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는 나를 놀리고 괴롭히는 것 같지만 진심으로 나를 걱정해주고 격려해준 
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이형, 나노 소자 연구실 대표 미남 현석이형, 우리 고등학교 선배님 민
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ABSTRACT  
 

Multifunctional nanoparticles for effective cancer 

treatment 

  

Polymer-metallic multi-layer half-shell nanoparticles (H-S NPs) are developed 

as multi-functional nanoplatform for simultaneous delivery of drug and heat, and 

magnetic resonance imaging (MRI) enhancement. These nanoparticles are 

fabricated by depositing Mn and Au films onto doxorubicin-loaded poly(lactic-co-

glycolic) (PLGA) nanoparticles and their surface plasmon-resonance frequency is 

found to be in the near infrared (NIR) range. Drug release from PLGA 

nanoparticles is enhanced upon NIR irradiation, which is converted into thermal 

energy. For the targeted delivery, targeting moieties such as antibodies against 

tumor maker proteins are conjugated on the gold surface, allowing the delivery of 

heat and drugs to the targeted region. In addition, the magnetic properties of the 

Mn layer allow these nanoparticles to act as MRI contrast agents.  

Drug-loaded PLGA Au H-S NPs can be used for delivery of drug and heat to the 

selected tumor. In order to investigate therapeutic efficacy of the nanoparticles, I 



xi 

 

carried out in vitro and in vivo experiments. For in vitro experiments, human 

cervical cancer (HeLa) cell line was used and therapeutic efficacy was concluded 

by measuring cell viability.  For in vivo experiments, prepared tumor bearing mice 

by implanting human epidermoid carcinoma (A431) cells or human breast cancer 

(sk-br-3) cell, therapeutic efficacy was concluded by measuring tumor volume 

change. Compared with chemotherapy or photothermal treatment alone, the 

combined treatment demonstrated higher therapeutic efficacy. In the histological 

examinations of tumor tissues treated with chemo-photothermal therapy, I find that 

thermonecrosis and apoptosis are developed. The proliferating cell nuclear antigen 

(PCNA) assay shows that most cells are unable to proliferate following chemo-

photothermal treatments. When the remaining NPs are measured by using ICP 

mass, most NPs have been cleared from the mice for 28 days after injection. It is 

confirmed that NPs do not result in immune response and liver toxicity by 

measuring the interlukein-6 (IL-6), aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT) in blood. 

 

 

Keywords: Multifunctional nanoparticle, MRI contrast agent, photothermal therapy, 

chemotherapy, combined cancer therapy, NIR imaging. 
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Chapter 1  

 

Introduction 

 

1.1 Multifunctional nanoparticles   
 

1.1.1 Nanoparticles   
 

Nanoparticles are materials of two or more dimensions, with a size in the range 

of 1–100 nm. Nanoparticles show unique size dependent physical and chemical 

properties. Various nanoparticles are reviewed in this section and their images are 

in Figure 1. 

 

1) Liposomes 

Liposomes are phospholipid vesicles (50–100 nm) that have a bilayer membrane 

structure similar to that of biological membranes and an internal aqueous phase. 

Liposomes are classified according to size and number of layers into multi-, oligo- 

or uni-lamellar. Their amphiphilic nature enables liposomes to transport 

hydrophilic drugs entrapped within their aqueous interior and hydrophobic drugs 

dissolved into the membrane. Owing to their physicochemical characteristics, 

liposomes show excellent circulation, penetration and diffusion properties. 
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Moreover, the liposome surface can be modified with ligands and/or polymers to 

increase drug delivery specificity [1].  

 

2) Dendrimers 

Dendrimers are highly branched synthetic polymers (<15 nm) with layered 

architectures constituted of a central core, an internal region and numerous terminal 

groups that determine dendrimer characteristics. A dendrimer can be prepared 

using multiple types of chemistry, the nature of which defines the dendrimer 

solubility and biological activity. Dendrimers show intrinsic drug properties and 

are used as tissue-repair scaffolds. Moreover, dendrimers are excellent drug and 

imaging diagnosis-agent carriers through chemical modification of their multiple 

terminal groups [2]. 

