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Abstract 

 

This thesis presents the results of a combined experimental, computational, and theoretical study 

of triple negative breast cancer (TNBC) cells and non-tumorigenic breast cells. It explores the 

interactions of these cells with biosynthesized gold nanoparticles (GNP), PEG-coated GNP (GNP-

PEG), triptorelin functionalized GNP (GNP-TRP), and triptorelin-conjugated PEG-coated GNP 

(GNP-PEG-TRP) that are relevant to the treatment of triple negative breast cancer. Salient 

conclusions arising from the study of the adhesion, entry, and photothermal properties of GNP, 

GNP-PEG, GNP-TRP, and GNP-PEG-TRP in TNBC/non-tumorigenic cells are presented. 

 The adhesion is studied at the nanoscale using atomic force microscopy (AFM) experiments. The 

AFM measurements showed that the GNP-TRP and GNP-PEG-TRP have higher adhesion to 

TNBC than non-tumorigenic breast cells. The increased adhesion of GNP-TRP and GNP-PEG-

TRP to TNBC is also attributed to the overexpression of LHRH receptors on the surfaces of 

TNBCs. Finally, a three to nine-fold increase in the adhesion is predicted between triptorelin-

functionalized PEG-coated gold nanoparticles (GNP-PEG-TRP) and TNBC cells. Hence, the 

experimental observation indicates that specific receptor-ligand adhesion facilitates the targeting 

of TNBC cells with GNP-PEG-TRP. These results highlight the potential to develop Triptorelin 

functionalized PEG-coated gold nanoparticles into tumor-specific photothermal agents and drug 

carriers. 

Next, the entry of GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP into TNBC and non-

tumorigenic cells were studied using in vitro nanoparticle entry experiments and thermodynamics-

kinetics models to predict the wrapping times and optimal cluster size of uptake into TNBC cells. 

This nanoparticle entry study provides new insights into these biosynthesized nanoparticles' 
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selectivity, clustering, wrapping time, and optimum sizes. In addition, these results highlight the 

role of receptor density distribution and cluster surface energy in nanoparticle uptake into TNBC 

and non-tumorigenic breast cells.   

Specifically, the nanoparticle cluster size distribution results in TNBC (MDA-MB-231, MDA-

MB-468) and non-tumorigenic breast cells (MCF 10A) were consistent with the theoretical 

models. Interestingly, the cluster size distribution of all nanoparticles in the cells increased as a 

function of metastatic cells. This increase in the cluster size distribution is attributed to the 

overexpression of LHRH receptors on the surfaces of both TNBC cells.  

Lastly, this thesis presents an experimental and finite element (FE) study of the photothermal 

effects of GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP in TNBC using in-vitro laser-

nanoparticle hyperthermia (41ºC - 45ºC) experiments on TNBC cells and tissue models. The 

heating effects of near infrared (808 nm) laser interactions with the different gold nanoparticles 

are explored using a fluid and a tissue model. Also, the influence of robotics-assisted laser 

positioning on hyperthermic heating in tissue was investigated.  

Results from the laser-nanoparticle interactions were validated using finite element analysis (FEA) 

and found to be consistent with the experimental results. Notably, all the biosynthesized gold 

nanoparticles achieved hyperthermia and thermal ablation temperatures in water. Furthermore,  the 

photothermal conversion efficiency of the gold nanoparticles decreased with surface modification. 

Finally, the robotics-controlled laser positioning assisted heating in tissue reveals that axial and 

rotational laser interactions with the biosynthesized gold nanoparticles yield temperatures suitable 

for hyperthermia in tissue. The implications of the results are discussed for the development of a 

laser-nanoparticle-based medical robotics system for the specific hyperthermia treatment of 

TNBC.  
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Chapter1.0. Background and Introduction  

 

1.1 Background  

1.1.1. Global Problem of Cancer 

 

Cancer is the leading cause of death and reduced life expectancy globally [1]. In 2020, the global 

cancer statistics (GLOBACAN) estimated 19.3 million new cases and 10 million deaths. Globally, 

the cancer burden is expected to increase by 47% in 2040[1].  

Despite the progress made in treatment and detection methods, detracting factors such as poor 

health infrastructure and late-stage cancer presentation in developing countries, resolution 

limitations in detection equipment for early detection, cancer drug resistance, and systemic 

treatment side effects present opportunities for more research. 

1.1.2. Triple Negative Breast Cancer  

 

Breast cancer in females was reported as the leading cause of global cancer incidence in 2020, 

accounting for over 2.3 million new cases[1].  

 Triple Negative Breast Cancer (TNBC) is classified as a sub-group of breast cancer that does not 

overexpress progesterone, estrogen, and Her 2 negative [2]. It accounts for 15% of female breast 

cancer diagnoses [3].TNBC is commonly diagnosed amongst women of African and African 

American descent with BRCA 1 mutation carriers [2][4]. It is very aggressive and, to date, has a 

poor prognosis[2]. Clinical and pathological studies have shown that despite an increase in the 

response rates for neoadjuvant treatment, TNBC patients experience a significantly decreased 

disease-free survival (DFS) and overall survival (OS) compared to other cancer subtypes[2][4]. 

Although certain TNBCs are sensitive to current chemotherapy, these patients still experience high 
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tumor reoccurrence and relapse[4]. Unfortunately, over 50% of TNBC patients with poor OS do 

not benefit from the available endocrine therapy[2]. Hence, early diagnostic tools are needed to 

discriminate between chemoresistant TNBC patients and therapeutic tools to cater to this group[2]. 

Many targeted therapies are being explored to improve the poor prognosis of TNBC. Such 

treatments include the use of poly(adenosine diphosphate ribose) polymerase (PARP) inhibitors to 

prevent DNA damage repair, antiangiogenic therapy for targeting vascular endothelial growth 

factor (VEGF), and using epidermal growth factor receptor ( EGFR) inhibitors to disrupt tumor 

progression, improve OS and DFS of TNBC patients[2][4]. Others include Luteinizing Hormone 

Releasing Hormone (LHRH)  based targets done by our group over a few decades[5]–[9]. 

1.1.3. The Challenges of Cancer Detection and Treatment  

 

Cancer diagnosis requires precise imaging tools for screening tissue and biopsy to distinguish 

between benign and malignant tissue[10]. Mammography is the most used screening method for 

breast cancer detection but is less effective for subjects less than 40 years old due to the denser 

nature of the breast tissue[11]. Mammography can also not track cancer progression or therapeutic 

effects on the tumor and is less sensitive to tumor sizes less than 1mm; thus, early detection of 

breast cancer is limited [10]. Contrast-enhanced digital mammography offers more diagnostic 

accuracy than mammography and ultrasound in denser tissue, but this is not very accessible due 

to its cost and the high radiation levels associated with the diagnostic process[12]. Early detection 

has been identified as a critical point to providing a better prognosis and ultimately lower mortality 

rates for cancer patients[13]. Although Magnetic Resonance Imaging (MRI) can detect smaller 

tumor sizes(<1mm), it has low specificity to malignant tissue, which often leads to overdiagnosis 

[14]. Positron emission tomography (PET) is currently the most popular method for visualizing 
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tumor progression and their response to therapy, but they are costly and have a resolution of 

4mm[15]. 

Molecular biomarker-based biopsy methods are commonly used due to their relative sensitivity 

and selectivity[10]. For Instance, techniques such as radioimmunoassay, immunohistochemistry, 

enzyme-linked immunosorbent assay (ELISA), and fluoroimmunoassay have been used in the 

biopsy process[10]. However, these methods involve complex labeling techniques that are time-

consuming, expensive, and require skilled personnel[13]. Thus, there is an urgent need to develop 

highly sensitive, selective, and label-free methods for rapid cancer diagnosis. 

1.2. Unresolved Issues  

1.2.1. Cancer Detection  

 

Despite the vast number of cancer biomarkers being identified, only a few have been approved for 

use by the FDA[16][17]. To be effective, cancer biomarkers need to distinguish between people 

with cancer (sensitivity) and people without cancer(specificity). An Ideal cancer biomarker should 

be measurable and have 100% sensitivity and specificity[17]. It should also indicate normal 

biological processes, disease processes, and therapeutic responses over time[18]. Unfortunately, 

none of the available biomarkers have 100% sensitivity and selectivity[16]. For example, the 

CA15.3 breast cancer biomarker currently has only 23% sensitivity and 69% specificity; hence, it 

is only useful for monitoring therapeutic response and reoccurrence[16]. Prostate-specific antigen 

(PSA) has the best sensitivity (>90%) but low specificity (~25%), leading to overdiagnosis 

[19][16]. Furthermore, most detection methods cannot identify early-stage cancer or micro-sized 

metastasis, crucial for aggressive cancers like TNBC[16]. Tumor heterogeneity is also an 

important factor that detracts from the development of biomarkers. Most biomarkers are measured 
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by genetics, proteomics, or cellular molecular substances. One tumor mass can contain several 

types of the clonal population, each with different mutations and phenotypes[13]. This 

heterogeneity in tumor cells also varies based on stage/age of cancer ( new or recurrent) and tumor 

DNA instability from exposure to treatment[13]. 

Thus, there is an urgent need to develop highly sensitive, selective, and label-free methods for 

rapid cancer diagnosis.  

Prior work done by our group focused on exploring mechanical biomarkers by measuring TNBC 

viscoelastic properties (modulus, viscosity, and relaxation time) and assessing their use as 

diagnostic discriminators between TNBC and normal breast cells[20]. 

 

1.2.2. Localized treatment  

 

The standard cancer treatment plan for intermediate stage cancer involves tumor resection 

followed by adjuvant treatments such as chemotherapy and or radiation therapy for very aggressive 

cancer types[21]. The long-term side effects of these adjuvant therapies do not allow for positive 

overall survival of the patient[22]. Hence the emergence of various drug delivery studies. These 

efforts work to increase the bioavailability and concentration of chemotherapy drugs at the tumor 

site[21]. One approach being considered is the systemic delivery of nanomaterials. These 

nanomaterials find tumors by passive diffusion through the leaky tumor vasculature, active 

targeting via bioconjugation to a molecule with high affinity for over-expressed tumor biomarker, 

or by environment (pH, temperature) triggered drug release[21][23]. Most nanomaterials are 

intended to be delivered intravenously, but localization of the nanomaterials at therapeutic 

concentrations is challenging due to the removal and sequestration of these nanomaterials by the 
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reticuloendothelial system and uptake by non-targeted cells or other non-specific interactions. 

[23][21].  

 Another delivery approach uses polymeric controlled release drug delivery reservoir systems such 

as drug-eluting films and gels. These are designed to be implanted intratumorally or inserted after 

initial tumor resection[23]. Despite this progress, localized treatment with implantable drug 

delivery systems becomes problematic in cases of metastasis to other cellular tissue or the lymph 

nodes. 

 

1.2.2.1. Targeted Drugs  

 

The increasing sophistication of sequencing technologies has generated extensive genomic data 

intended for cancer drug formulation and targeted therapy[24]. Despite this feat, very few of these 

have translated to advanced clinical studies[24][13]. This is mainly due to tumor heterogeneity 

and acquired drug resistance. First, these genetic mutations are often too specific when used in the 

formulation of cancer drugs; thus, they only apply to a particular subset of patients[24]. The second 

is the difficulty in meeting the critical number of cases for valid randomized clinical studies and 

the cost of running such a study. In some instances, identified mutations represent only 1-5% of 

all patients and may not be feasible in rare tumors [24]. Perhaps looking at targets that are more 

generalized but still specific to tumors, such as overexpressed receptors, might help with drug 

resistance issues and provide enough cases for randomized trials.  

 

1.2.2.2. Targeted Nanoparticles 
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Nanoparticles are considered for targeted cancer treatment due to their small size, surface 

modification capabilities, which enable a large array of requirements to be met, ability to overcome 

biological barriers such as the blood-brain barrier, as is the case of gold nanoparticles [25], and 

potential to push past the problem of multidrug resistance in cancer therapies[26].   

Coating gold nanoparticles with polyethylene glycol (PEG) prevents the uptake of the 

nanoparticles by the reticuloendothelial system (RES) clearance in the body, thus prolonging their 

circulation time while increasing their concentration in tumor tissue [27]. The size dependence of 

nanoparticles is also an important factor as extremely small particles less than 10 nm can be 

removed by the kidney, while larger particles greater than 200 nm are removed by the mononuclear 

phagocyte system [28]. At the cellular level, nanoparticles can be internalized through receptor-

mediated endocytosis processes [29][30].  

 

1.2.2.3. Targeted/ Localized Heat Delivery 

 

The use of hyperthermia in cancer therapy is advantageous due to its minimal side effect and 

potential to improve the therapeutic effects of conventional cancer therapies[31][32]. Despite the 

advantages of hyperthermia therapy, the challenge of heating only malignant cells remains 

daunting. Interstitial hyperthermia such as radiofrequency (RF) electrode needles, microwave 

antennas  and inductively heated ferromagnetic implants have been explored in various 

studies[33][34][35][32]. But issues of biocompatibility and corrosion associated with these 

methods are detractors to their long term use[36][37][32]. Also the use of inductively heated 

ferromagnetic implants requires high density of thermoseeds [38]. 

Our group has studied stimuli responsive polymeric nanocomposites to mitigate biocompatibility 

and corrosion issues common with metallic implants. This was done by fabricating 
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nanocomposites using plasmonic nanomaterials such as magnetite and gold in combination with 

polymer matrices[32][35][39]. Interacting these nanocomposite with laser in the near infrared 

region (NIR) localizes heating within the region of implantation[32][35][39].  

Another approach our group is exploring used PEGylated Molecularly labeled nanoparticles that 

can be localized in tumor or near tumor surroundings. Because of their size, these nanoparticles 

are intended for applications where targeting both primary and metastasized tumor or tumors that 

are difficult to resection is a priority.  

 

1.3. Scope of Thesis 

 

This thesis focuses on the Adhesion and entry of targeted gold nanoparticles into TNBC cells 

and Tissues. 

This Includes studies of the adhesion of biosynthesized GNP and it’s polyethylene glycol 

(PEG) and triptorelin ligand modified forms; entry and the interaction of such with lasers for 

in vitro conditions. These would be addressed in the scope of this thesis which includes: 

The introduction in Chapter 1 and a literature review in Chapter 2. This presents relevant 

literature on functionalized gold nanoparticles for targeted cancer therapy; atomic force 

microscopy (AFM) principles; nanoparticle entry pathways; and current techniques for cell 

mechanical properties. In Chapter 3, the synthesis, characterization, and conjugation process 

of Triptorelin PEG-coated GNPs is discussed. The combined AFM adhesion experiments and 

molecular dynamics (MD) simulations are also detailed in this chapter to provide new insights 

into the adhesive interactions between Triptorelin PEG-coated GNPs and TNBC.  
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In chapter 4, experimental and theoretical studies of GNP entry into TNBC are discussed. 

Subsequently, Chapter 5 details the near-infrared NIR laser interactions with various GNPs, 

highlighting the effects of surface coatings on the photothermal efficiency of these nanoparticles 

and their impact on cell viability. Additionally, comparisons are made between two robotics-

assisted laser positioning devices (a modified 3D printer nozzle and a robotic arm with six degrees 

of freedom) for uniform heat distribution within a chicken tissue model.  

Finally, Chapter 6 presents salient conclusions arising from this study and suggestions for future 

work. 
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Chapter 2.0. Literature Review 

2.1. Introduction 

 

This chapter presents a review of the relevant literature to this work. It includes an overview of 

cancer biology and selected techniques for measuring cell viscoelastic properties and adhesion. 

The chapter concludes with an overview of the current cancer treatment methods and discusses the 

receptor-mediated mechanisms by which nanoparticles enter biological cells.  

2.2. Cancer Biology  

 

Cancer is a collective term used to describe a diseased state characterized by uncontrolled cell 

division and growth[1]. The word tumor represents a collective of abnormal cells that can be 

benign or malignant. Malignant tumors usually lead to life-threatening situations and are more 

likely to metastasize throughout the body[1]–[3]. 

 

Fig. 2.1. The stages of tumor development [3]. 
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Fig.2.1. shows a schematic of the various stages of malignant tumor development. Although it 

(Fig.2.1) depicts a sequence of four mutations from a normal cell to a fully malignant cell, the 

number of gene mutations involved in actual tumors varies. Tumor development starts when a cell 

(orange) undergoes a genetic mutation that triggers abnormal cell division. The mutated cell 

proliferates rapidly while maintaining a normal cell appearance and orientation(hyperplasia). After 

some years, another cell (pink) suffers further mutation and loss of normal cell regulation. In 

addition to proliferating uncontrollably, the appearance and orientations of these cells deviate from 

the standard cell shape and orientation(dysplasia). At this deviated state, the tumor can remain 

contained in its tissue of origin(in situ) or experience further mutations that trigger the invasion of 

adjacent tissues or escape into the bloodstream or lymph, fostering metastases and damage to vital 

organs [3].  

2.3. Structure and Properties of Cancer Cells 

 

Biological cells are dynamic units that adapt to changes in their typical chemo-mechanical 

environment and diseased state[4]–[6]. Therefore, the cell cytoskeletal network is a significant 

feature of the cell. Cell cytoskeletal structures are composed of actin filaments, microtubules, and 

intermediate filaments[7]–[9]s. Also, they contribute to the overall cell elasticity, mechanical/ 

structural support, cell shape, mobility, and intracellular transport[6], [10]–[15].   

In normal cells, actin polymerization/depolymerization, stimuli induced remodeling, transport 

vesicles, focal adhesions, cadherin adhesions, formation and elongation of actin-rich locomotion 

protrusions such as lamellipodia and filopodia, are all controlled by various proteins (binding 

proteins, capping/severing proteins, crosslinking/bundling proteins, stabilizing proteins, and 

signaling proteins)[7], [10]. Hence, any alteration in the typical functioning of cytoskeletal 
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structure and its associated proteins results in abnormal cell behavior observed in various diseases 

such as cancer[4], [10], [12], [16]–[20]. 

Some reported cancer-induced abnormalities are disorganized crosslinked actin fiber networks 

with no defined striations and sparse actin distribution at the basal plane[8], [9], [21], [22]. These 

abnormalities deviate from the long, parallel, dense stress fibers distributed across the entire 

healthy cell. The mechanical integrity of cancer cells is also compromised as various studies report 

a decrease in the apparent Young’s modulus, stiffness, viscosity, cell-ECM adhesion, and cell-cell 

adhesion [8]–[10], [20], [23]–[28]. The crucial findings in these studies suggest a strong 

correlation between cell deformability and cell malignancy[22], [26], [37], [29]–[36]. 

Metastasis which is the cause of 90% of cancer deaths, has been linked to the disruption of the 

cell’s cytoskeletal function and a phenomenon called epithelial to mesenchymal transition [7], 

[38], [39]. During EMT, cancer cells acquire migratory abilities characteristic of mesenchymal 

phenotypes and travel to new sights where it transitions back to their epithelial form and 

proliferates [39]. In addition, remodeling of the typical cytokeratin-rich intermediate filament 

network to a vimentin-rich network has increased EMT effects and metastasis in all cancer 

types[7].  
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Fig. 2.2. Single-cell Young's modulus values for various cancer  [29], [33]–[36], [40] 

 

2.4. Mechanical Characterization of Cells  

 

In recent years, a vast number of experimental techniques have been explored for the mechanical 

characterization of cells [6], [14], [46]–[48], [21], [22], [31], [41]–[45]. 

These can be grouped into three categories [11], namely: 

1. Type A: The local probing of only a portion of a single cell. 

2. Type B: Mechanically loading the entire single cell. 

3. Type C: The simultaneous loading of a population of cells. 

Type A and B  measure single-cell deformation, while the Type C method measures shear flow 

over a group of cells [11]. 
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2.4.1. Local Probing of a Portion of the Cell  

 

As the name implies, only a part of the cell is probed for its mechanical properties. Examples of 

experimental techniques that utilize this principle are: (i) Atomic Force Microscopy (AFM); (ii) 

Instrumented depth-sensing indentation methods; and (iii) Magnetic twisting cytometry (MTC). 

 

Fig. 2.3. Schematic showing the use of (a) Atomic force microscopy, (b) Magnetic twisting cytometry, and(c) 

Cytoindentation to probe a portion of the cell  [49] 

 AFM probes the cell surface with a sharp tip attached to a flexible cantilever. It detects deflection 

using a photodiode [50]. MTC attaches magnetic beads to functionalized surfaces. The applied 

magnetic field causes a twisting moment in the cell, from which the elastic properties can be 

deduced [13]. The forces used usually range from 10−2 to 10−6𝑁  while the displacements are 

typically less than 1nm [11]. 

2.4.2.Mechanically loading the entire cell  

 

The entire cell is mechanically loaded to extract its mechanical properties by measuring the forces 

and displacements applied to the cell geometry. Examples of experimental techniques that utilize 

this approach include (i) Micropipette Aspiration (MA), (ii) Optical Tweezers (OT),  (iii) 

Microplate Stretchers (MS) [11], and (iv) Shear Assay  (SA)[26], [30], [31]. 
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Fig. 2.4. Schematic showing the use of   (a) Micropipette aspirator, (b) Microplate stretcher, (c) Shear Assay, and  (d) 

Laser/optical tweezers[49] to probe the entire cell. 

 

Here forces applied range from  10−12 to 10−7 N and measures displacements that are less than a 

micrometer[49]. OT works like a laser trap, and attractive forces are set up between the laser beam 

and two beads placed on opposite sides of the cell or between one bead and a glass side on opposite 

sides of the cell. In both cases, the cell boundaries are displaced and measured [51], [52]. In the 

microplate stretcher, shear deformation is induced on the cell by two functionalized glass plates 

attached to the cell surface [49]. MA works by aspirating a portion of a cell or the whole-cell 

through a micropipette, and changes in geometry provide the mechanical response of the cell [41]. 

The SA system measures the interfacial shear strength of single cells. This interfacial shear 

strength results from a laminar flow of a viscous fluid through a parallel plate flow chamber and 

an in-situ optical microscope observation of individual cells being deformed by shear flow [22], 

[26], [30], [31]. 



 

18 

 

2.4.3. Loading of a population of cells  

 

In this loading style, the deformation characteristics of the substrate and the adhesive forces 

between the cells and substrates are measured by monitoring the shear resistance of cells to fluid 

flow using a parallel plate flow chamber or a cone and plate viscometer [49][11]. In addition, 

microfluidic and nanofluidic devices are also used to simulate the flow of cells through blood 

vessels [49] and offer new opportunities to control the concentration of molecules and cells in 

space and time [53]. Examples include induced sickling and vassocclusion of erythrocytes [54] 

and the complex behavior of uninfected red blood cells and red blood cells infected with 

plasmodium falciparum [55].   

 

Fig. 2.5. Shows differences in recovery of compressed infected cells. (A) Early trophozoite stages of infected RBCs were partially 

distorted after passage through a 4-μm constriction and remained compressed for ≈30 sec after emerging from the channels. (B) 

Schizont forms of RBC infections were more severely deformed and did not relax back to their original shape after passage through 

a 4-μm constriction even 1–2 min after compression[55]. 
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2.4.4. Measurement of Cell Adhesion 

 

Measurements of the adhesion of nanoparticles to diseased/normal cells can provide valuable 

insights for the design of functionalized nanoparticles for the targeting, detection, and killing of 

diseased cells [56]–[58]. For example, the measured adhesive forces between GNP-Antibody 

conjugates and cancer cells have been four to five times greater than those of normal cells [57] and 

suggest that nanoparticles may be used to target cancer cells[57].  

 

Fig. 2.6. (a) One cycle Deflection–displacement plot with corresponding stages of force-displacement behavior (b) In 

one approach-retract cycle, the AFM tip approaches the sample surface (1), jumps to contact (2), Indents surface (3), 

adheres to surface (4), detaches, but requires more force to pull off adhered AFM tip from the substrate(5)[59]. 

Fig.2.6. presents a schematic of a typical AFM force-displacement plot with the corresponding 

stages of force-displacement behavior. Initially, the AFM tip approaches the sample’s surface (1). 

It then jumps into contact with the surface when significant adhesive interactions occur (often due 
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to secondary bonds) that become significant as the cell membrane and receptors on the membrane 

are approached at point (2). Upon contact with the receptor/cell membrane, elastic bending of the 

membrane occurs along (3). The retraction of tip (4) is then continued until the tip is pulled-off at 

(5). The pull-off does not occur when force is zero because of adhesive interactions. In addition, 

the force plots obtained provide insights into adhesion forces, weak links, and potential failure 

sites. Finally, laser beams detect the deflection of cantilevers and track changes in deflection with 

position-sensitive photodiodes (PSPD).  

2.5. Mechanical Biomarkers 

 

Cancer diagnosis requires precise imaging tools for screening tissue and biopsy to distinguish 

between benign and malignant tissue [60]. Mammography is the most used screening method for 

breast cancer detection but is less effective for subjects less than 40 years old due to the denser 

nature of the breast tissue [61]. Mammography can also not track cancer progression or therapeutic 

effects on the tumor and is less sensitive to tumor sizes less than 1mm; thus, early detection of 

breast cancer is limited [60]. 

Molecular biomarker-based biopsy methods are commonly used due to their relative sensitivity 

and selectivity[60]. In addition, techniques such as radioimmunoassay, immunohistochemistry, 

enzyme-linked immunosorbent assay (ELISA), and fluoroimmunoassay have been used in the 

biopsy process[60]. However, these methods involve complex labeling techniques that are time-

consuming, expensive, and require skilled personnel[62]. Thus, there is an urgent need to develop 

highly sensitive, selective, and label-free methods for rapid cancer diagnosis. 
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2.5.1. Adhesion  

 

In search of alternative biomarkers for cancer, pull-off adhesion forces between ligand 

functionalized AFM tips and cancer cells with overexpressed receptors have gained much interest. 

