for a duration of
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342 days. This discovery illustrates the exceptional structural stability of PLGA

nanoparticles generated via miniemulsion and their appropriateness for prolonged

storage under diverse pH settings, including those that replicate tumor microen-

vironments or endosomal compartments.

5.2 Outlook

Taken together, these �ndings suggest that no synergistic interaction was ob-

served between NIR-induced photothermal therapy and chemotherapy under the tested

conditions. Instead, the cytotoxicity of DOX-containing formulations appeared to in-

crease primarily in a dose-dependent manner, indicating that the chemotherapeutic

e�ect outweighed any additive or synergistic contribution from the photothermal com-

ponent. These observations underscore the importance of meticulously optimizing both

laser parameters and nanoparticle composition when designing combination therapies.

Furthermore, they highlight the need to evaluate such systems under physiologically

relevant, realistic conditions to ensure translational applicability in future in vivo stud-

ies.
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APPENDIX A. SUPPLEMENTARY FIGURES

A.1 Calibration Curves

Figure A.1 A) Standard curve of AuNR in water and B)doxorubicin in Dpbs.
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