 

3) Carbon nanotubes 

Carbon nanotubes belong to the family of fullerenes and are formed of coaxial 

graphite sheets (<100 nm) rolled up into cylinders. These structures can be 

obtained either as single- (one graphite sheet) or multi-walled nanotubes (several 

concentric graphite sheets). They exhibit excellent strength and electrical properties 

and are efficient heat conductors. Owing to their metallic or semiconductor nature, 

nanotubes are often used as biosensors. Carbon nanotubes can be rendered water 

soluble by surface functionalisation. Therefore, they are also used as drug carriers 

and tissue-repair scaffolds [3]. Inorganic nanoparticles, such as quantum dots, 

polystyrene, magnetic, ceramic and metallic nanoparticles, have a central core 
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composed of inorganic materials that define their fluorescent, magnetic, electronic 

and optical properties. 

 

4) Quantum dots 

Quantum dots are colloidal fluorescent semiconductor nanocrystals (2–10 nm). 

The central core of quantum dots consists of combinations of elements from groups 

II–VI of the periodic system (CdSe, CdTe, CdS, PbSe, ZnS and ZnSe) or III–V 

(GaAs, GaN, InP and InAs), which are ‘overcoated’ with a layer of ZnS. Quantum 

dots are photostable. They show size- and composition-tuneable emission spectra 

and high quantum yield. They are resistant to photobleaching and show exceptional 

resistance to photo and chemical degradation. All these characteristics make 

quantum dots excellent contrast agents for imaging and labels for bioassays [4]. 

 

5) Magnetic nanoparticles 

Magnetic nanoparticles are spherical nanocrystals of 10–20 nm of size with a 

Fe2+ and Fe3+ core surrounded by dextran or PEG molecules. Their magnetic 

properties make them excellent agents to label biomolecules in bioassays, as well 

as MRI contrast agents. They are also amenable to surface functionalisation for 

active targeting in vivo or for in vitro diagnostics [5]. 

 

6) Gold nanoparticles 

Gold nanoparticles are one type of metallic nanoparticle; others are Au, Ni, Pt and 

TiO2 nanoparticles. Gold nanoparticles (<50 nm) can be prepared with different 
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geometries, such as nanospheres, nanoshells, nanorods or nanocages. These 

particles show localized surface plasmon resonant properties, under the irradiation 

of light, the conduction electrons are driven by the associated electric field to a 

collective oscillation at a resonant frequency, thereby absorbing light and emitting 

photons with the same frequency in all directions. Gold nanoparticles are excellent 

labels for biosensors because they can be detected by numerous techniques, such as 

optic absorption, fluorescence and electric conductivity [6]. 

 

 

 

 

 

 

Figure 1. Examples of a variety of nanoparticles [7]. 
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1.1.2 Applications of multifunctional nanoparticles in medicine 
 

Nanometre-sized particles are in the same range of dimension as antibodies, 

membrane receptors, nucleic acids and proteins, among other biomolecules. These 

biomimetic features, together with their high surface: volume ratio and the 

possibility of modulating their properties, make nanoparticles to be powerful tools 

for imaging, diagnosis, drug delivery and actuation [8]. Thus, nanoparticles offer 

significant improvements in performance compared with existing technologies 

 

1) Imaging 

Optical imaging techniques, such as fluorescence labelling, are used extensively 

in clinical diagnosis. However, the organic fluorophores used currently are not 

photostable and have low intensity. Likewise, fluorescence proteins (i.e. green-

fluorescence protein) or bioluminescence system (i.e. luciferin/luciferase) 

applications are limited because they cannot be optimised in multicolour assays. 

Nanoparticles have helped to overcome these limitations. For example, quantum 

dots are resistant to photobleaching and photo, chemical and metabolic degradation. 

They exhibit high quantum yield and enable the simultaneous identification of 

multiple markers [9]. MRI is another important example of a technique that is used 

commonly in medicine for the 3D examination of biological events. However, MRI 

applications are limited by their insensitivity to low concentrations of imaging 

agent. For these reasons, intensive research efforts aim to develop new MRI 

contrast agents to enhance imaging. In this regard, superparamagnetic iron oxide 
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nanoparticles have already proven effective in increasing contrast in magnetic 

imaging [10]. 

 

2) Diagnosis 

The accurate targeting and quantification of molecules indicative of cellular 

disorders at the single-molecule level is a demanding task for current high-

throughput analysis systems. The combination of nanoparticles with other 

nanotechnology-based materials has the potential to address this emerging 

challenge and provide technologies that enable diagnoses at the level of single cells 

and single molecules. There are already several nanoparticle-based commercialised 

systems for medical diagnostics.[11] Nevertheless, the possibilities for nanoparticle 

applications in diagnostics are almost unlimited because nanoparticles enable the 

selective tagging of a wide range of medically important targets, including bacteria, 

biomarkers and individual molecules, such as 

proteins and DNA [12]. 