Specifically, measurements of adhesive forces between AFM probes coated with gold 

nanoparticle-antibody conjugates and breast cancer cells have been reported to be four to five times 

greater than normal breast cells [57]. Similarly, other AFM adhesion studies on TNBC report a 

three to six-fold increase in the adhesion of ligand functionalized AFM tips to breast cancer cells 

compared to the non-tumorigenic breast cells[56], [58], [63], [64].   

Quite notably, these adhesion studies on cancerous and non-tumorigenic cells provide valuable 

insights into the design of effective functionalized nanoparticles for theranostic cancer 

treatment[56]–[58], [63], [64]. In addition, these results suggest that adhesion force measurements 

with AFM  may be used as biomarkers for diagnosis and prognostic purposes in targeted cancer 

therapeutics[56]–[58], [63], [64]. However, it is essential to note that reported AFM adhesion 

forces between single cancer cells, and multiple ligands are typically in the nN range[56]–[58], 

[63], [64]. In contrast, single-molecule ligand-receptor interactions typically have unbinding 

forces in the pN range[65]–[70]. 

2.5.2. Viscoelasticity 

 

The cell is a viscoelastic material with a dynamic cytoskeletal protein network that regulates the 

overall functioning and shape of the cell[5]. Changes in the structure and distribution of these 

cytoskeletal structures lead to changes in the mechanical properties of single cells[7], [10], [16], 

[17], [19], [27], [39], [71], [72]. Furthermore, these changes in cell cytoskeletal structures are 

linked to disease progression and aging in cells[44], [72][7], [10], [16], [17], [19], [27], [39], [71], 
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[72]. Hence, the mechanical properties of cancer cells have gained much attention as biomarkers 

for cancer detection[8], [10], [19]–[21], [32], [44], [71], [73], [74]. Generally,  cancer cells are 

found to be more deformable than their corresponding non-tumorigenic cells[8], [17], [20], [21], 

[32], [75]. In addition, the reduced cancer cell stiffness is due to the actin cytoskeletal remodeling 

that enhances the ability of such cells to escape the primary tumor[10], [17], [21].  

2.6. Nanoparticle Uptake 

 

Receptor-ligand interactions are one of the entry pathways for biological cells to internalize food, 

viruses, and nanoparticles [76]–[78]. Therefore, most targeted nanoparticles have been designed 

to mimic viruses, which have surface proteins that can interact with specific receptors that are 

overexpressed on the surfaces of the biological cell membrane [78]–[80]. 
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Fig. 2.7. The life cycle of an animal virus. (a) Adsorption or docking with the host receptor protein. (b) Entry into the 

host cytoplasm. (c) Biosynthesis of viral components. (d) Assembly of viral components into complete viral units. (e) 

Budding from the host cell[77]. 

 

Various theoretical, computational, and experimental studies on targeted nanoparticle and drug 

delivery systems identify particle size, ligand density, and receptor density as limiting factors to 

the efficient uptake of these nanostructures[77], [81]–[89] 

In particular, nanoparticle sizes designed for in-vitro application typically range from 10-

300nm[79], [89]. Interestingly, nanoparticles with diameters less than 10 nm were observed to 

cluster at the cell membrane before being engulfed by the cells. In contrast, larger particles greater 
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than 100 nm were directly internalized without clustering at the different cell membranes [87]. 

Furthermore, results from in-vitro uptake of gold nanoparticles show that the nucleus of HEp-2 

cells internalized nanoparticles of 3 to 10 nm in diameter after 1hr of incubation as opposed to the 

accumulation of nanoparticles sized  25 to 50 nm in the cytoplasm [90].  

It is important to note that surface charge also affects nanoparticle uptake. In particular, lower 

endocytosis rates have been shown for anionic nanoparticles than cationic nanoparticles [87][91]. 

This surface charge effect occurs due to the long-range columbic repulsion between the negatively 

charged cell surface and charged nanoparticles[77], [91], [92]. For instance, positively charged 

nanoparticles favor the non-specific binding to cell receptors and plasma proteins[77], [91], [92]. 

However, this non-specific binding is not desirable for targeted cancer applications as it triggers 

reticuloendothelial sequestration[91]. In addition, if the overall energy balance decreases the Gibbs 

free energy, the membrane will wrap around the nanoparticle in a vesicle-like structure, which 

then buds off and fuses with other vesicles to form endosomes [77]. 

Earlier models for virus budding on a host cell membrane focused on a single nanoparticle size 

[82], [93], [94]. In contrast,  recent models extended those studies using front tracking diffusion 

models to estimate nanoparticle wrapping time for varying nanoparticle sizes [77], [79], modeled 

effects of the energy barrier between nanoparticles when in a fully wrapped and partially wrapped 

state[81] and predicted the binding of receptors relative to a fixed ligand density on nanoparticle 

surfaces for a range of nanoparticle sizes[79], [85], [89], [95], [96] These models assume uptake 

of single-particle entry or discrete multiple-particle entry at various positions on the cell 

membrane. Despite experimental evidence [87], [97], [98], which shows that nanoparticle clusters 

can also be internalized by the biological cell membrane, the cluster effect on free energy 
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associated with nanoparticle uptake remains unresolved for many nanoparticle systems developed 

for cancer therapeutic applications 

Presently, some studies explored modified thermodynamic-kinetic models that include surface 

energy effects on the free energy function associated with nanoparticle wrapping[97], [99]. 

Specifically, reports on the influence of receptor density, ligand density, and surface energy on the 

wrapping time and uptake efficiency of  Luteinizing Hormone Releasing Hormone (LHRH) 

conjugated superparamagnetic iron oxide nanoparticles (SPION) in human breast cancer Hs 578T 

[97] were elucidated. Similarly, the surface energy effects, amongst others, were explored using  

LHRH conjugated Magnetite nanoparticles in non-tumorigenic breast cells(MCF 10A) and 

tumorigenic TNBC (MDA-MB-231)[100]. 

2.7. Cancer Treatment by Bulk Systemic Chemotherapy 

 

Chemotherapy is one of the standard systemic therapies for cancer treatment[101]–[103]. 

Currently, cytotoxic chemotherapy agents induce cell death by disrupting single/multiple cell cycle 

processes and essential proteins and DNA[101], [104].  

In general, pathological complete response (pCR) in cancer patients is mainly achieved when 

chemotherapy is combined with surgery, either as adjuvant or neoadjuvant treatment[105]. 

Although, significantly, the addition of platinum compounds to standard chemotherapy has 

doubled the portion of TNBC patients achieving pCR [104], [106], patients who do not acquire 

pCR exhibit worse outcomes than patients with residual diseases from other subtypes of breast 

cancer [104], [107]. In addition, the treatment of metastatic TNBC with chemotherapy is often 

incurable and is mostly palliative[108], [109]. In addition, chemotherapy is often associated with 

numerous side effects due to its immunosuppressant characteristics[101], [110], [111]. However, 
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these side effects vary per patient and generally occur due to the cytotoxic impacts on normal 

dividing cells and often result in nausea, hair loss, and acute cholinergic gastrointestinal 

problems[101], [110], [111]. Notably, 90% of chemotherapeutic treatment failure is caused by 

multidrug resistance [110], [111]. Mainly, drug resistance could occur by insufficient drug delivery 

to tumors because of poor blood supply, decreased drug uptake due to changes in protein structure 

responsible for drug transport,  increase in drug efflux, mutations in b-tubulin that interfere with 

tubulin stabilization, and an increase in DNA repair associated with platinum resistance[101], 

[110], [111]. These challenges drive research into identifying an effective therapeutic strategy for 

TNBC[101], [105], [109], [112]–[115]. 

2.7.1.   Targeted Cancer Drugs 

 

Until recently, the standard treatment for TNBC has been chemotherapy. Although neo-

adjuvant(NA) systemic chemotherapy with platinum compounds seems to optimize the pCR of 

patients with early-stage TNBC[105], [108], patients with residual TNBC have a greater risk of 

relapse than other breast cancer subtypes. In addition, patients with metastatic TNBC still exhibit 

poor prognosis and have a median overall survival (OS) of 18 months [104], [107], [109].   

Therefore, improved biomarkers are needed to inform better patient selection and treatment. 

Particularly, molecular and gene expression profiling studies have identified possible target 

pathways and molecules that are expressed in cancer cells and within the tumor 

microenvironment[103], [108], [120]–[127], [109], [113]–[119]  

Remarkably, Poly (ADP-ribose) Polymerase (PARP) inhibitors have been used to target tumors 

with BRCA 1 and BRCA 2 mutations[103] and have been identified as a potential target for 

treating metastatic TNBC that overexpress program cell death ligand 1 (PD-L1) [108]. This 
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interest in PARP is due to PARP’s vital role in several cellular processes such as DNA repair, 

genomic stability, and programmed cell death [103].  

Also, the receptor tyrosine kinases (RTK) family has gained much interest [103], [109], [114], 

[115], [118], [119] because RTKs are transmembrane proteins that help intercellular interaction, 

cell proliferation, differentiation, metabolism and are reported to be overexpressed in most cancers, 

including TNBC[103], [108], [113]–[115], [117]. A few RTKs researched include epidermal 

growth factor receptors (EGFRs), fibroblast growth factors receptor (FGFR), TGF-β (receptor), 

platelet-derived growth factor receptor (PDGFR), and vascular endothelial growth factor 

(VEGFR). However, although preclinical models validate these RTK targets in cell lines, none of 

them are suitable as single-agent targets to curb the aggressiveness of TNBC, as observed in 

clinical trials[103]. 

Another unique approach to targeted TNBC therapy is the inhibition of mitogen-activated protein 

kinases/extracellular signal-regulated kinases (MAPK/ERK) pathway using the mammalian target 

of rapamycin ( mTOR),  phosphoinositide 3-kinases (PI3K), and protein kinase B (PKB or AKT) 

molecules, to alter cell proliferative and survival mechanisms[103], [109], [114], [115], [118]–

[121]. PI3K inhibition with chemotherapy saw a significant improvement in pCR in metastatic 

TNBC in recent clinical phase 1 trials[122]. Furthermore, in-vitro suppression of PI3K increased 

tumor sensitivity to PARP inhibition [128]; nevertheless, more clinical trial studies are still 

needed[103].   

 Interestingly, the cell cycle and DNA damage repair checkpoints in TNBC through Cyclin-

dependent Kinase (CDK1/2/4/6) and Checkpoint kinases (CHK1/2) are considered for targeted 

therapeutics [103]. Specifically, targeting DNA damage-induced cell cycle arrest to interfere with 
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cell cycle control has the potential to cause inappropriate cell cycle progression resulting in DNA 

damage accumulation and cancer cell death[103], [123]–[126]. In addition, disrupting cell cycle 

arrest weakens cancer cell survival mechanism and prevents DNA repair, activating various 

apoptotic processes[103]. However, although CHK1/2 is not overexpressed or mutated in TNBC, 

CHK1/2  inhibition in aggressive breast tumors with Tumor protein 53 (TP53) mutation such as 

TNBC helps to arrest their cell cycle by increasing sensitivity to chemotherapeutic drugs[103], 

[127].  

It is commonly known amongst breast cancer researchers that TBNC is not highly 

immunogenic[103], [118]. However, about 20% of TNBC cells express a mutated BRCA1  gene 

that increases their sensitivity to PD-L1 immunotherapy inhibitors [103], [118]. Therefore, the 

overexpression of PD-L1  receptors and tumor-infiltrating lymphocytes (TILs) are proposed as 

prognostic markers for TNBC[103], [108]. In addition, gene expression/profiling and 

immunohistochemistry studies suggest that increased TIL’s are associated with better 

prognosis[103], [108], [119], [129]–[131]. However, the major limitation of immunotherapy for 

TBNC treatment is the lack of models for human TNBC cells because patient-derived xenografts 

do not trigger the same immunomodulatory responses that activate anti-tumor immunity[103], 

[132]. 

Currently, antibody-drug conjugates (ADCs) are part of the ligand-drug conjugates generating 

much excitement and may allow re-examining of prior cytotoxic agents that failed in development 

due to toxicity[119]. In particular, ADCs are novel drug conjugates that permit the targeted 

delivery of cytotoxic drugs to cancer cells through the specific binding of an antibody to a selective 

cancer cell surface molecule. Over time, ADCs have transitioned into clinical studies for many 

cancer types, including TNBC[119]. However, although antibodies possess many desirable 
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technical attributes[119], [133]–[136] they are often associated with immunogenicity and promote 

non-specific binding[137][138].  

Notably, other ligands such as aptamers, proteins, DARpins, transferrin, small molecules( folates 

and mannose derivatives), and peptides [133], [134], [139] are explored for targeted TNBC. 

However, although each ligand has its merits and demerits[134], [137]–[142], peptides are 

advantageous because of their small size, low molecular weight, and cell-penetrating ability[133], 

[143]. Furthermore,  peptides can be chemically synthesized at a large scale relatively 

inexpensively [133]. Some peptides such as RGD have binding affinities (𝐾𝐷) comparable to some 

antibodies (3.2 to 100nM)[144], [145].  Quite notably, Luteinizing Hormone Releasing 

Hormone(LHRH) and its peptide analogs or are characterized by high binding affinity to LHRH 

receptors (𝐾𝐷 in nM range) and possess the ability to recognize a broad variety of tumors including 

TNBC but not normal cells[138], [146]–[151].  These LHRH/Triptorelin ligands are proposed as 

theranostic agents delivering them directly to cancer cells with overexpression of LHRH 

receptors[57], [58], [155], [63], [64], [97], [99], [138], [152]–[154].  

 

Recently, the FDA has approved three targeted therapies for TNBC, including the PARP inhibitors 

olaparib and talazoparib for germline BRCA mutation-associated breast cancer (gBRCAm-BC) 

and most recently, the checkpoint inhibitor atezolizumab in combination with nab-paclitaxel for 

programmed death-ligand 1 (PD-L1+)  and advanced TNBC[119]. However, the use of  PARP, 

MAPK/ERK, DNA damage response (DDR), CHEK1/2, CDK1/2/4/6 pathways, and PD-L1 

receptors as standalone therapies for TNBC fails to elicit the desired pCR outcome in clinical trials, 

mainly due to intrinsic resistance (drugs with proven efficacy in preclinical studies fails to produce 
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any detectable response upon initial treatment) and acquired drug resistance (tumor cells that were 

initially sensitive to targeted inhibitors stop responding despite continued administration of the 

drug)[103], [156]–[158] Nevertheless, combination therapies may be promising[103], [159]–

[161]. Interestingly, multidrug conjugates have been explored to overcome the challenges of tumor 

heterogeneity and drug resistance[162]. 

It is essential to note that sources of resistance in targeted cancer treatment involve signaling 

pathway redundancies and reprogramming the kinome, effectively bypassing targeted 

inhibition[103], [159]. Other sources of acquired resistance might involve intratumoral 

heterogeneity of TNBC that allows a specific population of tumor cells (often stem cell-like) to be 

enriched and contribute to tumor recurrence and resistance after treatments, as shown in xenograft 

studies. In addition, acquired resistance also impacts the duration of the response rate[103], [159]. 

Although most targeted resistance mechanisms are not entirely understood, studies suggest 

implementing time staggered and sequential treatment to prevent rewiring of molecular pathways 

and overcome drug resistance to targeted chemotherapy[103], [159]–[161]. In the future, the 

determination of appropriate targeted drug combinations for TNBC treatment and their estimated 

toxicity (therapeutic Index) on non-tumorigenic cells will be valuable. 

2.7.2. Localized Cancer Drug Delivery Systems 

 

 Many chemotherapeutic drugs exhibit low solubility in aqueous solutions; hence, drug delivery 

through intravenous channels is complicated without chemical modification or adding a surfactant-

containing solution to the chemotherapy drugs[163]. These approaches to improving cancer drugs’ 

aqueous solubility often result in low bioavailability, sensitization reactions, and the inability to 

achieve therapeutic levels of drug within or adjacent to the tumor[164], [165]. Furthermore, 
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untargeted intravenous drug delivery leads to toxic levels of drug accumulation in healthy tissue, 

resulting in numerous side effects which limit the drug dose [166]. Unfortunately, less than 0.5% 

of intravenous injected paclitaxel drug dose is locally available for cancer treatment; much of it is 

eliminated from the body[163], [167]. Localized chemotherapy intends to enhance treatment 

efficacy at the tumor site and improve OS. Specifically, drug-loaded implants administered 

directly to the tumor site are reported to stabilize embedded drug molecules, preserve anti-cancer 

activity, and sustain controlled drug release of the cytotoxic drug[163], [168]–[174]. 

In addition, localized drug delivery results in less drug waste and diminished side effects due to 

the avoidance of systemic circulation of chemotherapeutic drugs[168]–[172][163][173][174]. 

Localized drug delivery systems can be grouped into two based on their delivery mechanism. The 

first relies on intravenous systemic delivery and consists of both natural and synthetic polymer 

nanoparticles, liposomes, and dendrimers[175]–[178][179][163]. These drug delivery systems 

localize in cancer tumors by passive diffusion and enhanced permeation and retention (EPR) of 

the leaky tumor vasculature [170], [178], [180]–[182] or by actively targeting over-expressed 

receptor or protein markers on the surfaces of tumor cells via ligand/protein bioconjugation[163], 

[183]–[186]. Also, localized drug depots could be environment-responsive and drug release 

triggered by an environmental stimulus[163], [179]. Notably, polyethylene glycol (PEG)  coating 

reduces nanoparticle sequestration by the reticuloendothelial system to combat reported issues of 

short circulation time[187]–[190].  

Subsequently, the second group of drug delivery systems is designed for implant within or adjacent 

to cancerous tumors. Advantageously, these implantable systems have predictable, sustained, and 

controlled drug release kinetics. In addition, most of these drug delivery devices are biodegradable, 
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which eliminates the need for device removal surgery [163], [179], [191], [192]. Examples of such 

drug release depot systems include; drug-eluting films, gels, wafers, milli rods, transdermal 

patches, microneedles, and microparticles [163], [179], [186], [193]–[199].   

2.7.3. Localized Heat Delivery Systems for Hyperthermia and Tissue Ablation 

 

The clinical use of heat for cancer therapeutics has received significant attention due to its minimal 

side effects, flexible treatment regime, and potential to enhance the therapeutic efficacy of 

conventional cancer therapies[200]–[204]. 

Notably, high-temperature doses (50-100ºC) on tumor cells cause necrosis, while hyperthermia 

temperature doses(40-45 ºC) have been reported to induce apoptosis in tumor cells[200], [203], 

[205]–[209]. In addition, sublethal temperature doses have been found to sensitize cancer cells to 

radiation and chemotherapeutic drugs[200], [201], [204].  

 Whole-body (WB) or regional radiotherapy (RT) often serves as an adjuvant treatment to 

eliminate residual tumors and reoccurrence after surgery. However, issues related to treatment 

schedules of WBRT impose a lot of stress on patients due to a lack of preferential and localized 

heating[200], [201]. Significant efforts have been made to localize heating in tumor cells by the 

insertion of a susceptor material that generates heat by applied electromagnetic field[201], [210]–

[212]. In addition, localized heat can be generated via molecular oscillations of tissue material by 

ultrasonic pressure waves or by interstitial hyperthermia devices such as radiofrequency (RF) 

electrode needles, microwave antennas, and inductively heated ferromagnetic implants[201], 

[210]–[212]. However, issues of biocompatibility and corrosion plague these methods and detract 

from their long-term use[201], [213], [214]. Furthermore, inductively heated ferromagnetic 

implants require a high density of thermoseeds [215] and radiofrequency/microwave treatment 
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suffers from energy deposition in intervening tissues when the energy source is also the heat source 

or the heat from the susceptor substance damages normal tissue. 

Interestingly, polymeric composite materials with polymer matrices and plasmonic or 

ferromagnetic nanomaterials are being explored to develop implantable biomedical devices that 

mitigate biocompatibility/corrosion issues common with metallic implants [201], [212], [216]. 

Furthermore, these polymeric composite devices are especially promising for targeted/localized 

heating when exposed to a laser source or alternating magnetic field[201], [212], [216]. 
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Chapter 3.0. Adhesion of Targeted Gold Nanoparticles to Triple Negative Breast Cancer 

Cells 

3.1. Introduction 

The need for targeted cancer therapeutics and imaging techniques drives cancer research efforts 

toward developing various configurations of targeted nanoparticles and drugs[1]–[7].These rely 

on molecular recognition units (MRU) that can interact with specific receptors that are over-

expressed on the surfaces of the cancer cells. There is, therefore, the need to understand the specific 

interactions (between MRUs and specific receptors on surfaces of cancer cells) to guide the 

targeted delivery of nanoparticles to tumor sites. 

Prior efforts by our research group have explored the adhesion of magnetite nanoparticles to triple 

negative breast cancer cells (TNBC)  using atomic force microscope (AFM) and condensed phase 

molecule interaction [2], [3]. Magnetite nanoparticles were used in those studies because of their 

potential for enhancing the contrast of magnetic resonance imaging (MRI) [8]as well as their 

ability to induce apoptosis due to heating associated with oscillating magnetic fields[9], [10]. 

Besides its ability to be functionalized with targeted MRU’s, gold nanoparticles have also been 

studied for their plasmon resonant and optical properties [11]–[15]. Their ability to absorb and 

scatter near-infrared (NIR) wavelengths (700-900 nm) transparent to tissue, hemoglobin and 

melanin lends itself to enhanced localized heating within cancerous tumors [16], [17].  

Our recent efforts have explored alternative synthesis methods for producing gold nanoparticles 

using bacteria [5], [18], and leaf extract processes [19]. In these studies, we explored the influence 

of physical parameters (pH, concentration and time) on the synthesis of gold nanoparticles [18], 
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[19]. These studies also designed Ligand conjugated gold nanoparticles, and measured their 

adhesion to multiple receptors that are overexpressed on the surfaces of TNBC [4], [5]. However, 

the stability and adhesion of biosynthesized gold nanoparticles (GNP), PEG-coated biosynthesized 

gold nanoparticles (GNP-PEG), Triptorelin (TRP)-functionalized biosynthesized gold 

nanoparticles (GNP-TRP) and Triptorelin (TRP)-functionalized biosynthesized PEG-coated gold 

nanoparticles (GNP-PEG-TRP) to two types of TNBC have not been studied at an atomic scale 

using AFM on ligand-receptors interactions. 

Within this context, the basic understanding of the interaction between multiple biological cell 

receptors and multiple ligands could provide a physical basis for the design of nanoparticle 

structures with well-controlled adhesion characteristics. Hence, this chapter presents  results from 

AFM adhesion experiments in the development of a understanding of the adhesion of ligand-

conjugated nanoparticles and receptors on the surfaces of TNBC. 

This work presents results from the synthesis, conjugation, and adhesion of various biosynthesized 

gold nanoparticle systems (GNP, GNP-PEG, GNP-TRP, GNP-PEG-TRP) to two types of TBNC 

cells (MDA-MB-231 and MDA-MB-468). First, biosynthesized gold nanoparticle systems are 

characterized.After that, long-term stability studies (6 months) are carried out on all the 

biosynthesized gold nanoparticle systems in distilled water (DI water). The Adhesive interactions 

between the biosynthesized gold nanoparticle systems, TNBC, and normal breast cells (MCF10A) 

are studied using the AFM.  

Finally, Alamar blue cell viability studies were carried out on normal non-tumorigenic breast cells 

(MCF 10A) incubated with all the biosynthesized gold nanoparticle systems. The implications of 

the results are discussed for the design of ligand-conjugated, PEG-coated gold nanoparticles for 
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the specific targeting of triple-negative breast cancer cells, and laser-assisted photothermal 

treatment. 
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3.2.Theory 

3.2.1. Atomic Force Spectroscopy 

 
Fig. 3.1. (a) One cycle Deflection–displacement plot with corresponding stages of force displacement behavior (b) In 

one approach-retract cycle, the AFM tip approaches the sample surface (1), jumps to contact (2), Indents surface (3) 

detaches (4). AFM tip requires more force to pull off adhered AFM tip from substrate(5)[3], (c) Deflection- 

Displacement plot showing the interaction between GNP-TRP coated AFM tip and MDA-MB-231 TNBC cell. 
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At large separations (few micrometers), the attractive forces between the atoms in the tip and the 

atoms in the sample are almost negligible (Fig.3.1 (a). Upon further reduction in tip sample 

distance, the tip jumps into contact at point 2. From 2 to 3, the cantilever indents into with the cell 

until the cantilever deflection reaches a preset set point. At the maximum set point, the cantilever 

is withdrawn at point 4 but deflects further downwards due to adhesion between the AFM tip and 

the cell.  The additional force required to detach the AFM tip from the cell surface is called the 

pull-off force. Upon detachment the cantilever returns to its initial position at point 1[20], [21]. 

 The pull off  point provides information about the type of interaction happening between the 

sample and the tip[2]–[5]. 

The adhesive (pull-off) force can be deduced using to Hooke’s law: 

𝐹 = −𝑘𝑐𝛿𝑐           (3.1) 

where 𝑘𝑐 is the force constant of the cantilever and 𝛿𝑐is the cantilever displacement. 

In the presence of a vapor, water or any liquid, a meniscus is formed between the contact of the 

AFM probe tip and the sample surfaces. The capillary force due to the liquid meniscus arises from 

the Laplace pressure of the curved menisci (PL). The liquid between the AFM probe and the surface 

deflects the cantilever towards the surface by acting as an attractive force. 
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Fig. 3.2. Schematic showing a capillary bridge between a spherical AFM tip and a flat surface. R is the radius of 

curvature of the AFM tip, R1 and R2  are the minimum and maximum curvature radius of the meniscus respectively, 

𝜙 is the fill angle, 𝜃 is the contact angle between the liquid and the flat surface, D is the tip-sample separation and d 

is the AFM tip immersion depth. 

 

 PL = γw (
1

R1
+

1

R2
)           (3.2) 

Where R1 and R2 are minimum and maximum radius of curvature of the meniscus respectively 

and γw is the surface tension of water. 

As the meniscus grows larger  R2 → ∞   and R1 ≪ R2 

PL = γw (
1

R1
)           (3.3) 

 Surface area of meniscus between AFM tip and the flat surface is ≈ 2πRd (from Fig. 3.2) where 

R is the radius of curvature of the AFM tip. 

Hence, Capillary force Fcap = PL ∗  2πRd = 2πRd
γw

R1
 

For small ϕ, (D + d) ≈ 2R1cos 𝜃 

Fcap =
4πRγw cos θ

1+D
d⁄

          (3.4) 

At maximum capillary force D → 0 
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Fcap_max = 4πRγw cos θ         (3.5) 

At small contact angle (θ → 0 for hydrophilic interface),  hence, cos θ  ≈ 1 

Fcap_max = 4πRγw          (3.6) 

 

3.3. Materials and Experimental Procedures 

3.3.1. Synthesis of Gold Nanoparticles 

 Serratia Marcescens bacteria was obtained and isolated from Sheda Science and Technology 

Complex (SHESTCO), Abuja, Nigeria. The process of GNP synthesis used was adapted from a 

previous study done by our group[18]. Gold (III) Chloride Trihydrate (ACS reagent with ≥49.0% 

Au basis Sigma-Aldrich, St. Louis, USA) was reduced intracellularly and extracellularly using a 

cell free extract of Serratia Marcescens[18]. 

Specifically, 5g of Proteose peptone (Sigma-Aldrich, St. Louis, USA) and 10 ml of glycerol 

(Sigma-Aldrich, St. Louis, USA) were dissolved in 1L of water. The resulting solution was 

autoclaved for 55 minutes prior to inoculation with Serratia Marcescens in four 250 mL conical 

flasks. The autoclaved and inoculated solution was kept in an incubator shaker that was vibrated 

at 90 rpm at a temperature of 32𝑜C for 48 hrs. The resulting culture was centrifuged at 4000 rpm 

for 15 minutes, while the cell free extract was collected into flasks and stored in a refrigerator at 

4𝑜C. Following this, 20 mL cell free extract and 20 mL of a 2.5 mM Tetra-chloro-aurate solution 

were added to a 50mL Falcon centrifuge tube and incubated in a water bath at 30𝑜C for 1day.  

The Biosynthesized Gold Nanoparticles (BGNP) obtained were treated in 1% sodium dodecyl 

sulfate (SDS) (ACS reagent with ≥99.0% Sigma-Aldrich, St. Louis, USA) [5] to denature the 
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surface bound proteins and heated at 95oC for 30 mins in a vacuum oven. They were then washed 

three times in Dulbeccos Phosphate Buffer Saline (DPBS) (Life technologies cooperation, 

Carlsbad, CA) buffer for 15 mins in a centrifuge at 4000 rpm, and twice in in de-ionized water. 

Following this, BGNPs were concentrated using a centrifugal filter (Amicon Ultra-15, Millipore 

Billerica, MA) and then re-dissolved in 1 mL of Deionized, Distilled water. 

3.3.2. PEGylation of Biosynthesized Gold Nanoparticles 

PEGylation of BGNP was done using methyl-PEG4-thiol (MT(PEG)4) and carboxy-PEG12-thiol 

(CT(PEG)12) (Thermo Fisher Scientific, Inc. Waltham, MA, USA). These were used in 

combination to reduce nonspecific protein binding to the nanoparticle surface [22], [23]. 

A solution of MT(PEG)4 (0.5 mM, 4 mL) and CT(PEG)12 (0.5 mM, 4 mL) were added to 10 mL 

of GNP (0.2 mM) and stirred for 2 h at room temperature. Subsequently, the mixture was washed 

with DPBS and centrifuged in a spin column with molecular weight cut-off of 50 kDa. The PEG-

coated GNPs were resuspended in deionized water. 

3.3.3. Ligand Conjugation of PEGylated Biosynthesized Gold Nanoparticles 

Conjugation of D-Trp LHRH (BACHEM, Torrance, CA, USA) to GNP and PEG-coated GNP was 

done using carbodiimide activation process with ethyl (dimethylaminopropyl) carbodiimide 

(EDC) (Sigma-Aldrich, St. Louis, MO, USA) and N-hydroxysuccinimide (NHS) (Thermo Fisher 

Scientific, Inc., Waltham, MA, USA)[24][25]. A solution of EDC (13.5 mM, 74µL) and NHS 

(15.3 mM, 65 µL) were added BGNP (0.2 mM, 5 mL). The mixture was stirred continuously for 

2 hours at room temperature and then Triptorelin Ligand (5 mM, 192 µL) added stirred overnight. 

Subsequently, the mixture was washed with DPBS and centrifuged in a spin column with 
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molecular weight cut-off of 50 kDa. The TRP conjugated PEG-coated GNPs were resuspended in 

De-ionized. 

3.3.4. Stability Studies on Biosynthesized and Conjugated-Gold Nanoparticles 

The colloidal stability of GNP, GNP-TRP, GNP-PEG, GNP-PEG-TRP in distilled water, were 

investigated over a period of six months by measuring the hydrodynamic diameter and zeta 

potentials using the Malvern Zetasizer (Westborough, MA, USA). The four GNP systems where 

diluted (0.5mL, 0.2mM) in 0.5 mL of distilled water and their diameter and zeta potentials are 

measured at month 1, 3 and 6. 

3.3.5. Cell Culture and Cell Immobilization 

All cell lines used in this study were procured from ATCC, Manassas, Virginia, USA and detailed 

description of the cell culture and immobilization process has been documented in earlier studies 

done by our group [2]–[4]. Briefly, 20 µL of 1 x 106 of both TNBCs (MDA-MB-231 and MDA-

MB-468) and normal breast cells (MCF10A) were grown on 22 x 22 mm sterile uncoated 

coverslips inside 35 x10 mm sterile Falcon cell culture Petri dishes. The TNBCs were incubated 

at 37°C under normal atmospheric pressure while the normal breast cells were incubated at 37°C 

with 5% CO2 using their respective media [3]. 

Once 70% confluence of all cells were reached, the samples were fixed with a solution of 4% 

paraformaldehyde in 0.1 M phosphate Buffer Saline (PBS) (Electron Microscopy Sciences, 

Hatfield, PA, USA) for 12 min at room temperature (25°C). Fixed cell samples were placed in a 

vacuum desiccator flask for 2 hours to dry at room temperature prior to cell-nanoparticles adhesion 

studies. 
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3.3.6. Coating of AFM Tips  

n-doped silicon AFM probes (Bruker, Billerica, MA, USA) were dip-coated using a method 

detailed previously [26]. This coating method has also been successfully utilized in similar studies 

done by our group [2]–[4], [6]. Briefly, tips were coated five times with three minutes air drying 

intervals in solutions containing GNP, TRP, GNP-PEG, GNP-TRP and GNP-PEG-TRP. At least 

two cantilever probes were used for each configuration. 

After the cycle of dip-coating was completed, the coated AFM tips were subjected to a drop of the 

various GNP systems and air-dried under vacuum in a desiccator flask for a minimum of two 

hours. Back-scattered electron images of the coated and bare AFM tips are obtained using 

Environmental Scanning Electron Microscope (ESEM) (FEI Quanta 200 FEG Environmental-

SEM, Philips/FEI Corporation, Oregon, USA). These were done to ensure that the tips were coated 

before and after conducting the AFM adhesion experiments.  

3.3.7. Adhesion Measurements 

All adhesion experiments in this study were carried using an Asylum MFP3D-Bio atomic force 

microscope (Asylum Research, Santa Barbara, CA, USA). These measurements were made under 

ambient conditions at a temperature of 21°C and relative humidity of 20%. Trigger point was 5nN 

and the photodetector sensitivity was calibrated using a glass slide surface and the spring constant 

of the coated AFM cantilevers was updated using an in-built thermal tuning application on the 

Asylum AFM (Table 3.1). The adhesive interactions between the cells (MCF10A, MDA-MB-468 

and MDA-MB-231) and each of the probes (bare AFM tips, TRP, GNP, GNP-PEG, GNP-TRP or 

GNP-PEG-TRP coated tips) were measured. The normal breast cell adhesive interaction with each 

of the nanoparticle systems served as a positive control with respect to the TNBCs measurements. 

At least two cantilever probes were used for each configuration and five arbitrary contact regions 
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were selected on the substrates. Within each contact region at least three cells were probed by force 

mapping hundred points on individual cells over a cell area of 20 x 20 μm2 . 

Table 3.1 Average Spring Constant of Bare and Coated AFM tips 

S/N AFM Tip Coating Average Spring Constant 

(N/m) 

1 

2 

3 

4 

5 

Bare  

GNP 

GNP-TRP 

GNP-PEG 

GNP-PEG-TRP 

0.41 ± 0.18 

0.38 ± 0.10 

0.66 ± 0.08 

0.54 ± 0.24 

0.49 ± 0.10 

 

3.3.8. Immunofluorescence Staining for LHRH Receptors  

 

The distribution of LHRH receptors on both TNBC and normal breast cell membranes are revealed 

using immunofluorescence staining, with the help of fluorescent dyes as shown in previous studies 

[3], [27].  After 48 h of cell incubation and growth, the cells were fixed for 12 mins in 4% high 

grade paraformaldehyde solution to preserve their structures. The fixed cells were then 

permeabilized for 10 mins and treated for 1 h to reduce non-specific binding of the fluorescent 

dyes using a 0.1% solution of Triton X-100 (Life technologies Corporation, Carlsbad, CA), and 

1% bovine serum albumin (BSA) (Sigma- Aldrich, St. Louis, M, USA), respectively. 

Subsequently, the permeabilized cells are labeled (3 h) with primary anti-LHRH antibody (EMD 
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Millipore, Darmstadt, Germany) and secondary anti-mouse IgG antibody conjugated with Alexa 

fluor 488 (thermo Fisher Scientific, Inc., Waltham, MA, USA) for 45 mins. Lastly, the nuclei of 

the cell samples were stained with 4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) 

(Sigma-Aldrich, St. Louis, USA). The stained cell samples were mounted on glass slides using 

70% glycerol media and sealed using a sealant (Ted Pella, Inc. Redding, CA, USA). The cells were 

rinsed three times after each stain reagent. All stained and fixed cell samples were imaged with a 

40x oil-immersion objective using the Leica TCS SP5 Scanning Confocal Microscope (Leica, 

Wetzlar, Germany). 

3.3.9. Alamar Blue Cell Viability Assay 

 

For toxicity and cell viability studies, MCF10A (normal breast cells) were harvested in the log 

growth phase using trypsin-EDTA. MCF10A cells were seeded in 24-well plates containing their 

growth medium [2]. After a 3h attachment window, 1mL of GNP, GNP-PEG, GNP-TRP, GNP-

PEG-TRP were added to the normal breast cells at a concentration of 5 µg/mL. Cell viability was 

observed using Alamar Blue reagent (Thermo Fisher Scientific, Waltham, MA, USA) at intervals 

of 0, 24, 48 and 72 h after each of the biosynthesized gold nanoparticle systems were added. At 

each time point, the culture medium was replaced with 1 mL of 10% Alamar Blue solution (in 

culture medium) and the 24-well plates were incubated at 37 °C and 5% CO2 for 3 h.  

After the 3hr incubation window, 100 µL aliquots were transferred into triplicate wells of black 

opaque 96-well plate (Thermo Fisher Scientific, Waltham, MA, USA). The fluorescence 

intensities were measured at 544 nm excitation and 590 nm emission using a 1420 Victor3 

multilabel plate reader (Perkin Elmer, Waltham, MA, USA). The percentage of Alamar Blue 

reduction was determined using alamar blue assay and cell viability study protocols [28]. 
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3.4. Statistical Analysis 

 

The results are presented as mean ± standard deviation for n =3 (unless otherwise stated). One-

way repeated measures ANOVA with post hoc Tukey HSD multiple comparisons tests was used 

to analyze the differences between the cell viabilities (% alamar blue reduction) under different 

GNP treatments at different exposure durations. Two-way ANOVA with post hoc Tukey HSD 

multiple comparisons tests was used to analyze the differences in adhesion forces between the 

different cell types and the AFM tip coating configurations. The statistical analyses were done 

using IBM SPSS Statistics 26 software with the statistical differences between means considered 

significant at p < 0.05. 

3.5.Results  

 

3.5.1. Nanoparticle Biosynthesis, PEGylation, Conjugation and Characterization 

 

 UV-Vis spectrophotometry results (Fig. 3.3) for GNP, GNP-TRP, GNP-PEG and GNP-PEG-TRP 

were ob++tained with maximum absorption wavelengths (λmax) at 565, 571, 570 and 569.5 nm 

respectively. In addition to gold maximum absorption wavelengths, GNP-TRP and GNP-PEG-

TRP spectra reveal TRP ligand signatures at 267 nm. There is a 0.8% increase in λmax  when 

GNP is Pegylated (GNP-PEG), 1% increase in λmax  when GNP is functionalized with TRP (GNP-

TRP) and a 0.7 % increase in λmax when GNP is modified with both PEG and TRP (GNP-PEG-

TRP).  
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Fig. 3.3. UV-Vis absorption spectra of (a) biosynthesized gold nanoparticle systems (GNP, GNP-PEG, GNP-TRP, 

GNP-PEG-TRP with maximum absorption wavelengths at 565, 571, 570 and 569.5 nm respectively 

and TRP ligand signatures at 267 nm (b). 

 

TEM micrographs and core diameter size distribution for the four GNP systems are presented in 

Fig. 3.4 and Fig. 3.5, respectively. These show predominantly spherical nanoparticles with a broad 

size distribution of 10 – 30 nm and average diameter sizes of 16.7 ± 4.1 nm (GNP), 15.6 ± 5.6 nm 

(GNP-TRP), 14.6 ± 4.2 nm (GNP-PEG), and 15.8 ± 4.6 nm (GNP-PEG-TRP). However, the 

hydrodynamic diameter(D) for the freshly prepared nanoparticles were measured (GNP (64.7 ± 

1.0 nm), GNP- TRP (139.7 ± 1.1 nm), GNP-PEG (55.2 ± 0.2 nm), GNP-PEG-TRP (76.9 ± 0.1 

nm)) as well as their polydispersity index (PDI) (GNP (0.29 ± 0.05), GNP-TRP (0.22 ± 0.01), 
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GNP-PEG (0.23 ± 0.00), GNP-PEG-TRP (0.23 ± 0.03)) and  zeta potential (ξ) (GNP (-24.9 ± 1.6 

mV), GNP-TRP (-26.2 ± 2.9 mV), GNP-PEG (-30.2 ± 1.1 mV), GNP-PEG-TRP (-29.6 ± 0.8 mV)).  

 

Fig. 3.4.  TEM micrographs of (a) GNP; (b) GNP-TRP; (c) GNP-PEG; (d) GNP-PEG-TRP. 
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Fig. 3.5. (a) TEM core diameter distribution of GNP; (b) TEM core diameter distribution of GNP-PEG; (c) TEM core 

diameter distribution of GNP-TRP; (d) TEM core diameter distribution of GNP-PEG-TRP.  

 

The colloidal stability of the biosynthesized gold nanoparticles systems (GNP, GNP-TRP, GNP-

PEG, GNP-PEG-TRP) in water were characterized using Dynamic light scattering (DLS) analysis 

over a 6-month period. Table 3.2 summarizes the PDI and Zeta potential values after 1-month, 3-

months and 6-months of synthesis. An increase in the hydrodynamic diameter (D) of the GNP, 

GNP-PEG, GNP-TRP, GNP-PEG-TRP was observed over time and their PDI’s range between 0.2 
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and 0.3. Zeta potential values of GNP, GNP-TRP and GNP-PEG-TRP show no consistent trend 

but+ GNP-PEG values remained below -25 mV (ξ < -25 mV).  

Table 3.2 Six (6) month Summary of DLS and Zetasizer measurements showing hydrodynamic 

diameter (d), polydispersity index (PDI) and Zeta potential (ξ) values for GNP, GNP-TRP, GNP-

PEG, GNP-PEG-TRP in Distilled water (Di-water). 

 

 A plot of the percentage alamar blue reduction at different durations is presented in Fig. 3.6. This 

shows that the incubation of normal breast cells with GNP, GNP-TRP, GNP-PEG, GNP-PEG and 

GNP-PEG-TRP at a concentration of 5 µg/mL for 72 h had negligible to minimal toxicity effects 

on the normal breast cells. As shown in Fig. 3.6, there were significant successive increases in cell 

proliferation, as measured by the increased % alamar blue reduction values, as the exposure 

duration of cells with the GNP systems increased (p < 0.001). After 24 hours of exposure of the 

      DI-Water       

    GNP    GNP-TRP    

Month d (nm) PDI ξ (mv) d (nm) PDI ξ (mv) 

1 77.8±2.8 0.33±0.01 -23.2±2.7 155.3±3.4 0.23±0.01 -25.1±2.7 

3 88.9±5.1 0.41±0.05 -22.3 ±0.7 160.9±2.8 0.28±0.04 -20.4±1.0 

6 98.4±11.3 0.36±0.03 -21.7±0.2 168.4±1.5 0.27±0.03 -25.6±1.0 

  
     

  

    GNP-PEG   GNP-PEG-TRP    

Month d (nm) PDI ξ (mv) d (nm) PDI ξ (mv) 

1 62.3±1.3 0.26±0.01 -29.7±1.7 72.2±0.4 0.25±0.04 -29.1±2.0 

3 63.9±1.4 0.27±0.03 -28.2±3.8 88.2±0.9 0.26±0.04 -20.5±0.4 

6 67.8±0.5 0.32±0.04 -30.0±1.7 90.8±0.9 0.32±0.01 -19.5±0.9 
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MCF-10A breast cells to the different GNP nanoparticle systems, there were no significant 

differences in the cell viabilities (% alamar blue reduction) between the untreated cells and the 

cells treated with the GNP systems (p > 0.05). In contrast, there were significant differences 

between the GNP-TRP- and GNP-PEG-treated cells after 24 hours of treatment (p = 0.035). 

However, no significant differences were observed among the GNP-treatment groups and between 

them and the untreated cells 48- and 72-hours post-treatment (p > 0.05). This suggests that 

exposure to the different GNP systems did not significantly affect the MCF-10A breast cells' 

viability and proliferation. 

 

  

Fig. 3.6.  Percentage of alamar blue reduction for untreated normal breast cells and normal breast cells treated with 

GNP, GNP-TRP, GNP-PEG, and GNP-PEG-TRP. The error bars represent the standard deviations for n = 3 

measurements. * p < 0.05; ** p < 0.001 
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The FTIR spectra for the cell free extract (CFE), Triptorelin (TRP) ligand, GNP, GNP-PEG, GNP-

TRP, GNP-PEG-TRP were obtained from wavelength of 400 - 4000 cm−1 and shown in Fig. 3.7 

The FTIR bands of CFE reveal the presence of carbonyl (aldehyde groups) at 1741 and 1835 cm−1. 

C-H groups are also present at 2931 cm−1. The GNP spectra showed peaks for carbonyl groups 

(1835, 1741 and 1692 cm−1 ) which are also present in the CFE.  

The GNP-PEG spectra show carboxylic group peaks at 3360 cm−1 for the OH group and C=O 

peaks at 1710 and 1641 cm−1. In the GNP-TRP spectra, amine functional group peaks (N-H) that 

were present in the TRP ligand spectra at 1515, 1635 and 3200-3600 cm−1  as well as the carbonyl 

group peaks (C=O) that were present in the GNP spectra were absent, while the FTIR spectra of 

GNP-PEG-TRP  showed the presence of the primary amide bond (C=O at 1692 cm−1 and N-H 

group at 3421 and 3481 cm−1).  
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Fig. 3.7. FTIR spectra of cell free extract, GNP-PEG-TRP, GNP-PEG, Triptorelin, GNP-TRP and GNP. 

 

3.5.2. Adhesion Forces  

 

The measured adhesion forces for six different AFM tip/cell configurations are presented in Fig. 

3.8. There were statistically significant differences (p < 0.001) in the adhesion forces between the 

different cell types (MCF-10A, MDA-MB-231, and MDA-MB-468) and the different AFM tip 

coating configurations (bare tip, TRP, GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP). The 

control (bare AFM tip/cell) shows that the adhesion force between the bare AFM tip and MCF-

10A normal breast cells is 22.9 ± 4.8 nN. The adhesion forces were greater for the MDA-MB-231 
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cells than the MCF-10A (p < 0.001) and the MDA-MB-468 cells (p = 0.001), but no differences 

existed between the MDA-MB-468 and the MCF-10A cells (p = 0.719) for the bare tip 

configuration. 

Generally, coating the AFM tip with GNP increased the adhesion force between the tip and the 

different cell lines (p < 0.001) compared to the bare tip. Further successive increases in adhesion 

force were observed when the AFM tips were coated with GNP-PEG (p < 0.001), GNP-PEG-TRP 

(p < 0.001), GNP-TRP (p < 0.001) and TRP (p < 0.001), although there were no significant 

differences between TRP and GNP-TRP (p = 0.951). For the different cell types, the adhesion 

forces between the MDA-MB-231 cells and the different coated AFM tips were greater than those 

of the MDA-MB-468 cells (p < 0.001) and the MCF-10A cells (p < 0.001). The adhesion forces 

for the MDA-MB-468 cells were also higher than for the MCF-10A cells (p < 0.001).  

The highest adhesion force measured was observed between the TRP-coated AFM tips and the 

TNBC cells. This was consistent for both TNBC cells. In the MDA-MB-231 cell line, the TRP-

coated AFM tip interactions were about nine times (230 ± 58.4 nN) the adhesive interaction 

between the TRP-coated AFM tip and normal breast cell (26.1 ± 12.5 nN), while the MDA-MB-

468 cell interaction with the TRP-coated AFM tip was about seven times (175.5 ± 60.6 nN) the 

adhesive interaction between the TRP/ normal breast cell pair (26.1 ± 12.5 nN). A similar nine-

fold and three-fold increase in adhesion force was observed between GNP-TRP/TNBC and GNP-

PEG-TRP/TBNC pairs respectively. 
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Fig. 3.8. Summary of the adhesion forces between different AFM tip/cell combinations. The error bars represent the 

standard deviations for n = 100 measurements. * p < 0.001 

Confocal microscopy results in Fig. 3.9 show blue DAPI-stained nuclei and green labeled LHRH 

receptors of normal breast (MCF10A) and TNBC (MDA-MB-231) cells. The results reveal an 

overexpression of LHRH receptors on the surface of MDA-MB-231 and MDA-MB-468 breast 

cancer cell.  This overexpression of the receptors is considered to be the reason for the increase n 

the adhesive interactions between the LHRH ligands on the AFM tips and the LHRH receptors on 

the cells.  
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Fig. 3.9. Confocal fluorescent images of blue DAPI-stained nuclei and green labeled LHRH receptors of normal breast 

(MCF 10A) and TNBC (MDA-MB 231, MDA-MB-468) cells. (a) LHRH receptors expressed on MCF 10A cells (b) 

green overexpressed LHRH receptors on MDA- MB-468 cells (c) green overexpressed LHRH receptors on MDA- 

MB 231 cells. 

 

3.6. Discussion 

3.6.1. Nanoparticle Biosynthesis, PEGylation, Conjugation, and Characterization 

 

TEM micrographs (Fig. 3.4) and nanoparticle core diameter histograms (Fig. 3.5), show that size 

distribution of the nanoparticles are within the same range after surface modifications of GNP with 

PEG and TRP [29].  

The observed increase in absorbance values from GNP to GNP-PEG (~ 32%), GNP to GNP-TRP 

(~ 29%) and GNP to GNP-PEG-TRP (~ 25 %) and spectral redshift of maximum absorption 

wavelength is due to the changes in the nanoparticle sizes. This result is in agreement with prior 

studies where size related redshifts were observed because of length of synthesis time and PH  

variation [5], [18], [30]. In general, the observed maximum absorption wavelength falls within the 

10-40 nm size range indicated by other nanoparticle characterization studies where size, shape and 

structure of the GNPs have been shown to affect the value of the maximum absorption wavelength 

[5], [30], [31]. 
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The PDI’s for all the nanoparticle systems (GNP, GNP-PEG, GNP-TRP and GNP-PEG-TRP) 

ranged between 0.2 and 0.3. Over the 6-month period, the PDI’s of the nanoparticle systems in 

distilled water remained nearly monodisperse (0.1-0.3). This PDI value falls within the acceptable 

range for maximum ligand exchange, drug delivery and in-vivo applications [32].  

 The increase in the hydrodynamic diameter range from the TEM core diameter range is mostly 

due to contributions of the shell of hydration around the nanoparticles and nanoparticle 

clusters/aggregation formed as a result the increase in the zeta potential value (ξ > -25 mV). Since 

the DLS works by measuring the variations in scattered light intensity, these intensities are 

correlated to the hydrodynamic diameter of the particles using the Stokes–Einstein equation and a 

correlation function [33]. However, from Rayleigh theory, the intensity of scattered light is 

proportional to the sixth power of the diameter, thus the analysis is heavily tilted towards larger 

particle sizes while smaller particles are obscured [33].  

GNP spectra showed peaks for carbonyl groups (1835, 1741 and 1692 cm−1) present in the CFE. 

Similar study done using a macro-algae extract (Gracilaria Edulis) to synthesis silver and zinc 

nanoparticles also showed the present of carbonyls in the extract and on the surface of the 

biosynthesized nanoparticles [34].   

The FTIR bands of CFE reveal the presence of carbonyl (aldehyde groups) and C-H groups 

commonly found in organic molecules [24], [35]. These carbonyl groups were also present in the 

GNP spectra and is indicative of the adsorbed proteins on the GNP surface due to the biosynthesis 

method used.  

In the GNP-TRP spectra the amine group peaks (N-H) present in the TRP ligand spectra and 

carbonyl group peaks (C=O) present in the GNP spectra were absent. This is indicative of the 
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formation of the C=N bonds at 1649 cm−1 found within the 1640-1690 cm−1  range [2], [35], [36]. 

Although carbonyls are reactive to primary amines, these interactions do not produce strong stable 

bonds and require further amination processes [24][25].  The carboxylic group peaks at 3360 cm−1  

OH group and C=O peaks at 1710 and 1641 cm−1 seen in GNP-PEG FTIR bands, confirms the 

PEGylation process of the GNP with a carboxyl terminated polyethylene glycol. The absence of 

the Carboxylic acid group in the GNP-PEG-TRP spectra and the presence of the primary amide 

bond (C=O at 1692 cm−1 and N-H group at 3421 and 3481 cm−1 ) confirms that the carbodiimide 

conjugation process between the carboxyl and primary amine group using EDC/NHS catalyst 

occurred [3], [37].   

3.6.2. Adhesion Forces 

 

Specific targeting requires that the adhesive interaction between functionalized nanoparticles and 

triple negative breast cancer cells be strong and selective, hence this section discusses trends 

observed from experimental AFM adhesion measurements between AFM tip coatings (GNP, 

GNP-PEG, GNP-TRP and GNP-PEG-TRP) and breast cells (TNBC and normal breast cell). 

The preferential adhesion of TRP modified nanoparticles to TNBC is very evident from the results 

in Fig. 3.8 and this preferential interaction has also been reported in prior experiments [3], [5] with 

other types of nanoparticles. The significant increase in the average adhesion forces obtained 

between the TRP/TNBC, GNP-TRP/TNBC and GNP-PEG-TRP/TNBC is  attributed to the over-

expression of LHRH transmembrane receptors on the surfaces of the TNBC [3], [5],[6]. This was 

revealed (Fig. 3.9) by the immunofluorescence staining of LHRH receptors on normal (MCF10A) 

breast cells and TNBC cells (MDA-MB-231 and MDA-MB-468). This over expression of LHRH 
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receptors in TNBC results in increased binding interactions, between the TRP/TNBC, GNP-

TRP/TNBC and GNP-PEG-TRP/TNBC pairs.  

It is important to note here that large standard deviations were observed in measured average 

adhesion forces, especially between AFM tip coatings with TRP. These are attributed to significant 

local variations between the local densities of the LHRH transmembrane receptors. Similar 

variations in the adhesion forces have been reported in prior AFM studies of adhesion [4]–[6].  

UV-Vis analysis done in a prior study by the group [5] showed the presence of surface bound 

proteins on biosynthesized nanoparticles which contribute to the overall adhesion of GNP to 

TNBC even when these proteins are denatured by SDS [5]. Polymer extension effects also occur 

upon retraction if multiple polymer molecules attach to AFM tip and substrate [38]. This extension 

effect is typically observed as sawtooth pattern on the retraction force-distance curve [38]. Hence, 

additional force is needed to detach GNP-PEG coated AFM tips from TNBC cells. This leads to 

an increase in the adhesion force measured in the pair interactions of GNP/Cell and GNP-PEG/Cell 

(Fig. 3.8) 

Finally, comparing the average adhesion forces measured between GNP-TRP/MDA-MB-231 

breast cancer cell (224 ± 47.4 nN), and the interaction between GNP-TRP/ MDA-MB-468 breast 

cancer cell (173 ± 36.7 nN).  The adhesion forces between the MDA-MB-231 cells and the 

different coated AFM tips were greater than those of the MDA-MB-468 cells (p < 0.001) and the 

MCF-10A cells (p < 0.001) while MDA-MB-468 cells adhesion forces were higher than the 

adhesion forces in MCF-10A cells (p < 0.001). The higher adhesion forces obtained for the MDA-

MB-231cell line suggest an increase in the ligand interact with overexpressed receptor density. It 

is important to note that the magnitude of adhesion force can be modulated by varying triptorelin 
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concentration and density on the surface of the  nanoparticles [2]. The process of PEGylation 

introduces methyl group spacers with arm length 15.8Å. Qualitatively, these PEG spacers reduce 

the total surface area available for triptorelin conjugation via the carboxyl terminated PEG (PEG12) 

and this contributes to the reduction in adhesion observed experimentally in Fig. 3.8 for GNP-

PEG-TRP/TNBC as against GNP-TRP/TNBC.  

It is also of interest to discuss the potential role that water vapor (in the environment) can have on 

the measured adhesion forces. In the most extreme case in which capillary forces are caused by a 

liquid film idealization, as shown schematically in Fig 3.2., the maximum capillary forces can be 

estimated from the theory presented in section 3.2. using surface tension of water at 21ºC 

(72.8 × 10−3 N
m⁄ )[39], and an estimated AFM tip radius of curvature of (48.9nm). The 

maximum capillary force estimated (equation 3.6) is 44.7 nN. For  𝐷 𝑑⁄    ratio between 0.25 – 1, 

such capillary forces range from 35.8-22.4 nN. These capillary forces are comparable to the 

measured adhesive interactions in the absence of TRP ligand interactions (Fig 3.8) and 

overexpressed LHRH receptors on MCF-10a cells (Fig.3.9). However, they are much lower than 

the measured adhesion forces of 230 ± 58.4 nN and 175 ± 60.6 nN that were obtained from 

interactions between TRP ligand coated AFM tips TNBC cells with overexpressed LHRH 

receptors. Thus, we conclude that the very high adhesion forces observed in these cases can be 

attributed largely to specific interactions between TRP ligands and multiple LHRH receptors. 

 

Results from a molecular dynamics simulation which explored the molecular origins of adhesive 

interactions observed in the AFM experiments report that the intermolecular interactions between 

LHRH receptors and TRP ligands was dominated by electrostatic and hydrogen bond energies[40].  
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In addition, it reported variations in the energy interactions with TRP across the transmembrane 

LHRH receptors[40].This variation in interaction energy is due to the individual characteristics of 

the receptor-ligand docking points and the conformation of the molecules when in their minimum 

energy state[40].   

3.6.3. Implications 

 

The implications of the above results are significant for the design of gold nanoparticles for the 

specific targeting and treatment of TNBC. First, the increased adhesion forces that are associated 

with the interactions between TRP and the receptors on the TNBC cells suggest that such forces 

can be used to enable the selective attachment of TRP-conjugated PEG coated gold nanoparticles 

to TNBC cells/tissues. Similar enhancements in adhesion forces have also been observed between 

TRP-conjugated magnetite nanoparticles to over-expressed LHRH receptors on the surfaces of 

TNBC cells. 

Furthermore, in normal breast cells with limited LHRH receptor expression (Fig. 3.8), adhesion 

interactions with AFM tip coatings (TRP, GNP-TRP, GNP-PEG, GNP-PEG-TRP) are much lower 

than the magnitude of adhesion forces (Fig. 3.8) between TBNC cells and the same AFM tip 

coatings.   

In any case, this study suggests that force spectroscopy can be used as a tool for rapid screening 

of potential targets that can be used for the specific targeting of TNBC. The study also provides a 

fundamental basis for the design of Triptorelin functionalized PEG coated gold nanoparticles for 

specific targeting of triple negative breast cancer cells, with potential for photothermal treatment 

of near surface tumors.  However, further work is needed to demonstrate the effectiveness of such 
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specific targeting, and the photothermal treatment of TNBC.  These are clearly some of the 

challenges for future work. 

3.7. Conclusions 

 

This paper presents the results of an experimental study of the the adhesion between TNBC/normal 

breast cells and biosynthesized gold nanoparticles in (GNP), PEG-coated gold nanoparticles 

(GNP-PEG), and its Triptorelin functionalized forms (GNP-TRP, GNP-PEG-TRP). These were 

studied using atomic force microscopy. The salient conclusions arising from this study are 

summarized below. 

1. Force microscopy measurements of the adhesion forces between TNBC cells and 

Triptorelin-functionalized gold nanoparticles (GNP-TRP and GNP-PEG-TRP) are much 

greater than the adhesion to normal breast cells. The increased adhesion of GNP-TRP and 

GNP-PEG-TRP to TNBC is also associated with the over-expression of LHRH receptors 

on the surfaces of TNBC cells. This enhances the selective adhesion of LHRH-conjugated 

gold nanoparticles to TNBC cells. 

2. The PEG coating of biosynthesized gold nanoparticles reduces non-specific 

nanoparticle/cell interactions. It also has a favorable effect on the adhesion between GNP-

PEG-TRP/ LHRH TMD-n receptors pairs. The repulsive interaction between the 

Triptorelin ligand/ cell membrane and PEG/cell membrane promotes specificity of the 

GNP-PEG-TRP/ LHRH TMD-n receptors interactions in TNBC. Therefore, the current 

results suggest that GNP-PEG-TRP nanoparticles could be suitable candidates for the 

specific targeting of TNBC cells that have over-expressed LHRH receptors on their 

surfaces. 
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Chapter 4.0. Entry of Triptorelin and PEG-coated Gold Nanoparticles into Triple Negative 

Breast Cells: Effects of Surface Energy and Receptor Density on Nanoparticle Uptake 

 

 4.1. Introduction 

Cancer therapeutics has seen an increase in treatment response rates among breast cancer patients. 

Various clinical and pathological studies report that triple negative breast cancer (TNBC) patients, 

especially those with residual or metastatic TNBC, have a significantly decreased disease-free 

survival (DFS) rate and overall survival (OS) rate compared to other breast cancer subtypes [1]–

[10]. Unfortunately, over 50% of  TNBC patients do not benefit from the available endocrine 

chemotherapy treatments because it does not overexpress any of the three primary breast tumor 

markers: progesterone, estrogen, and human epidermal growth factor 2 (HER2) [1], [2], [11], [3]–

[10]. Hence, TNBC progression is aggressive with a poor prognosis.  

Therefore, the need to improve the DFS and OS of TNBC patients drives cancer research efforts 

toward targeted therapeutic approaches for TNBC [1], [2], [16]–[20], [5]–[8], [12]–[15]. Current 

TNBC targeted therapeutic studies have focused on designing small interfering molecules to 

interact with genetic pathways that arrest TNBC cell lifecycle at different checkpoints or boost the 

immune response of TNBC patients to induce apoptosis [3], [5], [6], [8], [12]–[15], [21].  

Most targeted nanoparticles have been designed to mimic viruses, which have surface proteins that 

can interact with specific receptors that are overexpressed on the surfaces of biological cells [22]–

[24]. 

Hence, recent targeted cancer treatment studies have focused on the design of theranostic ligand 

functionalized nanoparticles to target proteins and receptors that are overexpressed on the surfaces 

of TNBC cells [18]–[20], [25], [26]. These ligand functionalized nanoparticles rely on the 
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receptor-mediated uptake of nanoparticles into biological cells to enhance TNBC selectivity[22], 

[27]–[32]. 

Receptor-ligand interactions are essential to targeted TNBC treatment because it is one of the entry 

pathways for biological cells to internalize food, viruses, and nanoparticles [23], [27], [33].  

Various theoretical, computational, and experimental studies on targeted nano-drug delivery 

systems identify particle size, ligand density, and receptor density as limiting factors to the 

efficient uptake of these nanostructures[22], [30]–[32], [34]–[39]. For instance, earlier models on 

the budding of viruses on a host cell membrane focused on the uptake conditions for a single 

nanoparticle size [34], [40], [41]. Subsequently, Refs. [27][22] introduced receptor diffusive 

models to estimate the nanoparticle wrapping time for a range of particles sizes. Despite 

experimental evidence [28], [29], which shows that nanoparticle clusters can also be internalized 

by cells. These nanoparticle entry models are based on assumptions of single-particle entry. Hence, 

the nanoparticle cluster effect on cluster uptake has not been investigated for various nanoparticles 

developed for therapeutic applications. 

Prior efforts by our research group have explored thermodynamic-kinetic models that include 

surface energy effects on the free energy function associated with nanoparticle wrapping[28], [42]. 

In these studies, we unraveled new insights into the influence of receptor density, ligand density, 

and surface energy on the entry of  Luteinizing Hormone Releasing Hormone (LHRH) conjugated 

superparamagnetic iron oxide nanoparticles (SPION) in human breast cancer Hs 578T [28] and 

LHRH conjugated Magnetite nanoparticles in non-tumorigenic breast cell (MCF 10A) and 

tumorigenic TNBC (MDA-MB-231). Magnetite nanoparticles were used in those studies due to 

their ability to enhance the contrast of magnetic resonance imaging (MRI) [43], as well as their 

ability to induce hyperthermic heating associated with oscillating magnetic fields[44], [45]. 
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In this article, we present a modified thermodynamic-kinetic model to explore the effects of ligand 

density, receptor density, nanoparticle cluster size, and surface energy effects on the wrapping time 

of ligand-functionalized gold nanoparticles of various sizes, and also present results from invitro 

nanoparticle cluster distribution and uptake of biosynthesized gold nanoparticles (GNP), PEG-

coated GNP (GNP-PEG), Triptorelin (TRP)-functionalized GNP (GNP-TRP), and Triptorelin 

(TRP)-functionalized PEG-coated GNP (GNP-PEG-TRP) in TNBC cells (MDA-MB-231 and 

MDA-MB-468) and non-tumorigenic cell line (MCF 10A). 

Within this context, a fundamental understanding of the wrapping kinetics and driving forces 

associated with the entry of functionalized GNP in MDA-MB-231, MDA-MB-468, and non-

tumorigenic breast cells (MCF 10A) could provide a physical basis for the design of GNP 

structures with controlled targeted and cell uptake characteristics for TNBC treatment.   

Finally, the implications of the results are discussed for the design of triptorelin-conjugated, PEG-

coated biosynthesized gold nanoparticles for specific targeting of triple-negative breast cancer 

cells and localized laser-assisted photothermal treatment. 

 

4.2. Materials and Experimental Methods 

4.2.1. Gold Nanoparticles Synthesis and Characterization 

The gold nanoparticles (GNP) were synthesized from processes adapted from a prior study done 

by our group[46]. Briefly, Gold (III) Chloride Trihydrate (ACS reagent with ≥49.0% Au basis 

Sigma-Aldrich, St. Louis, USA) was reduced intracellularly and extracellularly using a cell-free 

extract of Serratia Marcescens bacteria [46].  
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Subsequently, GNP was PEG-coated using methyl-PEG4-thiol (MT(PEG)4) and carboxy-PEG12-

thiol (CT(PEG)12) (Thermo Fisher Scientific, Inc. Waltham, MA, USA). Notably, (MT(PEG)4) 

and (CT(PEG)12) were used in combination to reduce nonspecific protein binding to the 

nanoparticle surface [47], [48]. A solution of MT(PEG)4 (0.5 mM, 4 mL) and CT(PEG)12 (0.5 mM, 

4 mL) were added to 10 mL of GNP (0.2 mM) and stirred for 2 h at room temperature.Next, the 

mixture was washed with Dulbecco Phosphate Buffer Saline (DPBS) (Life technologies 

cooperation, Carlsbad, CA) buffer and centrifuged in a spin column with a molecular weight cut-

off of 50 kDa. Lastly, the PEG-coated GNPs were resuspended in de-ionized water. 

The bare GNP and PEG-coated GNP (GNP-PEG) were modified by the ligand conjugation with 

triptorelin (D-Trp LHRH)(BACHEM, Torrance, CA, USA) using a carbodiimide activation 

process with ethyl (dimethyl aminopropyl) carbodiimide (EDC) (Sigma-Aldrich, St. Louis, MO, 

USA) and N-hydroxysuccinimide (NHS) (Thermo Fisher Scientific, Inc., Waltham, MA, 

USA)[49][50]. Specifically, a solution of EDC (13.5 mM, 74µL) and NHS (15.3 mM, 65 µL) was 

added to GNP and GNP-PEG (0.2 mM, 5 mL) and stirred continuously for 2 hours at room 

temperature before triptorelin ligand (TRP) (5 mM, 192 µL) was added and stirred overnight. After 

TRP conjugation of GNP (GNP-TRP) and PEG-coated GNP(GNP-PEG-TRP), the mixture was 

washed with DPBS, then centrifuged in a spin column with a molecular weight cut-off of 50 kDa. 

Lastly, GNP-TRP and GNP-PEG-TRP were resuspended in de-ionized water. 

Finally, the colloidal stability of GNP, GNP-TRP, GNP-PEG, and GNP-PEG-TRP in distilled 

water was investigated for six months by measuring the hydrodynamic diameter and zeta potentials 

using the Malvern Zetasizer (Westborough, MA, USA).  
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4.2.2. In-vitro Uptake of Gold Nanoparticles into TNBC Cells and Normal Breast Cells 

 

All the cell lines used in this study were procured from ATCC, Manassas, Virginia, USA, and a 

detailed description of the cell culture process has been documented in earlier studies done by our 

group [17], [19], [20]. Briefly, 1 x 106 cells/ml of TNBC cells (MDA-MB-231, MDA-MB-468) 

and non-tumorigenic MCF-10A cells was prepared. Subsequently, 10 µL of each prepared cell line 

were grown on 22 x 22 mm sterile uncoated coverslips inside 35 x10 mm sterile Falcon cell culture 

Petri dishes and incubated. 

Specifically. the TNBC cells were incubated at 37°C under normal atmospheric pressure, while 

the normal breast cells (MCF-10A) were incubated at 37°C with 5% CO2 in their respective media 

[17]. In addition, the GNP, GNP-TRP, GNP-PEG, and GNP-PEG-TRP particles were sterilized in 

20 ml scintillation glass vials under Ultra-violet rays for 2h in a purifier class II biosafety cabinet 

(Labconco, MO, USA).  

After 48 h, the culture medium from the cultured cells was aspirated and washed with DPBS. Next, 

5µl of GNP, GNP-TRP, GNP-PEG, and GNP-PEG-TRP at 5 µg/mL was pipetted onto the 

coverslips containing normal breast cells (MCF-10A) and breast cancer cells (MDA-MB-231 and 

MDA-MB-468). Subsequently, 500 µl of the respective cell culture media was added to the cells 

and colloidal nanoparticles. The cell/nanoparticle mixtures were then placed in an incubator 

(model 3326, Forma Scientific, Inc. OH, U.S.A) at 5min, 30 min, 1h, and 3h incubation times. 

Subsequently, cell/nanoparticle samples were fixed in 4% Paraformaldehyde prepared in 0.1M 

phosphate Buffer Saline (PBS) (Electron Microscopy Sciences, Hatfield, PA, USA) for 12 min at 

room temperature (25°C).  
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4.2.2.1. Immunofluorescence Staining for LHRH Receptors 

The distribution of LHRH receptors and nanoparticle attachment on the surfaces of MDA-MB-

231, MDA-MB-468, and MCF-10A cells were revealed using immunofluorescence staining with 

fluorescent dyes. A detailed description of the cell receptor staining process has been documented 

in earlier studies done by our group [17], [19], [20]. In brief,  the cells were cultured and grown 

for  48 h. Subsequently, these cells were fixed for 12 mins in a 4% high-grade paraformaldehyde 

solution to preserve their structures, permeabilized with 0.1% solution of Triton X-100 (Life 

Technologies Corporation, Carlsbad, CA), and blocked with 1% bovine serum albumin (BSA) 

(Sigma- Aldrich, St. Louis, M, USA),  

Subsequently, the cell samples were labeled with a primary anti-LHRH antibody (EMD Millipore, 

Darmstadt, Germany) and a secondary anti-mouse IgG antibody conjugated with Alexa fluor 488 

(Thermo Fisher Scientific, Inc., Waltham, MA, USA). Next, the nuclei of the cell samples were 

stained with 4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) (Sigma-Aldrich, St. Louis, 

USA). Finally,   3D Z-stack confocal microscopy images of the internalized nanoparticles within 

the immunofluorescently stained cells were imaged with a 40x oil-immersion objective using the 

Leica TCS SP5 Scanning Confocal Microscope (Leica, Wetzlar, Germany).  

4.3. Theory and Model 

4.3.1. Single Particle Entry Model 

 

Receptor-mediated particle entry in cells has gained much attention for application in target cancer 

therapeutics[22]–[24], [27], [33]. Notably, these studies explored the effects of particle size, ligand 

density, and receptor density on the cellular uptake of the particles [30], [31], [34]–[37].   
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Gao et al. [27]  used thermodynamics and front tracking diffusion kinetics models to study the 

receptor-mediated uptake of ligand-coated nanoparticles into the cells. Specifically, they 

considered an initially flat cell membrane of finite size with mobile diffusive receptors and a 

partially engulfed spherical nanoparticle coated with corresponding ligands [Fig. 1(a)]. Also, the 

ligands on the nanoparticle surface were assumed to be immobile and uniformly distributed at a 

density of εLWhile the receptors on the cell membrane are mobile and can diffuse in the plane of 

the membrane until they bind specifically with the ligands on the nanoparticle. In addition, global 

conservation of the cell receptor density εo  was assumed to ensure that the total number of 

receptors on the cell membrane remained constant during the entire nanoparticle wrapping process.  

Fig. 4.1. Schematic illustration of (a) An initially flat membrane with diffusive receptors as it wraps around a 

corresponding ligand-coated nanoparticle. (b) An initially flat membrane with diffusive receptors as it wraps around 

a cluster of ligand-coated nanoparticles. (c) The receptor density distribution 𝜀𝑜 in the membrane becomes non-

uniform upon ligand-receptor binding; the receptor density 𝜀+ is depleted in the near vicinity of the binding area and 

induces diffusion of receptors toward the binding site. Adapted from [27].  
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Before nanoparticle contact with the cell membrane, the receptors are assumed to have a uniform 

density 𝜀𝑜. But, upon nanoparticle contact with the cell membrane, a receptor gradient occurs in 

the contact region [Fig.1 (c)] as the receptor density in the vicinity of contact is elevated to match 

the ligand density εLwithin that region. Thus, a diffusive distribution function ε(s, t) describes the 

receptor contact zone diffusion and redistribution on other cell membrane parts.  

Thermodynamically, receptor-ligand binding lowers the interaction free energy of the receptor-

ligand pair. In contrast, elastic energy increases due to increased local cell membrane curvature 

and reduced configurational entropy of immobilized cell receptors. 

The Free energy function for cell membrane wrapping of a single particle is given by Eq. (4.1.) 

  

F(t) = KBT {∫ (−εleRL +  εl ln
εl

εo
+

1

2

a(t)

0
BKp

2)ds +  ∫ ε ln
ε

εo
ds

l

a(t)
}    (4.1) 

where KB is the Boltzmann constant, T is the absolute temperature, a(t) is the radius of the contact 

region/ arc length of the engulfed area, L is the membrane radius, εl  is the ligand density 

distribution, and 𝜀𝑜 is the receptor density distribution before ligand contact. Specifically, in Eq. 

(4.1) KBTeRL is the energy of a single receptor-ligand bond, KBTln
εL

εo
  is the free energy per 

receptor associated with the loss of configurational entropy of the bound receptors, and KBT ln
ε

εo
 

is the free energy per receptor associated with the free cell membrane receptors. Lastly,  
1

2
 BKBTKp

2  

is the elastic bending energy of the membrane associated with the wrapping of a spherical 

nanoparticle, and BKBT is the bending modulus. 
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4.3.2. Nanoparticle Cluster Entry Model 

 

Experimental evidence (J. Hu et al., 2018a; Meng et al., 2009) has shown that nanoparticle clusters 

can also be internalized by a biological cell membrane. However, the surface energy effects on the 

free energy associated with nanoparticle uptake have not been considered for various nanoparticles 

developed for therapeutic applications. Recently, Meng et al. [28] modified Gao et al.[27] free 

energy for a single nanoparticle cellular uptake [Eq. (4.1)]by introducing new surface energy terms 

due to the interactions between nanoparticles, cell culture media, and the cell membrane. 

 

Using modifications in Ref. [28], we consider an initially flat finite-sized cell membrane wrapping 

of a cluster of ligand-coated spherical nanoparticles [Fig. 4.1b]. Similar to Refs. [28], [29],we 

assumed that the clusters form a close-packed face-centered cubic (FCC) structure with six nearest 

neighbors particles on the surface and twelve nearest neighbors particles in the center. In addition, 

we introduced surface energy terms proposed by Meng et al. [28] to account for the adjacent 

nanoparticle interactions in a fluid environment. Subsequently, we estimate the net surface energy 

Usurface [Eq. 4.2]  for an FCC cluster. Where 𝛾1 is the surface free energy due to 

nanoparticle/nanoparticle contact, 𝛾2 is the surface free energy due to nanoparticle/cell culture 

media contact, and 𝛾3 is the surface free energy due to nanoparticle/cell-membrane contact.  

Now suppose that the contact area between two nanoparticles is denoted as 𝐴𝑐, nanoparticle radius 

denoted as r and cluster radius is R, the surface energy contribution is described by Eq. (4.2) 

     

Usurface = Unanoparticle−nanoparticle + Uparticle−medium + Unanoparticle−cell membrane (4.2) 
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Unanoparticle−nanoparticle = γ1 × 12Ac × (
4πR3/3

4πr3/3
−

4πR2

πR2
) + γ1 × 6Ac ×

4πR2

πR2
   (4.3) 

Uparticle−medium = γ2 × (4πr2 − 12Ac) × (
4πR3/3

4πr3/3
−

4πR2

πR2
) +  γ2  × (4πR2 − ∫ ds

a(t)

0
) (4.4) 

Unanoparticle−cell membrane = γ3  × ∫ ds
a(t)

0
       (4.5) 

By incorporating this additional surface energy term in Eq. (4.2) into the free energy expression in 

Eq. (4.1), we obtain an expression for the free energy required to wrap a cluster of nanoparticles. 

Eq. (4.6). 

F(t) = KBT {∫ (−εleRL +  εl ln
εl

εo
+

1

2

a(t)

0
BKp

2)ds +  ∫ ε ln
ε

εo
ds

l

a(t)
} +  Usurface    (4.6) 

The time-independent terms in Eq.4.3 to Eq.4.5 are denoted as constant terms and ignored in the 

wrapping dynamics[28]. Hence Eq. (4.6) becomes Eq. (4.7). 

𝐹(t) = KBT {∫ (−εl(eRL + (γ2 − γ3)/εl) +  εl ln
εl

εo
+

1

2

a(t)

0
BKp

2)ds +  ∫ ε ln
ε

εo
ds

l

a(t)
} +

constant terms            (4.7) 

The inclusion of the surface energy terms leads to a change in the effective interaction energy 

between the ligand-receptor pairs and thus affects wrapping dynamics[28], [29]. It is important to 

note that the surface energy due to interacting nanoparticles (Unanoparticle−nanoparticle) only 

contributes constant terms to Eq. (4.7), which do not affect the kinetics of receptors and have thus 

been ignored and Kp is related to the total mean curvature of the whole cluster[28], [42].  

Differentiating the generalized free energy expression Eq. (4.7) with respect to time yields Eq. 

(4.8) 
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F(t)̇

KBT
= −(εleRL −  

1

2
BKp

2 + εl ln
ε+

εl
+ εl − ε+ + (γ2 − γ3))a(t) − ∫ Dε(

∞

a(t)
̇ ∂X

∂s
)2 ds  (4.8) 

 χ(s, t) = ln (
ε

εo
) + 1  is the local chemical potential of a receptor, and its integral is the rate of 

energy dissipation associated with receptor transport along the cell membrane. 

The energy balance between the reduction in the free energy rate gained from the wrapping process 

and the rate of energy dissipation consumed during receptor simplifies Eq. (4.8) to Eq. (4.9) 

εleRL −  
1

2
BKp

2 + εl ln
ε+

εl
+ εl − ε+ + (γ2 − γ3) = 0                     (4.9) 

Assuming there is no free energy jump at the contact edge and solving Eq. (4.9), the receptor 

density at the boundary 𝜀+ can be found in Eq. (4.10)[51].  

ε+

εl
− ln

ε+

εl
= eRL −

1

2
 
BKp

2 

εl
+

(γ2−γ3)

εl
+ 1         (4.10) 

The endocytosis of spherical clusters with effective area 𝜋𝐿2, requires that the receptors are 

conserved throughout the process as satisfied by Eq. (4.11)[52] 

L2εo = 4R2εl + (L2 − 4R2)ε+                                            (4.11) 

Re-arranging equation (4.11), we obtain that    

ε+

εl
=

(L2ε̅−4R2)

(L2−4R2)
             (4.12) 

Where ε̅ =
εo

εl
  

Substituting Eq. (4.12) into Eq. (4.10)  and rearranging results in Eq. (4.13). 

eRL −
2B

R2εl
+ ln (

L2ε̅−4R2

L2−4R2 ) −  (
L2ε̅−4R2

L2−4R2 ) +
(γ2−γ3)

εl
+ 1 = 0             (4.13) 



 

97 

 

Quadratically solving Eq. (4.13) yields the minimum (Rmin) and maximum (Rmax  ) cluster radii. 

Also, the wrapping time is estimated by solving the receptor density diffusion function 

[ε(s, t)]using the diffusion continuity equation, which requires that the arc length of engulfed 

region 𝑎(𝑡) = 2𝛼√𝐷𝑡  where D is the diffusion constant of the free membrane receptors and 𝛼 is 

a speed factor and determined from Eq. (4.9). 

Hence, the estimated wrapping time tw can be obtained as 𝜋𝑎(𝑡𝑤)2 = 4𝜋𝑅2  Or    𝑡𝑤 = (
𝑅

𝛼√𝐷
)2 

and is consistent with Gao et al.[27]. 

4.3.3. Theoretical Parameters for the Entry of Clusters into Tumorigenic and Non-

Tumorigenic Breast Cells   

 

The surface energy terms were estimated (γ2 − γ3)/εl  in Eq. (4.7) were estimated to be on the 

order of 487 𝐾𝐵𝑇 at T = 300K using contact angle measurements and Young’s equation similar to 

prior studies reported in Refs. [28], [29]. Briefly, the cell membrane/nanoparticle surface energy, 

𝛾3 estimations are approximated as the surface energy interactions between glycerol and 

nanoparticles. As reports show that the cell membrane is mainly composed of a glycerol backbone 

[53], [54].  In addition, 𝛾2 was estimated as the surface energy between water and the nanoparticles 

[55]since the cell media and bodily fluids are mostly composed of water.  

The lower bound (50 μm−2) and upper bound (500 μm−2)  receptor densities 𝜀𝑜 were based on 

Refs. [27], [34], [40], [56] including results from Ref. [57] that show that number of Gonadotropin-

Releasing Hormone Receptor (GnRH-R) binding sites in MCF-7 breast cancer cells is consistent 

with the 500 receptors per μm2 estimate. 
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Furthermore, the kinetics of nanoparticle cluster wrapping was estimated for an optimum ligand 

density( 5 × 103 Ligands/μm2) based on reports of the extensively studied semliki forest virus  

[22], [27], [32], [58], [59]. The ligand density was idealized as optimum to investigate only the 

surface energy and receptor density effects on the nanoparticle cluster wrapping time and radius. 

Lastly, values of Receptor-ligand binding energy, eRL (15kBT at T = 300K), bending rigidity of 

the cell membrane B(20kBT), the diffusion coefficient of receptors D (104 nm2 s⁄ ), and cell 

membrane length (10 μm ) were adapted from Gao et al. [52] 

 

4.4.   Results  

4.4.1. Gold Nanoparticle Synthesis and Characterization  

After 24 hours, CFE reduced gold (III) chloride trihydrate to gold. This reduction process was 

observed via a color change from pale yellow to purple in the gold (III) chloride trihydrate mixture 

and cell-free extract (CFE) from Serratia marcescens [46], [60], [61]. 

Furthermore, UV-Vis spectrophotometry methods indicated the presence of gold via maximum 

absorption wavelengths [Fig. 4.2] in the absorption spectra of GNP(565 nm), GNP-TRP(571 nm), 

GNP-PEG(570 nm), and GNP-PEG-TRP(569.5 nm). In addition, the absorption spectra [Fig. 4.2 

b] reveals TRP ligand signatures at 267 nm[26], [62] in GNP-TRP and GNP-PEG-TRP.  
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Fig. 4.2. UV-Vis absorption spectra of (a) biosynthesized gold nanoparticles (GNP, GNP-PEG, GNP-TRP, GNP-

PEG-TRP with maximum absorption wavelengths at 565, 571, 570, and 569.5 nm respectively and TRP ligand 

signatures at 267 nm (b). 

The measured increase in UV-Vis absorbance values (Fig.4.2.) is generally due to the spectral 

redshift of maximum absorption wavelength are due to the changes in the nanoparticle size[26], 

[46], [63]. The observed maximum absorption wavelength indicates the presence of gold 

nanoparticle sizes that range from 10 to 40 nm [26], [63], [64]. 

Further characterization with the TEM  reveals micrographs in Fig. 4.3 with spherical GNP, GNP-

PEG, GNP-TRP, and GNP-PEG-TRP nanoparticles. The core diameter distribution for the four 

nanoparticles in Fig. 4.4  reveals that the nanoparticles have a 10 – 30 nm size distribution. 

However, although the TEM micrographs show average diameter sizes of 16.7 ± 4.1 nm (GNP), 

15.6 ± 5.6 nm (GNP-TRP), 14.6 ± 4.2 nm (GNP-PEG), and 15.8 ± 4.6 nm (GNP-PEG-TRP), 
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the hydrodynamic diameter(D) for the GNP (64.7 ± 1.0 nm), GNP- TRP (139.7 ± 1.1 nm), GNP-

PEG (55.2 ± 0.2 nm), and GNP-PEG-TRP (76.9 ± 0.1 nm)) were much larger.  

Table 4.1 Summary of DLS and Zetasizer measurements showing polydispersity index (PDI) and 

Zeta potential (ξ) values for GNP, GNP-TRP, GNP-PEG, GNP-PEG-TRP in Distilled water (Di-

water). 

 

 

 

Fig. 4.3.  TEM micrographs of (a) GNP; (b) GNP-TRP; (c) GNP-PEG; (d) GNP-PEG-TRP. 

    PDI Zeta-potential ξ (mv) 

GNP 0.29 ± 0.05 -24.9 ± 1.6  

GNP-PEG 0.23 ± 0.00 -30.2 ± 1.1  

GNP-TRP 0.22 ± 0.01 -26.2 ± 2.9 

GNP-PEG-TRP 0.23 ± 0.00 -29.6 ± 0.8  
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Fig. 4.4. (a) TEM core diameter distribution of GNP, (b) TEM core diameter distribution of GNP-PEG, (c) TEM 

core diameter distribution of GNP-TRP, and (d) TEM core diameter distribution of GNP-PEG-TRP.  

 

 Fig. 4.5 reveals the FTIR spectra for  CFE, TRP ligand, GNP, GNP-PEG, GNP-TRP, and GNP-

PEG-TRP nanoparticles from a wavelength of 400 - 4000 cm−1. Notably,  the FTIR bands for  

CFE confirm the presence of carbonyl (aldehyde groups) at 1741 and 1835 cm−1. In addition, C-

H groups commonly found in organic molecules are present at 2931 cm−1 [49], [65]. Interestingly, 

just like the CFE spectra, GNP analysis [Fig. 4.5] revealed peaks for carbonyl groups (1835, 1741, 

and 1692 cm−1 ). The presence of carbonyl groups on GNP surfaces is associated with adsorbed 

proteins on the GNP surface due to the biosynthesis method used. A similar FTIR study on the 
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biosynthesis of silver and zinc nanoparticles using a macro-algae extract (Gracilaria Edulis) also 

reported the presence of carbonyls in the CFE and on the surfaces of the biosynthesized 

nanoparticles [66].   

 

Fig. 4.5. FTIR spectra of the cell-free extract, GNP-PEG-TRP, GNP-PEG, TRP ligand, GNP-TRP, and GNP. 

 

Next, the GNP-PEG spectra showed carboxylic group peaks at 3360 cm−1 for the OH group, while 

C=O peaks at 1710 and 1641 cm−1 confirmed the presence of a carboxyl terminated polyethylene 

glycol[67], [68]. Furthermore, GNP-TRP spectra revealed amine functional group peaks (N-H) 

that were present in the TRP ligand spectra at 1515, 1635, and 3200-3600 cm−1. Markedly, the 

carbonyl group peaks (C=O) that were present in the GNP spectra were absent and thus confirmed 
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the formation of the C=N bonds at 1649 cm−1 found within the 1640-1690 cm−1  range [19], [65], 

[69]. Although carbonyls are reactive to primary amines, these interactions do not produce strong, 

stable bonds and require other amination processes [49], [50].   

 Lastly, the primary amide bond formation in GNP-PEG-TRP spectra at C=O at 1692 cm−1 and 

N-H at  3421 and 3481 cm−1is significant and confirms that the carbodiimide (EDC/NHS catalyst) 

conjugation process between the carboxyl and primary amine groups occurred [17], [70]. 

 

4.4.2 Nanoparticle Cellular Uptake into TNBC and non-Tumorigenic Breast Cells 

We examined the cellular uptake of GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP 

nanoparticles into non-tumorigenic MCF-10A cells and TNBC cells (MDA-MB-231 and MDA-

MB-468) using confocal fluorescence microscopy techniques.  

Interestingly, MDA-MB-231 and MDA-MB-468 cells internalized all four nanoparticles within 

the 5 min to 3h incubation window. However, MCF-10A cells internalized only GNP-PEG and 

GNP-TRP nanoparticles after the 1h mark. Interactions between GNP-PEG-TRP and 

TNBC/MCF-10A cells are of particular significance because of their preferential accumulation 

[Fig. 4.6] in MDA-MB-231 and MDA-MB-468 cells than in MCF-10A cells. Fig. 4.6 shows the 

Z-axis maximum projection of 3D confocal fluorescence images which show GNP-PEG-TRP 

interactions with MCF-10A  (Fig. 4.6 g),  MDA-MB-231(Fig. 4.6 h), and MDA-MB-468 (Fig. 4.6 

i) cells, as well as the control samples which includes cells without nanoparticles in Fig. 4.6, (a),(b), 

and(c) and GNP-PEG interactions with MCF-10A  (Fig. 4.6 d),  MDA-MB-231(Fig. 4.6 e), and 

MDA-MB-468 (Fig. 4.6 f) cells after the 3h incubation window had elapsed. 



 

104 

 

It is important to note that GNP-PEG-TRP [Fig. 4.6] was the only particle among the four 

nanoparticles selectively internalized by both TNBC cells and not in the non-tumorigenic MCF-

10A cell throughout the 3h incubation window. 

 

Fig.4.6. Z-axis maximum intensity projection of 3D fluorescence confocal images for  (a) non-tumorigenic MCF-

10A, (b) TNBC MDA-MB-231, and (c) TNBC MDA-MB-468 cells without nanoparticles; for (d) MCF-10A, (e) 

MDA-MB-231, and (f) MDA-MB-468 cells incubated with GNP-PEG nanoparticles for 3h; and for  (g) MCF-10A, 

(h) MDA-MB-231, and (i) MDA-MB-468 cells incubated with GNP-PEG-TRP nanoparticles for 3h. the cell nucleus 

is stained blue with DAPI (4′, 6-diamidino-2-phenylindole), while the LHRH receptors are stained green with FITC 

(fluorescein isothiocyanate), with arrows pointing towards clusters. 
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Interestingly, at 3h, GNP-PEG-TRP clusters were observed within the nucleus of MDA-MB-468 

cells[Fig. 4.7]. A montage of the 3D confocal fluorescence images showing the internalized GNP-

PEG-TRP clusters in MDA-MB-468 is presented in Fig. 4.7. The positions of the internalized 

GNP-PEG-TRP clusters with respect to the cell-substrate are identified by white arrows, while 

nanoparticles within the nucleus are identified by red arrows in Fig. 4.7 (c) at 0.22 μm, (d) at 

0.26 μm, (f) at 0.34 μm, (g) at 0.39 μm, and (h) at 0.43 μm. It is important to note that GNP-PEG-

TRP clusters in Fig. 4.7(c) and (d) are not in Fig. 4.7 (a), (b), (e), and (f), indicating that these 

clusters were internalized by the MDA-MB-468 cells.  

In general, the measured cluster size range in MDA-MB-231 cells [Fig. 4.8] was broader (0.5 to 4 

µm) than the size range in MDA-MB-468(0.5 to 2.5 µm)[Fig. 4.9] and MCF-10A cells(0.2 to 1µm) 

[Fig. 4.10]. Furthermore, an increase in incubation time from 5min to 3h led to an increase in 

cluster sizes formed [Fig. 4.8, 4.9, 4.10].  
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Fig.4.7. Z-stack confocal fluorescence images with white arrows showing the GNP-PEG-TRP nanoparticle cluster 

distribution in MDA-MB-468 breast cancer cells after 3h,  at incremental distance of (a) 0.13 µm (b) 0.17 µm (c) 

0.22 µm, (d) 0.26 µm, (e) 0.3 µm, (f) 0.34 µm (g) 0.39 µm (h) 0.43 µm (i) 0.47 µm from the substrate. Red arrows 

indicate locations of GNP-PEG-TRP particles within the nucleus. 

 

4.4.3 Nanoparticle Cluster Size Distribution 

 

The uptake and distribution of GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP markedly 

differed for MDA-MB-231, MDA-MB-468, and MCF-10A cells. In particular, MCF-10A cells 
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did not engulf any GNP clusters throughout the 3h incubation window. However, GNP formed a 

broad range of clusters (0.5 to 4 µm) in MDA-MB-231cells. Interestingly, at 3h, only GNP clusters 

≥ 1.5 µm were distributed within MDA-MB-231 cells [Fig. 4.8 a ]. Notably, GNP uptake into 

MDA-MB-468 cells only began after 30min[Fig. 4.9 a] and GNP clusters in MDA-MB-468 were 

sparse compared to MDA-MB-231 cells[Fig. 4.8 a]. Furthermore, 88% of the GNP clusters in 

MDA-MB-468 cells were between 0.5 and 1.5µm[Fig. 4.9 a].   

Furthermore, the GNP-PEG particles presented quite differently from GNP in the cells. For 

example, in the MDA-MB-231 cells, the GNP-PEG cluster size distribution was ≤ 2.5 µm.  

For GNP-PEG particles, MDA-MB-468 cells rapidly engulfed GNP-PEG particles within 5min, 

contrasting the 30min uptake delay observed in the uptake of GNP into MDA-MB-468 cells. In 

addition, 75 to 84% of the GNP-PEG cluster sizes were between 0.5 and 2µm. However, we 

observed a cluster of GNP-PEG particles that were ≥ 3.5 µm in size [Fig.4.]. Finally, it is pertinent 

to note that GNP-PEG entry into MCF-10A cells was only favorable after 1h at smaller cluster 

sizes ≤ 1µm, differing from the broader clusters found in MDA-MB-231 and MDA-MB-468 cells. 

Clearly, the experiments show alternate cluster entry pathways for GNP/MDA-MD-231, 

GNP/MDA-MB-468, GNP-PEG/MDA-MB-231, GNP-PEG/MDA-MB-468, GNP-PEG/MCF-

10A, and GNP-TRP/MCF10A pairs. However, these non-LHRH mediated entry routes are beyond 

the scope of this paper and require further investigation. Other important non-receptor mediated 

entry mechanism has been reported in the literature [71]–[75] and requires further investigation. 
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Fig.4.8. Nanoparticle cluster size distribution at 5 min, 30 min, 1 h, and 3 h for (a) GNP/MDA-MB231 breast cancer 

cells, (b) GNP-PEG/ MDA-MB-231 breast cancer cells, (c) GNP-TRP/ MDA-MB231 breast cancer cells, and (d) 

GNP-PEG-TRP/ MDA-MB-231 breast cancer cells.  
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Fig.4.9. Nanoparticle cluster size distribution at 5 min, 30 min, 1 h, and 3 h for (a) GNP/MDA-MB-468 breast 

cancer cells, (b) GNP-PEG/ MDA-MB-468 breast cancer cells, (c) GNP-TRP/ MDA-MB-468 breast cancer cells (d) 

GNP-PEG-TRP/ MDA-MB-468 breast cancer cells.

 

 Fig.4.10. Nanoparticle cluster size distribution at 5 min, 30 min, 1 h, and 3 h for (a) GNP-PEG/MCF 10A Normal 

breast cells and (b) GNP-TRP/MCF 10A Normal breast cells.  
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4.4.4 Cluster Model for Nanoparticle Cluster Entry into Cells 

 

Fig.4.11. The nanoparticle cluster wrapping time tw, versus the radii R, for a 10 μm cell membrane with (a) receptor 

density of 50 per μm2 and (b) receptor density of 500 per μm2. The arrows point to the minimum wrapping time, tw, 

and the corresponding optimum particle radius for internalization, Ropt  Given by A(30.0 nm, 61s) and B(26.9 nm, 

2.33s). 

 

Fig.4.11 (a) and (b) shows the plot of nanocluster wrapping time tw versus cluster radius for a 10 

μm  with 50 (a)and 500 (b) receptors per μm2. For  a cell membrane with 50 receptors per μm2 

The predicted wrapping times for clusters radii of 30 nm to 1 μm in size were  61 s to 16 h. In 

contrast for cell membrane with 500 receptors per μm2The predicted wrapping time for a 26.9 nm 

cluster is 2.33 s, while a 1 μm cluster is engulfed at 49mins.  

The minima points are labeled A and B  in Fig. 4.11 (a) (30.0 nm, 61 s) and Fig 4.2. (b) (26.9 nm, 

2.33s). These minima point Fig. 4.11 (a) and (b) are the optimum wrapping times and cluster sizes 

at 50 and 500 cell membrane receptors per μm2 respectively. Hence, Fig. 4.11 shows that the 

predicted wrapping times increase for nanoparticle clusters less than or greater than the optimal 

size.   
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Also important is the Rmin (24.2 nm)and Rmax(1.6 µm) values estimated[Eq. (4.13)]for a 10µm 

cell membrane. Hence,  the free energy for cluster uptake [Eq.4.] suggests that the wrapping 

process is only thermodynamically favorable between cluster sizes of 24.2 nm  and 1.6 µm if the 

elastic energy of the cell membrane is much less than the energy associated with the receptor-

ligand binding (
1

2
 𝐵𝐾𝐵𝑇𝐾𝑝

2)  ≪    𝐾𝐵𝑇𝑒𝑅𝐿).  

It is important to note that the estimated surface energy term (γ2 − γ3)/εl  in Eq. 4.7 determined 

is on the order of 487 𝐾𝐵𝑇. For gold nanoparticles, this positive surface energy term slightly 

changes the kinetics of cluster entry from a single particle model, as observed in the increase in 

optimum wrapping times compared to the range reported in Ref. [27] for single particles. This 

observed increase in the predicted tw  differs from previous reports on cluster surface energy 

effects on tw [28], [42]. Notably, J.Hu et al. [29] predicted longer wrapping times (4 to 81 s) for 

LHRH conjugated magnetite nanoparticle clusters of 16 to 18 nm.  

  Interestingly, results from the literature show that the surface energy of nanoparticle clusters 

varies based on the physical and chemical properties of the single particles. For instance, factors 

such as particle size, structure, and surface charge have been shown to influence surface energy 

[76]–[79]. Therefore, these variations in cluster surface energy and their influence on wrapping 

time/optimal radii require further investigation beyond the scope of this study. 
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4.5. Discussions 

4.5.1. Nanoparticle Characterization 

Notably, the DLS hydrodynamic diameter measurements were larger than the TEM core diameter 

sizes in Fig. 4.2, and 4.3. The stark differences in particle sizes are primarily due to the hydration 

shell around the nanoparticles in water and aggregation of GNP due to the slight increase in the 

measured zeta potential value (ξ > -25 mV). In addition, the DLS works by measuring the 

variations in scattered light intensity via the Stokes-Einstein equation and a correlation function 

[80]. However, from Rayleigh’s theory, the intensity of scattered light is proportional to the sixth 

power of the diameter; thus, the analysis is skewed towards the measurement of larger particle 

sizes while smaller particles are obscured [80]. Furthermore, the TRP ligand and PEG coatings are 

low atomic number (Z) molecules that are transparent to transmission electron beams[81], [82]. 

Lastly, the polydispersity index (PDI) and the zeta potential (ξ) of the nanoparticles [Table 4.1] 

are within an acceptable dispersity (0.1 to 0.3) and stability (ξ < -25 mV) range for maximum 

ligand exchange, drug delivery, and in-vivo applications [83].  

 

4.5.2. Nanoparticle Cellular Uptake 

 

The size distribution of nanoparticle clusters in non-tumorigenic MCF-10A cells and TNBC 

(MDA-MB-231 and MDA-MB-468) cells were presented in Section 4.4.2. The detection of 

smaller cluster sizes is limited by the resolution (0.2µm laterally and 0.6 µm axially )of the 

confocal fluorescence microscope[84], [85]. However, the experiments demonstrate that the 

combination of PEG coatings and TRP ligands facilitates the selective accumulation of GNP-PEG-

TRP clusters in both TNBC cells. Quite notably, Luteinizing Hormone Releasing 
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Hormone(LHRH) peptides such as TRP or its analogs have a high binding affinity to LHRH 

receptors (𝐾𝐷 in nM range) and possess the ability to recognize a broad variety of tumors including 

TNBC but not non-tumorigenic cells[86]–[92].   

Besides LHRH receptor endocytosis pathways, nanoparticles can also be internalized via alternate 

routes[71]–[75]. Interestingly, LHRH receptor-independent uptake was observed in GNP/MDA-

MD-231, GNP/MDA-MB-468, GNP-PEG/MDA-MB-231, GNP-PEG/MDA-MB-468, GNP-

PEG/MCF-10A, and GNP-TRP/MCF10A pairs. The exact uptake mechanisms in these pairs are 

unknown and require further investigation. However, this is beyond the scope of this paper. 

Nevertheless, GNP-PEG-TRP nanoparticles were more selectively internalized by TNBC due to 

the combination of PEG coating and triptorelin ligand conjugation Fig. 4.6. However, it is unclear 

if the LHRH receptor-mediated cluster uptake is clathrin-dependent and requires further studies 

beyond the scope of this paper.  

PEG coatings generally reduced large cluster formation[64] and enhanced uptake in TNBC and 

non-tumorigenic breast cells, while GNP nanoparticles were the least internalized by all cells 

except MDA-MB-231.  

4.5.3. Comparison of Nanoparticle Cluster Models and Experiments 

The thermodynamics-kinetics wrapping time model (Section 4.4.4) simulates the LHRH receptor 

interactions with TRP functionalized GNP for clusters sized 24 nm to 1µm. Interestingly, the in-

vitro results in Sections 4.4.2 and 4.4.3 include details of LHRH receptor-mediated cluster entry 

and nanocluster uptake in cells based on alternate entry mechanisms for cluster diameters of 0.5 

to 4 µm. However, we focus our discussion on the preferential accumulation of GNP-PEG-TRP in 

TNBC MDA-MB-231 and MDA-MB-468 in contrast to the non-tumorigenic MCF-10A cell. 
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Table 4.2 Estimated wrapping time tw for selected nanoparticle cluster sizes (radii) with initial 

receptor density 𝜀𝑜 of 50 and 500 μm−2. 

 

 

 

 

 

 

Table 4.2 presents wrapping times for specific cluster sizes in Fig. 4.11(a) and Fig. 4.11(b). The 

model predicts that the wrapping time for a 1 μm particle into a 10 μm cell membrane with 50 

receptors per μm2 is 16 h. In addition, at 50 receptors per μm2 Fig. 4.11 (a) predicts that it takes 

41min to 4h to wrap cluster sizes of 0.2 to 0.5 μm. In contrast, for a 10 μm cell membrane with 

500 receptors per μm2 the model predicts that the wrapping time for a 1 μm cluster is 49 min. At 

500 receptors per  μm2 the model estimates that it takes about 1 to 13 min to internalize clusters 

of 0.2 to 0.5 μm. 

In general, the theoretical predictions of wrapping time predictions Table 4.2 are consistent with 

the invitro entry and distribution of GNP-PEG-TRP clusters into both TNBC cells [Fig. 4.8 (d) 

and 4.9 (d)]. Specifically, the MDA-MB-231 cells in Fig. 4.8 (d) accumulated clusters radii of 0.25 

to 1.5 μm within 5 min, and by 1h, cluster radii observed ranged from 0.25 to 2 μm. Similarly, the 

clusters in MDA-MB-468 cells in Fig. 4.9 d ranged from 0.25 to 1.45 μm within 30 mins and 0.25 

to 1.5 μm by 1hr. Additionally, it is important to note that GNP-TRP entry into MCF-10A cells 

 Cluster  µm 𝐭𝐰 for 𝜺𝒐 =50 𝛍𝐦−𝟐 𝐭𝐰 for 𝜺𝒐 =500 𝛍𝐦−𝟐 

0.1 11 min 56 s 

0.2 41 min 2 min 

0.3 90 min 5 min 

0.4 

0.5 

3 h 

4 h 

8 min 

13 min 

0.6 6 h 18 min 

0.7 8 h 25 min 

0.8 10 h 32 min 

0.9 13 h 41 min 

1.0 16 h 49 min 
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only occurred between 1 to 3 h for cluster sizes of 0.1 to 0.5 μm [Fig.4.10. (a)]. GNP-TRP/MCF-

10A interaction [Fig.4.10 (b)] is consistent with the model prediction for the lower bound receptor 

density (50 receptors per μm2). 

 However, further investigation is needed to determine if GNP-TRP/MCF-10A  interactions are 

LHRH receptor-mediated or non-LHRH receptor-dependent because Refs. [71], [72] report that 

small scale (0.1 to 1 µm) non-receptor dependent entry mechanisms. Such small-scale non-LHRH 

receptor-related GNP-PEG uptake was observed in MCF-10A cells between 1 and 3h. However, 

these alternate uptake mechanisms are beyond the scope of this work. 

Nevertheless, the clear preferential wrapping of TRP functionalized PEG-coated gold 

nanoparticles (GNP-PEG-TRP) in TNBC cells and not in the non-tumorigenic cell is enhanced by 

the expression of more LHRH receptors on the surfaces of the cells and the combination of TRP 

and PEG modifications to the GNP surface. Notably, the expression of  Luteinizing Hormone 

Releasing Hormone (LHRH) receptors[88] in pancreatic, ovarian, endometrial, and breast cancer 

has received much attention [87]–[92] due to the minimal to non-expression of LHRH receptors 

in non-tumorigenic cells/tissues and the potential use of LHRH receptors for targeted various 

cancer therapeutics[87]–[92].  

Furthermore, the quantitative expression of the LHRH receptors has been reported in MDA-MB-

231, MDA-MB-468, and MCF-10A cells using either RT-PCR or western blot methods[87], [89], 

[98], [90]–[97]. These results have revealed that very minimal LHRH receptors were detected in 

the non-tumorigenic cell line (MCF-10A) compared to  MDA-MB-231 [87], [90], [91], [96]  and  

MDA-MB-468 [97], [98]. These findings support that the preferential nanoparticle accumulation 

of GNP-PEG-TRP particles in TNBC cells and not in MCF-10A is due to the overexpression of 
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LHRH receptors and the increase in free energy associated with uptake of clusters[28]. Hence, the 

wrapping process is quicker for TNBC cells than non-tumorigenic cells.   

 

4.6. Implications 

The implications of the above results are significant for the design of gold nanoparticles with 

favorable uptake characteristics for the specific targeting and treatment of TNBC. First, the 

accumulation of GNP-PEG-TRP in TNBC cells (MDA-MB-468, MDA-MB-231) is associated 

with the interactions between TRP and the LHRH receptors on the TNBC cells, suggests that such 

nanoparticles can be used to enable selective attachment to TNBC cells/tissues.  

Furthermore, the thermodynamics-kinetics model for a finite cell membrane with 50 receptors per 

μm2 simulate conditions of cells with less expression of LHRH receptors as observed in MCF-

10A/GNP-TRP interactions. Hence, in non-tumorigenic breast cells, nanoparticle cluster wrapping 

time is much longer Fig.4.9. as wrapping time is limited by long-range diffusion of receptors[27], 

[99].  

In any case, this study suggests that the unique properties of GNP-PEG-TRP can be used for the 

specific targeting of TNBC cells/tumors. The study also provides a fundamental basis for the 

design of Triptorelin functionalized PEG-coated gold nanoparticles for specific targeting of  

TNBC cells, with potential for the photothermal treatment of near-surface tumors. However, 

further work is needed to demonstrate the effectiveness of GNP-PEG-TRP for the specific 

targeting and the photothermal treatment of TNBC. These are some of the challenges for future 

work. 
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4.7. Conclusions 

This paper presents the results of a combined theoretical and experimental study of the interaction 

between TNBC/non-tumorigenic breast cells and biosynthesized gold nanoparticles in (GNP), 

PEG-coated gold nanoparticles (GNP-PEG), and its Triptorelin functionalized forms (GNP-TRP, 

GNP-PEG-TRP). These were studied using confocal fluorescence microscopy and 

thermodynamic-kinetics models that include the surface energy effects of nanoparticle cluster 

uptake. The salient conclusions arising from this study are summarized below. 

1. GNP-PEG-TRP preferentially enters the TNBC cells than the non-tumorigenic cells. 

Furthermore, the selective accumulation of GNP-PEG-TRP in TNBC is also associated 

with the over-expression of LHRH receptors on the surfaces of TNBC cells and the 

combination of PEG and TRP coatings. These enhance the selective uptake of GNP-

PEG-TRP to TNBC cells. 

2. The thermodynamics-kinetics model shows a critical nanoparticle cluster size for 

minimum wrapping time. For a finite cell membrane with conserved receptor density, 

cluster uptake is the number of receptors available for ligand binding and the diffusivity 

of such receptors. Hence, below a critical size, nanoparticle endocytosis is 

thermodynamically unfavorable and slow due to the rapid increase in the elastic bending 

energy. Alternately, when particles sizes are far above the critical size, wrapping is slow 

due to the diffusive nature of the receptor transport.   

3. Thermodynamics-kinetics models also show that the surface energy effects of TRP 

functionalized gold nanoparticle clusters increase the free energy for wrapping such 

nanoparticle clusters. 
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4. The PEG coating of biosynthesized gold nanoparticles enhances uptake processes 

independent of the LHRH receptors. Furthermore, when PEG is used with the TRP 

ligand, it promotes the specificity of the GNP-PEG-TRP/ LHRH receptors interactions in 

TNBC. Therefore, the current results suggest that GNP-PEG-TRP nanoparticles could be 

suitable candidates for the specific targeting of TNBC cells that have over-expressed 

LHRH receptors on their surfaces. 
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Chapter 5.0. Biosynthesized Gold Nanoparticles for Photothermal Treatment of Triple 

Negative Breast Cancer: Effects of  Nanoparticle Functionalization on Phothothermal 

Efficiency 

5.1. Introduction 

 

Although there has been an increase in treatment response rates among breast cancer patients,  

various clinical and pathological studies report that over 50% of triple negative breast cancer 

TNBC patients do not benefit from the available endocrine chemotherapy treatments because 

TNBC does not overexpress any of the three primary breast tumor markers: progesterone, estrogen, 

and human epidermal growth factor 2 (HER2) [1]–[11]. Hence, TNBC progression is aggressive 

with a poor prognosis.  

The clinical use of heat for cancer therapeutics, including breast cancer, has received significant 

attention due to its minimal side effects, flexible treatment regime, and potential to enhance the 

therapeutic efficacy of conventional cancer therapies even at sublethal temperatures[12]–[18]. 

The thermal doses can be classified into High-temperature ablation doses (50 to 100ºC) that cause 

necrosis in tumor cells or mid-range hyperthermia doses of 40 to 45 ºC that induce apoptosis in 

tumor cells[12], [15], [17]–[22]  

Although the current clinical hyperthermia-assisted cancer therapeutics have their merits, many of 

the thermometry processes involved are invasive[12], [13]. Secondly, these devices are often 

plagued by biocompatibility and corrosion issues that detract from long-term use[13], [23], [24]. 
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Also, clinical hyperthermia processes are often limited by non-uniform heat distribution within 

tumor tissues and the difficulty of localizing heating[13], [25]–[27]. These limitations to clinical 

hyperthermia necessitate the need for novel photothermal strategies.  

Interestingly, the use of nanoparticles in cancer therapeutics has emerged as a possible solution to 

the current clinical hyperthermia shortcomings. Specifically, their ability to serve as photothermal 

agents and localize heat within a tumor region is of great interest for cancer treatment. 

Additionally, the ability to actively target cancer tumors with ligand functionalized nanoparticles 

proves advantageous for the localization of nanoparticles within malignant tumors.  

Some examples of nanoparticles explored for their heating properties include small photoactive 

molecules (SPM)  such as cyanines and porphyrins, carbon-based nanomaterials such as graphene 

and carbon nanotubes, quantum dots, polymeric, and metallic nanoparticles[28], [29]. These 

particles can be tuned to achieve high light to heat conversion efficiency and high surface to 

volume ratio or enhance imaging contrast. Still, low aqueous solubility, poor stability, 

photobleaching, toxicity, and biocompatibility hinder their long-term use.  

Gold nanoparticles are among the most studied metallic nanoparticles. Gold nanoparticles have 

received much attention because of their plasmonic properties. Mainly,  gold nanoparticles are 

able to convert the energy from an incident of NIR light into heat and induce hyperthermia [28], 

[30]–[33]. This property is particularly significant because laser light in the NIR region (700–1100 

nm) enhances higher penetration depth and lower absorption in biological tissues. In addition, NIR 

laser wavelength limits the non-specific heating of healthy tissues[18], [34]. However, chemically 

synthesized gold nanoparticles are often associated with toxicities from the synthesis, which may 

persist even after the polymer coating of these nanoparticles[34], [35]. 
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Our group has studied the photothermal effects of magnetite and gold nanocomposites to mitigate 

biocompatibility and corrosion issues common with metallic implants. This study was done by 

fabricating nanocomposites using plasmonic nanomaterials with polymer matrices[13], [27], [36]. 

In these studies, we unraveled new insights into the decline in MDA-MB-231 cell viability due to 

the photothermal effects of these polymeric composite devices in TNBC MDA-MB-231 cells. 

In this article, we present the photothermal effects of biosynthesized gold nanoparticles modified 

with PEG coatings and Triptorelin (TRP) ligand that targets LHRH receptors overexpressed on 

the surfaces of TNBC.  

We provide insights into the hyperthermia (41ºC - 45ºC) NIR laser interactions with 

biosynthesized gold nanoparticles in the in invitro and tissue model. In addition, we examine the 

effects of various robotics for medical laser-nanoparticle hyperthermia applications. Subsequently, 

results from the laser-nanoparticle interactions were validated using finite element analysis (FEA). 

Finally, the implications of the results are discussed for the design of triptorelin-conjugated, PEG-

coated biosynthesized gold nanoparticles for specific targeting of triple-negative breast cancer 

cells and localized laser-assisted photothermal treatment. 
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5.2. Materials and Experimental Methods  

5.2.1. Gold Nanoparticles Synthesis and Characterization 

The gold nanoparticles (GNP) were biosynthesized from processes adapted from a prior study 

done by our group[37]. Gold (III) Chloride Trihydrate (ACS reagent with ≥49.0% Au basis Sigma-

Aldrich, St. Louis, USA) was reduced intracellularly and extracellularly using a cell-free extract 

of Serratia Marcescens bacteria [37]. Briefly, 5g of Proteose peptone (Sigma-Aldrich, St. Louis, 

USA) and 10 mL of glycerol (Sigma-Aldrich, St. Louis, USA) was dissolved in 1L of water. The 

resulting solution was autoclaved for 55 minutes before inoculation with Serratia Marcescens. 

Subsequently, the autoclaved and inoculated solution was kept in an incubator shaker that was 

vibrated at 90 rpm at a temperature of 32𝑜C for 48 hrs. The resulting bacteria culture was 

centrifuged at 4000 rpm for 15 minutes, and the bacteria cell-free extract was collected into flasks 

and stored in a refrigerator at 4𝑜C. Next, 20 mL of the cell-free extract and 20 mL of a 2.5 mM 

Tetra-chloroauric solution were added to a 50 mL Falcon centrifuge tube and incubated in a water 

bath at 30𝑜C for 1 day.  

 

The Biosynthesized Gold Nanoparticles (GNP) obtained were treated in 1% sodium dodecyl 

sulfate (SDS) (ACS reagent with ≥99.0% Sigma-Aldrich, St. Louis, USA) [38] to denature the 

surface-bound proteins and heated at 95oC for 30 mins in a vacuum oven. They were then washed 

three times in Dulbecco Phosphate Buffer Saline (DPBS) (Life technologies cooperation, 

Carlsbad, CA) buffer for 15 mins in a centrifuge at 4000 rpm and twice in deionized water. 
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Following this, BGNPs were concentrated using a centrifugal filter (Amicon Ultra-15, Millipore 

Billerica, MA) and then re-dissolved in 1 mL of Deionized, Distilled water. 

 

Subsequently, GNP was PEG-coated using methyl-PEG4-thiol (MT(PEG)4) and carboxy-PEG12-

thiol (CT(PEG)12) (Thermo Fisher Scientific, Inc. Waltham, MA, USA). Notably, (MT(PEG)4) 

and (CT(PEG)12) were used in combination to reduce non-specific protein binding to the 

nanoparticle surface [39], [40]. A solution of MT(PEG)4 (0.5 mM, 4 mL) and CT(PEG)12 (0.5 mM, 

4 mL) were added to 10 mL of GNP (0.2 mM) and stirred for 2 h at room temperature. Next, the 

mixture was washed with Dulbecco Phosphate Buffer Saline (DPBS) (Life technologies 

cooperation, Carlsbad, CA) buffer and centrifuged in a spin column with a molecular weight cut-

off of 50 kDa. Lastly, the PEG-coated GNPs were resuspended in deionized water. 

The bare GNP and PEG-coated GNP (GNP-PEG) were modified by the ligand conjugation with 

triptorelin (D-Trp LHRH)(BACHEM, Torrance, CA, USA) using a carbodiimide activation 

process with ethyl (dimethyl aminopropyl) carbodiimide (EDC) (Sigma-Aldrich, St. Louis, MO, 

USA) and N-hydroxysuccinimide (NHS) (Thermo Fisher Scientific, Inc., Waltham, MA, 

USA)[41][42]. Specifically, a solution of EDC (13.5 mM, 74µL) and NHS (15.3 mM, 65 µL) was 

added to GNP and GNP-PEG (0.2 mM, 5 mL) and stirred continuously for 2 hours at room 

temperature before triptorelin ligand (TRP) (5 mM, 192 µL) was added and stirred overnight. After 

TRP conjugation of GNP (GNP-TRP) and PEG-coated GNP(GNP-PEG-TRP), the mixture was 

washed with DPBS, then centrifuged in a spin column with a molecular weight cut-off of 50 kDa. 

Lastly, GNP-TRP and GNP-PEG-TRP were resuspended in deionized water. 
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Finally, the hydrodynamic diameter and zeta potentials of GNP, GNP-TRP, GNP-PEG, and GNP-

PEG-TRP in distilled water were measured using the Malvern Zetasizer (Westborough, MA, 

USA).  

5.2.2. Photothermal Effects of Laser /Gold Nanoparticle Interactions  

The photothermal interactions between each gold nanoparticle (GNP, GNP-TRP, GNP-PEG, and 

GNP-PEG-TRP) and a continuous near-infrared (808nm) laser (Photon Soft Tissue Diode Laser, 

Zolar Technology & MFG, Canada) was conducted as shown in Fig.5.2. The gold 

nanoparticle/laser interactions in fluidic environments were idealized using water as a reference 

fluid, while chicken tissue approximated the photothermal interactions in human breast tissue. 

Hyperthermia treatments, cell viability studies, and heat shock protein expression were also done 

on MDA-MB-231 TNBC cells. 

5.2.2.1. Laser Interactions with Gold Nanoparticles Dispersed in Water 

 The experimental setup for the laser/gold nanoparticle interactions in water is shown in Fig.5.1. 

Specifically, 1mL (1.19 mg/mL) of each nanoparticle sample (GNP, GNP-PEG, GNP-TRP, and 

GNP-PEG-TRP) was placed in a polystyrene cuvette and positioned as shown in Fig.5.1. These 

samples were exposed to a near-infrared continuous laser of 0.9, 2, and 3W, with a spot size of 

1cm for 20 mins. The temperature variations with time were recorded at one-minute intervals with 

a Forward-Looking Infrared (FLIR) camera (InfraTec InfraRed LLC Plano Tx, USA). Each 

experiment was performed in triplicate on both experimental and control samples (distilled water) 

using the same conditions.  
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Fig.5.1.  A schematic showing the heating setup for an 808 nm NIR laser interacting with colloidal gold 

nanoparticles. It depicts typical temperature distribution profiles captured by Forward-looking Infrared (FLIR) 

camera.  

 

5.2.2.2. In vitro Hyperthermia Treatment of TNBC Cells 

The effects of laser-induced hyperthermic heating treatment (41º - 45º C) on MDA-MB-231 cells 

were studied using GNP (cells@ 41-45º C with GNP), GNP-PEG (cells@ 41-45º C with GNP-PEG), GNP-TRP (cells@ 

41-45º C with GNP-TRP), and GNP-PEG-TRP (cells@ 41-45º C with GNP-PEG-TRP) nanoparticles as photothermal 

agents. Control samples of untreated MDA-MB-231 cells, which were not exposed laser light or 

nanoparticles (cells@ 37º C untreated),  MDA-MB-231 cells which were exposed to laser light but no 

nanoparticles (cells@ 37º C with  laser only) and cells exposed to only nanoparticles without laser 

interactions (cells@ 37º C with GNP only,  cells@ 37º C with GNP-TRP only, cells@ 37º C with GNP-TRP only,  cells@ 37º C with GNP-PEG-

TRP only) were monitored under the same conditions. Laser-induced heating of the cells was carried 

out in a class II biosafety cabinet to prevent external contamination of MDA-MB-231 cells. 1mL 
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of MDA-MB-231 cells containing 1 × 105 cells/mL and 1.8 mg/mL of each nanoparticle (GNP, 

GNP-PEG, GNP-TRP, and GNP-PEG-TRP) suspended in Leibnitz cell culture media was placed 

in a cuvette positioned as shown in Fig. 5.1 These samples were exposed to a near-infrared 

continuous laser of 808 nm wavelength (Photon Soft Tissue Diode Laser, Zolar Technology & 

MFG, Canada), a laser spot size of 1cm at 0.7 W power for 20 mins. After hyperthermic heating, 

experimental samples were placed in an incubator for 12hrs at 37ºC under normal atmospheric 

conditions to allow stress relaxation from treatment before carrying out cell viability and human 

heat shock protein 70 (HSP70) expression studies. The temperature variations with time were 

recorded every minute with an FLIR camera. All hyperthermia treatment studies were performed 

in triplicate on experimental and control samples. 

5.2.2.3. Cell Viability Study of Heat Treated TNBC Cells Using Alamar Blue Assay 

The cell viability of experimental (cells@ 41-45º C with GNP, cells@ 41-45º C with GNP-PEG, cells@ 41-45º C with GNP-TRP, 

and cells@ 41-45º C with GNP-PEG-TRP) and control samples ( cells@ 37º C untreated, cells@ 37º C with laser only, cells@ 37º C 

with GNP only,  cells@ 37º C with GNP-TRP only,cells@ 37º C with GNP-TRP only, and cells@ 37º C with GNP-PEG-TRP only) were studied 

using Alamar blue assay, to measure metabolic activity of the cells. After the 12h incubation/rest 

period, 1mL of experimental and control samples were seeded in 24-well plates. The seeded cells 

were allowed a 3h attachment window. Subsequently, the original cell media/nanoparticle mixture 

was replaced with 1 mL of 10% Alamar Blue reagent (Thermo Fisher Scientific, Waltham, MA, 

USA) prepared in Leibnitz cell culture media. The 24-well plates were incubated at 37 °C under 

normal atmospheric conditions for 3 h.  

After 3h, 100 µL aliquots were transferred from the 24-well plates into a black opaque 96-well 

plate (Thermo Fisher Scientific, Waltham, MA, USA) in triplicate. The fluorescence intensities of 
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all Alamar blue samples were measured at 544 nm excitation and 590 nm emission using a 1420 

Victor3 multilabel plate reader (Perkin Elmer, Waltham, MA, USA). In addition, the percentage 

of Alamar blue reduction (normalized) was determined using Alamar blue assay and cell viability 

study protocols [43]. 

 

5.2.2.4. Expression of Heat Shock Protein 70 (HSP70) in Heat Treated TNBC 

The expression of HSP70 in experimental (cells@ 41-45º C with GNP, cells@ 41-45º C with GNP-PEG, cells@ 41-45º C 

with GNP-TRP, and cells@ 41-45º C with GNP-PEG-TRP) and control samples (cells@ 37º C untreated, cells@ 37º C with laser only) 

were studied using enzyme-linked immunosorbent sandwich assays (ELISA) (Thermo Fisher 

Scientific, Waltham, MA, USA).   After the 12h stress relaxation period, Leibnitz cell culture 

media/nanoparticle supernatant was collected from all MDA-MB-231 cell samples and analyzed 

according to the ELISA kit manufacturer’s instructions. HSP70 concentrations were determined 

in relation to the HSP70 standard curve plotted according to the manufacturer’s instructions. All 

ELISA studies were analyzed in triplicates, and the absorbance was measured at 490nm using a 

1420 Victor3 multilabel plate reader. 

5.2.3.5. Live/Dead Cell Double Fluorescence Staining of Heat-treated TNBC Cells 

After the 12h stress relaxation period, a Live/Dead double staining kit (Sigma-Aldrich) containing 

Calcein-AM and Propidium Iodide (PI) solutions were used in the simultaneous fluorescence 

staining of viable and dead cells, respectively.  

The assay solution was prepared by adding 10 µL of solution A and 5 µL of solution B to 5 mL of 

DPBS. The experimental and control samples were centrifuged at 900 rpm for 5 mins, excess 

media aspirated, and washed in DPBS several times to remove residual esterase activity. Next, 100 
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µl of the assay solution was added to a 1x105 cells/mL suspension from all samples and incubated 

at 37 ºC under normal atmospheric conditions for 15 min. Finally, samples were placed on glass 

slides and imaged with an Eclipse Nikon Ts2R-FL inverted fluorescence microscope coupled to a 

Nikon DS-Fi3 camera (Nikon Instrument, Inc., Melville, NY) with 10 and 20 X objectives at 490 

nm excitation for monitoring of viable and dead cells (545 nm excitation). 

5.2.3. Laser Interactions with Gold Nanoparticles in Chicken Tissue 

The gold nanoparticle/laser interactions in chicken tissue and the ensuing temperature distribution 

profile within the chicken tissue were investigated using stationary laser support as shown in 

Fig.4.2, a modified fusion deposition modeling (FDM) 3D printer nozzle (Ender 3 pro, Creality3D 

Technology Co. Ltd, Shenzhen, China) performing raster motion along the XY axis and height 

modulation along the Z-axis also a universal robot UR5 (Universal Robots Odense, Denmark)  

positioning arm with a six (6) degrees of freedom was used to introduce angular variations in the 

laser interactions with the nanoparticles.   

5.2.3.1. Stationary Laser Source Interaction with Gold Nanoparticles in Chicken Tissue 

 

For the stationary laser source interaction with gold nanoparticles in chicken tissue, a 10mm x 

10mm x 6mm incision was made in chicken tissue. 40 µL (11.4 mg/mL) of each gold nanoparticle 

sample (GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP) was placed in the groove made in the 

chicken as the bottom layer and covered with the excavated chicken tissue (middle layer). The 

incised groove was then covered with a 2 mm top layer of chicken skin, as shown in the depth 

profile of the groove in Fig. 5.2b. The entire chicken/nanoparticle setup was maintained at 37º C 

and then heated with a perpendicular stationary laser source for 20 mins at 3W using the same 
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design in Fig. 5.1. The temperature variations with time and temperature and heat distribution 

across the chicken tissue were recorded with an FLIR camera. Each experiment was performed in 

triplicate and on a control sample (chicken groove without nanoparticles) using the same 

experimental conditions.  

 

Fig.5.2. (a) A Forward-looking Infrared (FLIR) image of a 3W laser interaction with gold nanoparticles placed 

within a groove in the chicken tissue (b)showing the depth profile of the incised 10mm x 10 mm x 6mm groove with 

a bottom layer of gold nanoparticles, mid-layer of excavated chicken flesh, and a top layer of chicken skin with a 

thickness of 2mm. 

 

5.2.3.2. 3D Printer Controlled Laser Source Interaction with Gold Nanoparticles in Chicken 

Tissue 

The laser source was controlled by a repurposed FDM 3D printer with the nozzle replaced with 

the laser handpiece. A 3D CAD design of a cylindrical sample (10 mm diameter x 5 mm thickness) 

was made using Autodesk Fusion 360 to generate a movement pattern for the laser handpiece 

around the area of interest. The CAD design was then imported into Ultimaker Cura software and 

the desired printer settings (nozzle head direction x, y, z, print speed of 5mm/s, and build shape 

were set. In this study we designed a cylindrical sample (diameter 5mm, thickness 5mm), layer 

height of 0.05mm and 20% infill). Subsequently, a G-code was generated from the slicing of the 
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cylindrical object. The sliced G-code was then used to simulate a printing pattern for the cylindrical 

sample around the groove. The printer bed was maintained at 37ºC and laser positioned 2 cm above 

the chicken. The dimensions of the incised groove, nanoparticle concentration, heating time, and 

laser power were maintained as described in the stationary laser source design in section 5.2.3.1. 

The temperature variations with time and temperature distribution across the chicken tissue were 

recorded with an FLIR camera as the modified 3D printer head scanned in a raster pattern. Each 

experiment was performed in triplicate and on a control sample (chicken groove without 

nanoparticles) using the same experimental conditions. 

 

Fig.5.3. Laser heating design showings the modified 3D printer nozzle positioning of the NIR laser. It depicts a 

typical capture of the temperature distribution profiles captured by an FLIR camera. 

5.2.3.3. Robotic-Arm Controlled Laser Source Interaction with Gold Nanoparticles in 

Chicken Tissue 

Next, the laser source was positioned by a UR5 universal robot arm with an adaptive gripper. The 

path of motion for the arm was programmed using the accompanying polyscope graphical user 
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interface. The robotic arm was programmed to perform a 20 min loop of one angular (45º) rotation 

along the 6-way paths followed by an orthogonal raster pattern on the chicken surface at a speed 

of 0.47 m/s. The dimensions of the incised groove, nanoparticle concentration, heating time, and 

laser power were maintained as described in the stationary laser source section 5.2.3.1. The 

temperature variations with time and temperature distribution across the chicken tissue were 

recorded with an FLIR camera. Each experiment was performed in triplicate and on a control 

sample (chicken groove without nanoparticles) using the same experimental conditions.  

5.2.4. Statistical Analysis 

The results are presented as mean ± standard deviation for n =3 (unless otherwise stated). One-

way ANOVA with post hoc Tukey HSD multiple comparisons tests was used to analyze the 

differences between the MDA-MB-231 cell viabilities via % Alamar blue reduction (normalized) 

and HSP70 concentrations under different gold nanoparticle/ laser treatments. The statistical 

analyses were done using IBM SPSS Statistics 28 software with the statistical differences between 

means considered significant at p < 0.05. 

 

5.3. Modeling Photothermal Effects of Laser /Gold Nanoparticle Interactions 

 

Finite element analyses (FEA) on the laser/media interactions were performed using the 

commercial software Abaqus for different laser powers and the different nanoparticles to 

numerically study the photothermal behavior of gold nanoparticles (GNP, GNP-PEG, GNP-TRP, 

GNP-PEG-TRP) in a fluid media. If the scattering process dominates absorption, then the optical 



 

139 

 

diffusion approximation can be used to obtain the light fluence rate φ(r⃗)(
W

m2
) within the media for 

a continuous wave Gaussian laser beam incident [44]. 

φ(r⃗) =
P0 exp (−μeff r ⃗⃗⃗.n̂)

4πDr
         (5.1) 

where 𝑟 is the position vector, P0 is the laser power, and �̂� is the normal vector showing the 

direction in which the laser beam travels,  μeff  and D are the effective attenuation coefficient and 

the diffusion coefficient of the medium, respectively, which are defined as: 

 

μ_(eff ) = √(3μ_a (μ_a + μ_s^′))        (5.2) 

 

D =
1

3(μs
′ +μa)

             (5.3) 

in which μa is the absorption coefficient and μs
′  is the reduced scattering coefficient which can be 

defined as: 

μs
′ = (1 − g) μs          (5.4) 

where 𝜇𝑠 is the scattering coefficient and g is the anisotropy factor. Table 5.1 shows the parameters 

used in this study. 

 Table 5.1 Absorption coefficient μa of GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP in water. 

 

Nanoparticles GNP GNP-PEG  GNP-TRP  GNP-PEG-TRP 

𝛍𝐚𝐰𝐚𝐭𝐞𝐫
 0.275 0.262  0.259  0.251 
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The heat diffusion equation is used to obtain the heat distribution within the device and 

surrounding media: 

ρC
∂T(r ⃗⃗⃗,t)

∂t
= ∇ . [κ ∇T(r ⃗⃗⃗, t)] +  Q,        (5.5) 

where ρ (
kg

m3) is the density, κ (
W

mK
) is the thermal conductivity, C (

J

kg K
) is the specific heat. Q (

W

m3) 

is the heat source which is obtained as: 

Q(r ⃗⃗⃗, t) = μamedia
 φ(r⃗, t)         (5.6) 

At the boundary between the surface of the media and air, Robin boundary condition is considered 

to solve the equation (5) as follows:  

−κ
∂T(r ⃗⃗⃗,t)

∂t
= h(Ts − T∞)         (5.7) 

where h (
W

m2K
) is the heat convection coefficient, and Ts and T∞ are temperature at the surface 

exposed to air and the ambient temperature, respectively.  

Subsequently, 3D models of the media with the dimension of 1 cm were created in Abaqus. 

Standard 8 node linear heat transfer elements were used to mesh the geometry. Additionally, heat 

convection is modeled by considering surface film condition (with temperature-dependent film 

coefficient), and uniform sink temperature equal to 25°C in the boundaries of the media. The values 

of the film coefficient were chosen to ensure the best agreement between the numerical and 

experimental results. The film coefficient for the top surface is considered 2.1 times the side 

surfaces to model the higher heat convection from the open surface. Heat convection is considered 

to linearly vary as a function of the power based on experimental observations. (i.e., film 
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coefficients for the side surfaces are considered 14 (
𝑊

𝑚2𝐾
) for P = 0.9 W and 28 (

𝑊

𝑚2𝐾
) for P = 3 

W). The initial temperature of the media is 37°𝐶. The transient heat transfer step is applied to solve 

the problem for 20 minutes. The model is run for laser powers of 0.9 W, 2 W, and 3 W for media 

with the different gold nanoparticles in water with C = 4180 J/kgK, κ = 0.606 W/mK, and ρ = 997 

Kg/m3, and the average temperature of all nodes within the media is calculated. 

5.4. Photothermal Efficiencies of Biosynthesized Gold Nanoparticles 

To calculate the photothermal conversion efficiency, Eq. (5.8) describes the nanoparticle heat 

generation and heat dissipation in a polystyrene (PS)cuvette (1.2 × 1.2 × 4.5 cm3 ). Under NIR 

(808nm) illumination, the change in temperature T is described by the energy balance 

equation[45]. 

∑ 𝑚𝑖𝐶𝑖
𝑑𝑇

𝑑𝑡𝑖 = 𝐸𝑎𝑏𝑠 − 𝐸𝑙𝑜𝑠𝑠         (5.8) 

where Eabs is the heat-induced by the absorption of the nanoparticles, Eloss is the heat dissipated 

through the surrounding media, t is the time, mi and Ci are the mass and specific heat capacities of 

each element i in the system (i.e., nanoparticles, deionized water, and PS cuvette). For the four 

gold nanoparticle dispersions investigated, the mass of GNP, GNP-PEG, GNP-TRP, and GNP-

PEG-TRP was negligible compared to the mass of deionized water (1 g) and the PS cuvette (2.2 

g). Also, the heat capacity of gold (0.126 J/gK) is much smaller than that of water (4.18 J/gK) and 

PS (1.3 J/gK). Thus, the mass and heat capacity of the entire gold nanoparticle dispersion can be 

assumed to be that of water and the PS cuvette. The absorption and dissipation energy in Eq. (5.8) 

can be expressed as follows: 

Eabs = P(1 − 10−Aλ)η,         (5.9) 
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 Eloss = ℎ𝑆[𝑇(𝑡) − 𝑇0]         (5.10) 

where P is the incident 808 nm NIR continuous-wave laser power, Aλ is the absorbance value of 

the nanoparticles at the excitation wavelength of the laser, η is the photothermal efficiency, h is 

the heat transfer coefficient, S is the surface covered by the gold nanoparticle dispersions, and T0 

is the ambient temperature. Table 5.2 shows the Aλ values used in this estimation.  

 Eq. (5.8) can be rewritten as follows: 

dT

dt
=

P(1−10−Aλ)η

∑ miCii
−

hS[T(t)−T0]

∑ miCii
         (5.11) 

Table 5.2 Absorbance (Aλ) of  GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP in water. 

 

 

From Eq. (5.11), the constants A and B are defined as 

𝐴 =
P(1−10−Aλ)η

∑ miCii
          (5.12) 

𝐵 =
hS

∑ miCii
           (5.13) 

where A is the rate of energy absorption, and B is the rate of heat dissipation, which simplifies Eq. 

(5.11) to Eq. (5.14) 

𝑑𝑇

𝑑𝑡
= 𝐴 − 𝐵[𝑇(𝑡) − 𝑇0]         (5.14) 

Nanoparticles GNP GNP-PEG  GNP-TRP  GNP-PEG-TRP 

Aλ 0.0916 0.0873  0.0863  0.0836 
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By integrating Eq. (5.14) from 0 to t, the transient temperature for an arbitrary initial temperature 

value Tinitial results as 

T(t) = 𝑇0 +
A

𝐵
(1 − e−𝐵𝑡) + (Tinitial − 𝑇0)e−𝐵𝑡      (5.15) 

To obtain the photothermal conversion efficiency η, the experimental temperature variations for 

the different gold nanoparticle dispersions as a function of time during photothermal heating (when 

A ≠ 0 and Tinitial = 𝑇0) and cooling (when A = 0 and Tinitial > 𝑇0) are fit to Eq. (5.15). 

Subsequently, the values of A and B can be extracted from the temperature-time curve fit and used 

to calculate the photothermal efficiency η of the nanoparticles. 

η =
A ∑ miCii

P(1−10−Aλ)
           (5.16) 

5.5.   Results  

5.5.1.   Gold Nanoparticle Biosynthesis and Characterization  

 

After 24 hours, the cell-free extract (CFE) reduced gold (III) chloride trihydrate to gold. This 

reduction process was observed via a color change from pale yellow to dark purple in the gold (III) 

chloride trihydrate mixture and cell-free extract (CFE) from Serratia marcescens [37], [46]–[48]. 

The formation of gold nanoparticles was also verified using TEM and UV–Vis scanning 

spectrophotometry. 

Interestingly, the UV-Vis spectrum in Fig. 5.4 Shows two absorption peaks. The first absorbance 

peak is in the visible regime for GNP (565 nm), GNP-TRP (571 nm), GNP-PEG (570 nm), and 

GNP-PEG-TRP (569.5 nm). This visible spectrum absorbance peak is indicative of the presence 
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of gold in the dispersion[37], [38], [48]–[50]. The second absorbance is a weaker absorbance in 

the NIR regime for GNP (741 nm), GNP-PEG (739 nm), GNP-TRP (737.5 nm), and GNP-PEG-

TRP (738.7 nm). Similar reports of dual absorption peaks have been detailed in other 

biosynthesized gold nanoparticle studies using plant extracts[49], [51].  

 

Fig.5.4. UV-Vis absorption spectra of biosynthesized gold nanoparticles show absorption peaks in the visible light 

regime for GNP (565 nm), GNP-PEG (571 nm), GNP-TRP (570 nm), and GNP-PEG-TRP (569.5 

nm). Also, absorption peaks in the near-infrared light region are observed for GNP (741 nm), 

GNP-PEG (739 nm), GNP-TRP (737.5 nm), and GNP-PEG-TRP (738.7 nm). 

 

Further characterization of the nanoparticles with the TEM reveals micrographs in Fig. 5.5 with 

nearly spherical GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP nanoparticles. The core 
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diameter distribution for the four nanoparticles in Fig. 5.6 reveals that the nanoparticles have a 10 

– 30 nm size distribution. However, although the TEM micrographs show average diameter sizes 

of 16.7 ± 4.1 nm (GNP), 15.6 ± 5.6 nm (GNP-TRP), 14.6 ± 4.2 nm (GNP-PEG), and 15.8 

± 4.6 nm (GNP-PEG-TRP), the hydrodynamic diameter(D) for the GNP (64.7 ± 1.0 nm), GNP- 

TRP (139.7 ± 1.1 nm), GNP-PEG (55.2 ± 0.2 nm), and GNP-PEG-TRP (76.9 ± 0.1 nm)) were 

much larger.  

 

 

Fig. 5.5.  TEM micrographs of (a) GNP, (b) GNP-TRP, (c) GNP-PEG, (d) GNP-PEG-TRP. 
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Fig.5.6. (a) TEM core diameter distribution of GNP, (b) TEM core diameter distribution of GNP-PEG, (c) TEM 

core diameter distribution of GNP-TRP, and (d) TEM core diameter distribution of GNP-PEG-TRP.  

 

Fourier-transform infrared spectroscopy (FTIR) was carried out to identify the functional groups 

involved in biosynthesis and to confirm the conjugation of TRP ligand. Fig. 5.7 shows the FTIR 

spectra for CFE, TRP ligand, GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP nanoparticles from 

400 - 4000 cm−1. Interestingly, the FTIR bands for CFE confirm the presence of carbonyl 

(aldehyde groups) at 1741 and 1835 cm−1. In addition, C-H groups commonly found in organic 

molecules are present at 2931 cm−1 [41], [50], [52]. The FTIR spectra of CFE reveal several 

functional groups, including proteins and organic compounds, which many reports of biosynthesis 
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have demonstrated to reduce and stabilize metallic salts to nanoparticles[37], [38], [48]–[51], [53], 

[54]. 

Interestingly, just like the CFE spectra, GNP analysis [Fig. 4.5] revealed peaks for carbonyl groups 

(1835, 1741, and 1692 cm−1 ). The presence of carbonyl groups on GNP surfaces is associated 

with adsorbed proteins on the GNP surface due to the biosynthesis method used. A similar FTIR 

study on the biosynthesis of silver and zinc nanoparticles using a macro-algae extract (Gracilaria 

Edulis) also reported the presence of carbonyls in the CFE and on the surfaces of the 

biosynthesized nanoparticles [53]. 

 

Fig. 5.7. FTIR spectra of the cell-free extract, GNP-PEG-TRP, GNP-PEG, TRP ligand, GNP-TRP, and GNP. 
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Next, the GNP-PEG spectra show carboxylic group peaks at 3360 cm−1 for the OH group, while 

C=O peaks at 1710 and 1641 cm−1 confirmed the presence of a carboxyl terminated polyethylene 

glycol[55], [56]. Furthermore, GNP-TRP spectra revealed amine functional group peaks (N-H) 

that were present in the TRP ligand spectra at 1515, 1635, and 3200-3600 cm−1. In addition, the 

carbonyl group peaks (C=O) that were present in the GNP spectra were absent in GNP-TRP spectra 

and thus confirmed the formation of the C=N bonds at 1649 cm−1 found within the 1640-1690 

cm−1  range [52], [57], [58]. Although carbonyls are reactive to primary amines, these interactions 

do not produce strong, stable bonds and require other amination processes [41], [42].   

 Lastly, the primary amide bond formation in GNP-PEG-TRP spectra at C=O at 1692 cm−1 and 

N-H at  3421 and 3481 cm−1is quite significant and confirms that the carbodiimide (EDC/NHS 

catalyst) conjugation process between the carboxyl and the TRP ligand primary amine groups 

occurred [59], [60]. 

5.5.2. Photothermal Effects of Laser /Gold Nanoparticle Interactions 

5.5.2.1. Laser Interactions with Gold Nanoparticles Dispersed in Water 

Experimentally, we examined the NIR laser (808 nm) interactions with GNP, GNP-PEG, GNP-

TRP, and GNP-PEG-TRP nanoparticles in water for 20 min using a FLIR camera. Generally, 

except for the control samples[Fig. 5.9 ], the temperature-time plots [Fig. 5.8 (a) ] increased 

linearly from time 0 to 300 s, reached a steady state at 600 to 1200 s, and spontaneously cooled 

when the laser source was removed at 1200 s. Notably, at 20 min, GNP maximum temperature 

GNP Tmax (47.1 º C) > GNP-PEG Tmax (46.3 º C ) > GNP-PEG-TRP Tmax  (45.1 º C ) > GNP-TRP 

Tmax (44.7 º C )  [Fig.  5.8 (a)]. All four nanoparticles exhibited cell hyperthermia temperature 
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ranges from 41 to 45 º C at 0.9 W [Fig. 5.8 ] and cell ablation temperature ranges (> 50º C) at 2 

and 3W [Fig. 5.10 ]. Specifically, hyperthermia temperatures were observed in GNP at 2 min, 

GNP-PEG at 3 min, GNP-TRP at 4 min, and GNP-PEG-TRP at 4 min. However, GNP and GNP-

PEG temperatures exceeded hyperthermia ranges after 8 min.  

 Non-uniform temperature distributions within the cuvette are depicted in Fig. 5.1, with the 

maximum temperatures occurring at the center and lesser temperatures at the liquid/cuvette 

interface. This non-uniform temperature distribution is because heat dissipates outwards into the 

surrounding environment via the boundaries. 

Fig.5.8. Heating and cooling temperature-time plots for the (a) experimental NIR laser (808nm) interactions with 

GNP, GNP-PEG, GNP-TRP, GNP-PEG-TRP in water at 0.9 W (1.14 W/cm2), and (b) Finite element model of the 

NIR laser (808 nm) interactions with GNP, GNP-PEG, GNP-TRP, GNP-PEG-TRP in water at 0.9 W. 

The finite element analysis (FEA) [Fig. 5.8 (b)] predicts hyperthermia temperature-time variations 

for laser/gold nanoparticle interactions that are consistent with the experimental data [Fig. 5.8 (a)]. 

However, it differs slightly in GNP-TRP Tmax (45 °C ) > GNP-PEG-TRP Tmax (44 °C) [Fig. ]. Also, 

FEA hyperthermia temperatures were observed in all gold nanoparticles from ~3 min. However, 

only GNP temperatures exceeded hyperthermia ranges after 12 min. 
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Fig.5.9. Cooling temperature-time plots for the NIR laser (808nm) interactions with water (control) at 0.9, 2, and 

3W. 

 

Interestingly, Fig. 5.10 shows experimental and FEA thermal ablation temperature-time plots at 2 

and 3W laser interactions with GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP. Mainly, GNP, 

GNP-PEG, GNP-TRP, and GNP-PEG-TRP achieved temperatures T > 50 ºC after 2 min of laser 

illumination. Similar to the hyperthermia temperature curves at 0.9W [Fig. 5.8 ], Fig.  5.10( a-d) 

have a linear, steady-state, and cooling regime. In contrast to the 15 ºC Tmax jump from gold 

nanoparticle interactions at 0.9 W to 2W, we observed only a 4 ºC increase in the maximum 

temperature Tmax for all nanoparticles from 2 and 3W laser illumination. This similarity in 2W 

Tmax and 3W Tmax signifies a diminishing photothermal effect beyond 2W (2.5 W/cm2) for GNP, 

GNP-PEG, GNP-TRP, and GNP-PEG-TRP. 
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Fig.5.10. Heating and cooling temperature-time plots for the (a) experimental NIR laser (808nm) interactions with 

GNP, GNP-PEG, GNP-TRP, GNP-PEG-TRP in water at 2 W (2.5 W/cm2), (b) Finite element model of the NIR 

laser (808 nm) interactions with GNP, GNP-PEG, GNP-TRP, GNP-PEG-TRP in water at 2 W, (c) experimental NIR 

laser (808nm) interactions with GNP, GNP-PEG, GNP-TRP, GNP-PEG-TRP in water at 3 W (3.8 W/cm2), and (d) 

Finite element model of the NIR laser (808 nm) interactions with GNP, GNP-PEG, GNP-TRP, GNP-PEG-TRP in 

water at 3W. 

 

Similar to the hyperthermia FEA predictions, thermal ablation FEA [Fig. 5.10 b and d], estimates 

temperature-time variations for laser/gold nanoparticle interactions consistent with the 

experimental data [Fig. 5.10 a and c]. Specifically, GNP, GNP-PEG, GNP-TRP, and GNP-PEG-

TRP achieved temperatures T > 50 ºC after 2 min of laser illumination. However, it was observed 

that the FEA predicts that GNP-PEG-TRP has the least Tmax at 2W (56.8 °C) and 3 W (63.2 °C), 

which is in contrast to the experimental data, that shows that GNP-TRP had the least Tmax at 2W 

(56.8 °C)  and 3W (63.2 °C).  
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5.5.2.2. Photothermal Efficiencies of the Biosynthesized Gold Nanoparticles 

To calculate the photothermal efficiencies η due to NIR laser interactions with GNP, GNP-PEG, 

GNP-TRP, and GNP-PEG-TRP dispersions. The transient temperatures measured for the heating 

and cooling curves [Fig. 5.8 and 5.10] were fit to Eq. (5.15) at 95% confidence intervals. Table 

5.3 shows the rate of energy absorbance (A), rate of heat dissipation (B), and the photothermal 

efficiencies of all gold nanoparticles at 0.9W(1.1 W/cm2), 2W (2.6 W/cm2), and 3W (3.8 W/cm2). 

A and B values increased with increasing laser power for GNP, GNP-PEG, GNP-TRP, and GNP-

PEG-TRP dispersions. Interestingly,  η2 W >   η 3 W >   η0.9 W for all gold nanoparticles and is 

consistent with the hyperthermia and thermal ablation temperature-time plots presented in [Fig. 

5.8] and [Fig. 5.10 ] respectively.  

Overall, the absorbance and photothermal efficiencies for GNP ( A, η𝐺𝑁𝑃 ) were higher than the 

absorbance and photothermal efficiencies measured in GNP-PEG and GNP-TRP for 0.9, 2, and 3 

W. However, it is essential to note that  ηGNP(27.8%) >  ηGNP−PEG−TRP(26.1%) at only 0.9 W. 

Interestingly, at 2W,  ηGNP−PEG−TRP was 68%, while ηGNP was 66%. Similarly, at 3W,  

ηGNP−PEG−TRP was 50.7%, while ηGNP was 45.7%. The decrease in the photothermal conversion 

efficiency from 2 W to 3W for GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP accounts for the 

observed  4º C increase in Tmax from 2 to 3 W, in contrast to the 15 º C change from 0.9 to 2 W. 

Table 5.3 shows the rate of energy absorption A, rate of heat dissipation B, Absorbance at laser excitation 

Aλ, and photothermal efficiencies from the NIR laser interaction with GNP, GNP-PEG, GNP-TRP, and 

GNP-PEG-TRP in water. A and B were fit at 95% confidence interval, *R2 > 0.95: **R2 > 0.99. 

Sample/Laser Power 

 

A 

ºC𝒔−𝟏 

B 

𝒔−𝟏 

𝜼 

% 

GNP 0.9W 6.62 × 10−3* 4.39 × 10−2* 27.8 
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5.5.2.3. In Vitro Cell Viability and Heat Shock Protein 70 (HSP70) Expression in Heat-

Treated TNBC Cells 

 

 

 

GNP 2W 3.50 × 10−2* 6.67 × 10−2* 66.0 

GNP 3W 3.64 × 10−2** 5.54 × 10−2* 45.7 

GNP-PEG 0.9W 6.00 × 10−3* 4.00 × 10−2* 26.3 

GNP-PEG 2W 3.33 × 10−2* 5.88 × 10−2** 65.6 

GNP-PEG 3 W 3.34 × 10−2* 5.67 × 10−2* 44.7 

GNP-TRP 0.9W 5.44 × 10−3* 3.87 × 10−2* 24.1 

GNP-TRP 2W 3.10 × 10−2* 5.14 × 10−2** 61.3 

GNP-TRP 3W 3.33 × 10−2* 5.61 × 10−2* 43.5 

GNP-PEG-TRP 0.9W 5.75 × 10−3* 3.63 × 10−2* 26.1 

GNP-PEG-TRP 2W 3.33 × 10−2* 5.32 × 10−2** 68.0 

GNP-PEG-TRP 3W 3.71 × 10−2* 5.85 × 10−2* 50.7 
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Fig.5.11. (a) Alamar blue cell viability measurements for laser-nanoparticle  hyperthermia treated MDA-MD-231 

triple-negative breast cancer cells, and (b) Heat shock protein 70 (HSP70) expression for hyperthermia treated 

MDA-MD-231 triple-negative breast cancer cells.The error bars represent the standard deviations for n = 3 

measurements. * p < 0.05; ** p < 0.001. 

 

Alamar blue assay was used to study the rate of metabolic activity (viability) of the cells treated at 

hyperthermic temperatures under the NIR laser illumination of GNP, GNP-PEG, GNP-TRP, and 

GNP-PEG-TRP particles. Briefly, a higher % Alamar blue reduction signifies that that there is 

more cell metabolic activity and hence, more viable cells. Fig. 5.11 (a) shows results of the % 

Alamar blue reduction that were normalized with respect to the untreated MDA-MB-231 cell 

control (cells@ 37º C untreated). Remarkably, for all the control samples, the % Alamar blue reduction 

values were significantly greater (p < 0.001) than the % Alamar blue reduction values of cells 

exposed to hyperthermic temperatures via laser/ nanoparticle interactions (cells@ 37º C untreated (100%), 

cells@ 37º C with laser only  (83.2 % ), cells@ 37º C with GNP only ( 84.6 % ),  cells@ 37º C with GNP-PEG  only (77 %), cells@ 

37º C with GNP-TRP only (98.3% ), and cells@ 37º C with GNP-PEG-TRP only (87.8% )cells@ 41-45º C with GNP (20.4 %), cells@ 

41-45º C with GNP-PEG (24.3 %), cells@ 41-45º C with GNP-TRP (20.1 %), and cells@ 41-45º C with GNP-PEG-TRP (24.1 %). 
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Furthermore, no significant variations (p > 0.05 ≤ 1.00) in % Alamar blue reduction values were 

observed in cells subjected to hyperthermia temperatures via laser interactions with different gold 

nanoparticles (GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP).  

Also, there were no significant differences (p > 0.05 ≤ 1.00) in % Alamar blue reduction among 

control samples, except for cells@ 37º C with GNP-PEG only samples, which were significantly different from 

cells@ 37º C untreated (p = 0.005) and cells@ 37º C with GNP-TRP only (p = 0.01). 

Heat shock protein expression in biological cells is typically associated with their exposure to 

temperatures above 41ºC.  Fig.5.11 (b) elucidates the HSP70 concentrations (ng/mL) for both the 

control and hyperthermia treated cells. In contrast to HSP70 concentrations in the controls, cells@ 

37º C untreated (0.28 ± 0.02 ng/mL) and cells@ 37º C with only laser ( 0.39 ± 0.08 ng/mL ), a significant increase (p 

< 0.05) in HSP70 concentration was recorded for all cells exposed to hyperthermia temperatures 

(cells@ 41-45º C with GNP laser (1.65 ± 0.17 ng/mL), cells@ 41-45º C with GNP-PEG (1.48 ± 0.39 ng/mL), cells@ 41-45º 

C with GNP-TRP (1.19 ± 0.38), and cells@ 41-45º C with GNP-PEG-TRP (1.82 ± 0.55 ng/mL) except cells@ 41-45º C with 

GNP-TRP, which were not significantly different (p = 0.095) from cells@ 37º C with only laser .  

Finally, there was no significant (p = 0.998) variation in HSP70 concentration among cells@ 37º C 

untreated and cells@ 37º C with laser only control samples. 
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Fig.5.12. Fluorescence images of live and dead cells in MDA-MB-231 cells treated with (a) GNP, (b) GNP-PEG, (c) 

GNP-TRP, (d) GNP-PEG-TRP. It also shows the controls' live/dead fluorescence images (e) untreated cells and (f) 

cells exposed to laser illumination without nanoparticles (laser only). Calcein-AM emits green fluorescence 

excitation at 490 nm from live cells, while Propidium Iodide PI emits red fluorescence excitation at 535 nm from 

dead cells.  

 

Additionally, the cell viability of the hyperthermia-treated cells was also observed using a double 

stain live/dead fluorescence assay that determines cell viability via the intracellular esterase 

activity and the cell plasma membrane integrity. The green Calcein-AM fluorescence dye is 

permeable to the cell membrane and only stains viable cells. In contrast, the red Propidium iodide 

fluorescence is a DNA-binding agent which is only permeable to the damaged cell membrane and 

is an indicator for dead cells. 
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The fluorescent cell viability data presented in Fig. 5.12 a-f is consistent with the % Alamar blue 

reduction data in Fig. 5.11 (a). These cell viability studies show that cells exposed to hyperthermia 

temperatures via laser/ GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP interactions had more 

dead cells with red fluorescence than control samples in Fig. 5.12 e and f.  

5.5.3. Laser Interactions with Gold Nanoparticles in Chicken Tissue 

5.5.3.1. Stationary Laser Source Interaction with Gold Nanoparticles in Chicken Tissue 

To study the photothermal effects of GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP in tissue, 

we examined the nanoparticle-NIR laser interactions in chicken tissue under stationary laser 

irradiation. The chicken model mimics the tissue laser interactions that can occur during potential 

in vivo applications of gold nanoparticles in targeted hyperthermia for TNBC treatment. 

Specifically, we explored the maximum laser power (3W) and incision depth (6 mm) beneath the 

chicken for which hyperthermia temperatures can be achieved for a given concentration of 

biosynthesized gold nanoparticles [Fig. 5.13 ]. In general, Fig. 5.13 (a) shows non-uniform 

temperature distributions across the chicken tissue surface. The heat radiates outwards into the 

surrounding tissue, with the maximum temperature recorded at the center of the tissue incision 

where the nanoparticles are located. 

Notably, cell ablation temperature ranges (> 50º C) were observed for GNP-laser interactions [Fig. 

5.13 (a)] while GNP-PEG, GNP-TRP, and GNP-PEG-TRP achieved hyperthermia temperatures 

within 20min. However, the maximum recorded temperature Tmax trends are consistent with the 

hyperthermia interactions in water Fig. 5.8 and 5.10. 
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 Interestingly, there is a two to threefold decrease in the photothermal efficiency from GNP 

(22.6%) with surface modification with PEG-Coatings and the TRP ligand of the biosynthesized 

GNP. This decrease is attributed to the reduced rate of absorbance estimated for these 

nanoparticles, as shown in Table 5.4 

Also notable is the two-fold increase in the heat dissipated from the tissue treated with GNP [Table] 

compared to the PEG-coated and TRP functionalized nanoparticles. It is important to note that 

maximum photothermal efficiencies in the chicken tissue in Table 5.4 were less than that reported 

in the water table's laser-nanoparticle interactions. Additionally,  GNP had the highest conversion 

efficiency in chicken tissue. Nevertheless, the chicken tissue model showed that GNP-PEG, GNP-

TRP, and GNP-PEG-TRP could achieve sustained hyperthermia ranges even with low 

photothermal conversion efficiencies.  

 

 

Fig.5.13. a) Spatial temperature distributions across chicken tissue for a 3W stationary laser 

source interaction with GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP at 0, 5, 10, 15, and 20 mins. The 
Measured temperature profiles for the various gold nanoparticles in chicken tissue at 6 mm depth and 3W are shown 
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in (b) for a stationary laser position, (c) modified 3D printer positioning, and (d) laser positioning with a UR5 

robotic arm with six degrees of freedom.  

5.5.3.2. 3D Printer Controlled Laser Source Interaction with Gold Nanoparticles in Chicken 

Tissue 

To study the effects of a moving laser source on the illumination  of GNP, GNP-PEG, GNP-TRP, 

and GNP-PEG-TRP in tissue, we examined the nanoparticle-NIR laser interactions in chicken 

tissue under a modified fusion deposition modeling (FDM) 3D printer nozzle that performs raster 

motion along the XY axis and height modulation along the Z axis. The laser control mimics gantry 

type robots for laser applications in potential in vivo or medical applications of gold nanoparticles 

for TNBC treatment. The temperature-time plots are similar for a stationary laser source and a 

moving laser source, however local variations in temperature are observed over time as the laser 

source moves in relation to the nanoparticle position. These local temperature variations are 

attributed to the increase in the dissipation rate for 3D controlled laser source in contrast to the 

stationary laser control. Nevertheless, all nanoparticles achieved hyperthermia temperatures while 

GNP laser interactions were at thermal ablation ranges. 

 

5.5.3.3. Robotic-Arm Controlled Laser Source Interaction with Gold Nanoparticles in 

Chicken Tissue 

The effects of angular interactions introduced by a moving laser source on the interactions on 

GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP in tissue, were examined using a universal robot 

UR5 positioning arm with six degrees of freedom was used to introduce angular variations in the 

laser interactions with the nanoparticles.   
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This laser control mimics applications where angular laser applications are required for in vivo or 

medical applications of gold nanoparticles for TNBC treatment. It is important to note the 

increased visible temperature variations due to the alternate raster and angular motion of the laser 

source. Similar to the 3D-controlled laser source, these temperature variations are attributed to the 

increase in the dissipation rate for the robotic arm-controlled laser source in contrast to the 

stationary laser control.  

Irrespective of the laser control, GNP had the highest photothermal efficiency. This efficiency 

decreased from 22.6 % in the stationary laser source to 16.2 % in the 3D-controlled laser source 

and 16% when the laser was moved with a robotic arm.  

 

Table 5.4 shows the rate of energy absorption A, heat dissipation B, Absorbance at laser excitation Aλ , 

and photothermal efficiencies from the NIR laser interaction with GNP, GNP-PEG GNP-TRP, and GNP-

PEG-TRP in chicken tissue at 3W. A and B were fit at 95% confidence interval, *R2 > 0.95: **R2 

> 0.99. 

Sample/ 3 W A 

ºC𝒔−𝟏 

B 

𝒔−𝟏 

𝜼 

% 

GNP stationary  1.81 × 10−2* 9.7 × 10−2* 22.6 

GNP-PEG stationary 5.13 × 10−3* 4.76 × 10−2* 6.7 

GNP-TRP stationary 5.79 × 10−3* 4.98 × 10−2* 7.6 

GNP-PEG-TRP stationary 5.99 × 10−3* 3.84 × 10−2* 8.1 

GNP 3D Printer 1.29 × 10−2* 1.60 × 10−1* 16.2 

GNP-PEG 3D Printer  4.94 × 10−3* 9.42 × 10−2* 6.4 

GNP-TRP 3D Printer 4.04 × 10−3* 1.10 × 10−1* 5.4 

GNP-PEG-TRP 3D Printer 4.08 × 10−3* 9.00 × 10−2* 5.6 
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5.6. Discussion 

5.6.1.   Gold Nanoparticle Biosynthesis and Characterization  

 

The biosynthesis of gold nanoparticles from gold chloride salts is attributed to cytochrome 

complex reduction of HAuCl4. The process of cytochrome reduction has been well documented in 

prior studies done by our group [37]. Briefly, the cytochrome transmembrane protein complex 

found in bacteria is responsible for the cell membrane electron transports and balancing the proton 

potential across the bacteria cell membrane. In the presence of gold chloride salts, the ionized gold 

salt in the solution receives electrons from the cytochrome reactions, which results in the formation 

of gold nanoparticles within the bacterial cell membrane and walls[37].  

Interestingly, the UV-VIS absorption wavelength for the biosynthesized gold nanoparticles reveals 

absorption peaks in the NIR region. It has been observed in prior studies that with an increase in 

the concentration of the organic synthesis broth such as leaf extract, the peak in the NIR region 

blue shifts to the visible region and disappears beyond a specific concentration, and expresses 

optical properties characteristic of spherical gold nanoparticle particles [49][51]. Hence tuning the 

GNP UR5 Robot 1.27 × 10−2* 1.50 × 10−1* 16.0 

GNP-PEG UR5 Robot 6.35 × 10−3* 6.57 × 10−2* 8.3 

GNP-TRP UR5 Robot 3.79 × 10−3* 4.17 × 10−2* 5.0 

GNP-PEG-TRP UR5 Robot 4.67 × 10−* 9.30 × 10−2* 6.4 
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synthesis parameters could lead to single visible light absorbance peaks or Visible and NIR peaks. 

Generally higher concentration of the reducing agents leads to very strong visible absorption 

spectra [49][51]. However, lower concentrations of the synthesis broth lead to longer synthesis 

times[50]. But the presence of NIR peaks enables the biosynthesized nanoparticles to be used as 

photothermal agents in NIR laser hyperthermia applications. Also, TEM images show nearly 

spherical nanoparticles. However, NIR absorbance bands indicate nanoparticle anisometric that 

requires further investigation beyond the paper's scope. 

5.6.2. Photothermal Effects of Laser /Gold Nanoparticle Interactions 

The photothermal properties of the GNP, GNP-PEG, GNP-TRP and GNP-PEG-TRP dispersed in 

water at different laser powers in Fig. 5.8 show that the temperature increases with the increasing 

duration of laser/nanoparticle interaction and is consistent with earlier reported studies in 

Refs.[36], [61]. However, the experiments and FEA model demonstrate a decrease in the 

photothermal efficiency because of TRP ligand functionalization and PEG-coating. This 

decrease in the photothermal efficiency due TRP and PEG coatings is more prominent at lower 

laser powers, as observed at 0.9 W. In general, we observe that TRP conjugation and PEG 

coating the biosynthesized gold nanoparticles reduce the absorbance rate of incident laser beams. 

However, the dissipation rate is also reduced due to surface modification of the bare GNP. These 

reduced dissipation rates indicate that TRP ligand and PEG coatings exhibit insulator properties 

on GNP. 

Alamar blue assay was used to study the rate of metabolic activity (viability) of the cells treated at 

hyperthermic temperatures under the NIR laser illumination of GNP, GNP-PEG, GNP-TRP, and 

GNP-PEG-TRP particles. 
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The results show that TNBC cells treated at hyperthermic temperatures via gold nanoparticle laser 

interaction had significantly lower live cell metabolic activity and hence were less viable due to 

the hyperthermia treatment. This reduction in cell viability indicates that the 20min GNP, GNP-

PEG, GNP-TRP, and GNP-PEG-TRP interactions with the NIR laser were sufficient to trigger cell 

death processes in TNBC in vitro. It is also important to note that the control samples exposed to 

laser only or only nanoparticles posed minimal toxicity as indicated by the  % Alamar blue 

reduction compared to the control sample, except GNP-PEG with sig (p< 0.05) reduced cell 

viability (77%) a little more than untreated cells. Nevertheless, they were still significantly higher 

live-cell activity in that sample (p < 0.001) than in all the samples exposed to hyperthermia 

temperature levels. The issue of gold nanoparticle toxicity to cells is particularly important because 

our findings differ from reports that have shown that chemically synthesized gold nanoparticles 

have chemical residues that introduce additional toxicity in vivo [34], [35].  

The heat associated with hyperthermia induces heat stress on tumor cells, which causes the HSP70 

to significantly higher expression in cells exposed to laser interactions with various gold 

nanoparticles. This increased HSP70 expression suggests that the decrease in cell viability 

observed above after hyperthermia cell interactions can be attributed to programmed cell death 

due to a decrease in cell viability.  

 

 

5.6.3. Laser Interactions with Gold Nanoparticles in Chicken Tissue 

In chicken tissue at a depth of 6mm, the attenuating effects of PEG and TRP functionalization are 

more apparent due to the interplay between absorbed laser power and the rate of heat dissipation. 
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Therefore, if a tumor is more than 6 mm deep, the gold nanoparticle concentrations could be 

increased to offset this coating effect. Also, the biosynthesis method could be tuned to synthesize 

gold nanoparticles with increased absorbance in the NIR regime to generate hyperthermic 

temperatures that inhibit cancer cell growth. 

 

Both Robotics assisted laser positioning styles can be used for precision-guided and controlled 

hyperthermia or higher temperature applications. However, a robotic arm with six degrees of 

freedom is more prone to heat losses when the laser beam is not in the direct path of the 

nanoparticles. These associated heat losses can be corrected by optimizing the speed of laser arm 

positioning and the programmed travel path laser interaction. 

 

 

5.6.4. Implications 

The implications of the above results are significant for the design of gold nanoparticles with 

favorable photothermal characteristics for localized hyperthermia treatment of TNBC. First, 

biosynthesis of NIR laser responsive gold nanoparticles with minimal toxicity provides a basis for 

using biosynthesized gold nanoparticles for potential applications in vivo treatment of TNBC.  

Furthermore, the resulting hyperthermia and thermal ranges observed in PEG-coated and TRP 

functionalized gold nanoparticles suggest that these nanoparticles could facilitate targeted 

controlled multi-temperature dose treatment of TNBC. However, further work is needed to 

investigate the thermal ablation properties of these targeted biosynthesized GNP, especially for 

laser scalpel applications. 
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Furthermore, the chicken model demonstrates that localized heating within the chicken tissue can 

be achieved with less than lethal temperatures around the focal point of heat application, which 

mimics human skin heat dissipation characteristics. This localized heating is significant for 

reducing non-tumorigenic tissue damage in vivo applications.  

 The use of robotics-controlled laser positioning provides insights into parametric adjustments to 

account for heat losses associated with laser source movement. It also can be applied to the 

treatment of complex tumor geometries.  

This study suggests that the unique properties of biosynthesized gold nanoparticles can be used for 

hyperthermic treatment with the potential for thermal ablation and treatment of near-surface 

tumors. However, further work is needed to demonstrate the effectiveness of precision 

nanoparticle-guided laser cutting applications for the treatment of TNBC. These are some of the 

challenges for future work. 

5.7. Conclusions 

1. Gold nanoparticle biosynthesis methods with Serratia Marscensces produce nanoparticles 

with well-defined optical properties in the NIR regime with minimal toxicities. 

Furthermore, the photothermal properties of these gold nanoparticles differ based on the 

surface modifications. This difference in photothermal properties is associated with the 

changes in the rate of photon absorption and heat dissipation from surfaces of TNBC 

cells and chicken tissue.  

2. The cell viability and heat shock protein expressions of heat-treated TNBC cells show 

that with laser irradiation, the biosynthesized gold nanoparticles can achieve temperatures 

sufficient for hyperthermia and induce cell death processes within treated TNBC cells.  
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3. The chicken tissue experiments demonstrate that the hyperthermic heating at depths of 

6mm beneath the skin surface can be localized within the incised chicken tissue groove to 

limit high-temperature tissue damage in the surrounding tissue.  

4. Robotics laser positioning can be achieved for applications that require guided laser 

beams with well-controlled power and wavelengths to interact with magnetite 

nanoparticles to induce heating that is sufficient to enable photothermal therapy via laser 

hyperthermia. Higher temperatures may also be generated at higher laser powers, which 

may be helpful in future robotically-assisted surgical procedures 
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Chapter 6.0. Summary and Conclusions  

 

This thesis presents the results of a combined experimental, computational, and theoretical study 

of TNBC cells and non-tumorigenic breast cells and their interactions with biosynthesized 

triptorelin-conjugated PEG-coated gold nanoparticles that are relevant to triple negative breast 

cancer treatment. Salient conclusions arising from the study of the adhesion, entry, and 

photothermal properties of GNP, GNP-PEG, GNP-TRP, and GNP-PEG-TRP in TNBC/non-

tumorigenic cells are presented. 

1. Force microscopy measurements of the adhesion forces between TNBC cells and 

Triptorelin-functionalized gold nanoparticles (GNP-TRP and GNP-PEG-TRP) are much 

greater than the adhesion to non-tumorigenic breast cells. The increased adhesion of GNP-

TRP and GNP-PEG-TRP to TNBC is also associated with the over-expression of LHRH 

receptors on the surfaces of TNBC cells. In addition, this increased adhesion enhances the 

selective adhesion of LHRH-conjugated gold nanoparticles to TNBC cells. 

2. The PEG coating of biosynthesized gold nanoparticles reduces non-specific 

nanoparticle/cell interactions. It also has a favorable effect on the adhesion between GNP-

PEG-TRP/ LHRH  receptors . The repulsive interaction between the Triptorelin ligand/ cell 

membrane and PEG/cell membrane promotes specificity of the GNP-PEG-TRP/ LHRH 

TMD-n receptors interactions in TNBC. Therefore, the current results suggest that GNP-

PEG-TRP nanoparticles could be suitable candidates for the specific targeting of TNBC 

cells that have over-expressed LHRH receptors on their surfaces. 

3. GNP-PEG-TRP preferentially enters the TNBC cells than the non-tumorigenic cells. 

Furthermore, the selective accumulation of GNP-PEG-TRP in TNBC is also associated 
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with the over-expression of LHRH receptors on the surfaces of TNBC cells and the 

combination of PEG and TRP coatings. These enhance the selective uptake of GNP-PEG-

TRP to TNBC cells. 

4. The thermodynamics-kinetics model shows a critical nanoparticle cluster size for minimum 

wrapping time. For a finite cell membrane with conserved receptor density, cluster uptake 

is the number of receptors available for ligand binding and the diffusivity of such receptors. 

Hence, below a critical size, nanoparticle endocytosis is thermodynamically unfavorable 

and slow due to the rapid increase in the elastic bending energy. Alternately, when particles 

sizes are far above the critical size, wrapping is slow due to the diffusive nature of the 

receptor transport.   

5. Thermodynamics-kinetics models also show that the surface energy effects of TRP 

functionalized gold nanoparticle clusters increase the free energy for wrapping such 

nanoparticle clusters. 

6. The PEG coating of biosynthesized gold nanoparticles enhances uptake processes 

independent of the LHRH receptors. Furthermore, when PEG is used with the TRP ligand, 

it promotes the specificity of the GNP-PEG-TRP/ LHRH receptors interactions in TNBC. 

Therefore, the current results suggest that GNP-PEG-TRP nanoparticles could be suitable 

candidates for the specific targeting of TNBC cells that have over-expressed LHRH 

receptors on their surfaces. 

7. Gold nanoparticle biosynthesis methods with Serratia Marscensces produce nanoparticles 

with well-defined optical properties in the NIR regime with minimal toxicities. 

Furthermore, the photothermal properties of these gold nanoparticles differ based on the 

surface modifications. This difference in photothermal properties is associated with the 
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changes in the rate of photon absorption and heat dissipation from surfaces of TNBC cells 

and chicken tissue.  

8. The cell viability and heat shock protein expressions of heat-treated TNBC cells show that 

with laser irradiation, the biosynthesized gold nanoparticles can achieve temperatures 

sufficient for hyperthermia and induce cell death processes within treated TNBC cells.  

9. The chicken tissue experiments demonstrate that the hyperthermic heating at depths of 

6mm beneath the skin surface can be localized within the incised chicken tissue groove to 

limit high-temperature tissue damage in the surrounding tissue.  

10. Robotics laser positioning can be achieved for applications that require guided laser beams 

with well-controlled power and wavelengths to interact with magnetite nanoparticles to 

induce heating that is sufficient to enable photothermal therapy via laser hyperthermia. 

Higher temperatures may also be generated at higher laser powers, which may be helpful 

in future robotically-assisted surgical procedures. 

6.2. Suggestions for Future Work 

 

1. Single-Molecule and Controlled Environment Adhesion Experiments  

Adhesion experiments should be done in a physiological environment relevant to live cells to 

advance the studies on the adhesion between functionalized AFM probes and TNBCs. This can be 

done by quantifying single LHRH-TRP adhesion interactions and multiple receptor-ligand 

adhesion interactions in a fluid. Specifically by modifying the dip-coating AFM tip 

functionalization procedure and by using established protocols for single receptor-ligand 

interactions[1], [2]. 



 

175 

 

 Such adhesion studies could provide insights for using AFM adhesion probes to discriminate 

between TNBC and non-tumorigenic cells.  

 

2. Cell Viscoelasticity Studies with Different Experimental Techniques 

Further investigation into cell viscoelastic properties as diagnostic and prognostic biomarkers are 

still needed for TNBC. Therefore, there is a need for different experimental techniques that 

quantify single-cell viscosities and single-cell modulus for both treated and untreated TNBC. This 

could be achieved by shear flow deformation processes that enable time-dependent creep of cells 

and subsequently fitting such characteristic curves to viscoelastic models. In addition, the study of 

the viscoelastic properties of treated TNBC could provide quantitative markers for effective cancer 

progression and therapeutics.   

3. Heat Effects on Surrounding Tissue after Laser Scalpel Experiments 

It is essential to investigate the effects of laser power, speed of the robotic laser control, and heat 

on the surrounding tissue to advance the efforts toward precision nanoparticle-guided laser cutting. 

The effects of laser cutting could be studied via in vivo models that observe and compare the heat-

induced structural and morphological changes within and adjacent to the damaged tissue zone.   

4. Heat and Drug Effects on Triple Negative Breast Cancer Cells and Tissue 

For targeted treatment of TNBC cells, in vitro and in vivo studies on the combined therapeutic 

effect of targeted drugs and targeted/localized hyperthermia should be investigated. This could be 

done sequentially by treating TNBC cells or in vivo models with targeted TNBC cancer drugs [3] 

and an optimized GNP-PEG-TRP nanoparticle designed for laser-assisted hyperthermia. 

Combining several therapeutic agents into a treatment protocol may enhance the effectiveness of 
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current TNBC interventions. It could also provide insights into increasing cellular uptake of drugs 

and the reversal or depreciation of the cancer drug resistance in TNBC cells. 

5. Heat Effects on Drug Delivery Systems 

The use of hyperthermia-controlled drug release at the tumor site should be investigated for 

implantable biomedical devices developed for the localized treatment of residual TNBC following 

surgery. In this way, the thermodynamics and kinetics of controlled drug release as a function of 

laser-nanoparticle heating can be ascertained and used as a guide for safe and sustained 

chemotherapeutic doses to reduce the typical side effects associated with bulk/conventional and 

reduce the chances of tumor reoccurrence. 
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