 

3) Drug delivery 

Nanoparticle-based drug delivery provides many advantages, such as enhancing 

drug-therapeutic efficiency and pharmacological characteristics. For example, 

nanoparticles improve the solubility of poorly water-soluble drugs, modify 

pharmacokinetics, increase drug half-life by reducing immunogenicity, increase 

specificity towards the target cell or tissue (therefore reducing side effects), 

improve bioavailability, diminish drug metabolism and enable a more controllable 
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release of therapeutic compounds and the delivery of two or more drugs 

simultaneously for combination therapy [13]. 

 

Multifunctionality in medicine 

The design of multifunctional nanoparticles could significantly improve already 

existing nanoparticle characteristics. Whereas monofunctional nanoparticles 

provide a single function (a liposome can transport drugs but does not have the 

inherent property to distinguish between healthy and unhealthy cells or tissues), 

multifunctional nanoparticles combine different functionalities in a single stable 

construct. For example, a core particle could be linked to a specific targeting 

function that recognises the unique surface signatures of their target cells. 

Simultaneously, the same particle can be modified with an imaging agent to 

monitor the drug transport process, a function to evaluate the therapeutic efficacy 

of a drug, a specific cellular penetration moiety and a therapeutic agent 

 

Figure 2. The schematic diagram of multifunctional Nanoparticles [7]. 
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1.2 Near infrared (NIR) resonant nanoparticles    
 

1.2.1 Photothermal conversion of NIR resonant nanoparticles  

 
Surface plasmon resonance (SPR) is a nanoscale size effect of the interaction 

between the electromagnetic wave and the conduction electrons in a metal. When a 

metal is under the irradiation of light, the electromagnetic field drives the 

conduction electrons to oscillate. The collective motion of electrons has its own 

resonance frequency, plasma frequency, and the quantized plasma oscillations are 

called plasmons. For a nanoparticle which has the size much smaller than the 

wavelength of the light, this collective excitation mode of the plasma will be 

localized near the surface, and the resonance frequency will shift from the plasma 

frequency to surface plasmon resonance frequency. When metal nanoparticles, such 

as gold and silver, are irradiated with light at the wavelength of its surface plasmon 

resonance, this light is rapidly transferred into thermal energy, causing a localized 

temperature increase and their resonance frequency can be tuned into NIR region 

according to their geometry and aspect ratio, such as gold nanoshell particles [14], 

hollow Au nanocage [15], and Au nanorods [16] in Figure 3. 
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Figure 3. Absorption spectra and images of (a) silica-gold nanoshell [14] (b) gold nanocage 

[15] and (c) gold nanorod [16] Their resonance frequencies are tuned into NIR region. 

 

The near infrared has been found be an intriguing region of interest for laser-

mediated therapy due to low absorption by tissue. This region is often referred to as 

the "tissue optical window". As shown Figure 4(a), the main absorbing components 

of tissue have the lowest absorption in the near-infrared region. Consequently, light 

is the most deeply penetrating in this range and would be an ideal wavelength 

range for the application of nanomaterial, which can absorb NIR light and convert 

it into heat, as local heat delivery and photothermal therapy in Figure 4(b). 
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Figure 4. (a) Near-infrared light (650–900 nm) is of particular interest in biological 

applications as it is minimally absorbed by biological chromophores and water [17]. (b) 

The schematic diagram of generating local heat to use NIR resonant nanomaterials. 

 

1.2.2 NIR resonant nanoparticles as photothermal agents 
 

Cancer cells are more sensitive on heat damage than health tissue [18], heat 

induced cell death is used as a noninvasive cancer treatment method. Several kinds 

of NIR resonant nanoparticles have been demonstrated that they can be used as 

photothermal therapy agents such as nanoshells, gold nanorods and gold nanocage. 

All of them have shown their capability to generate localized heat to induce cancer 

cell death only in the nearby area of the nanoparticles while limiting the damage to 

the surrounding health tissues. 
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1) Gold nanoshells 

Multiple in vivo studies have also demonstrated the efficiency of gold nanoshells 

for the non-invasive treatment of tumors through targeted photothermal ablation 

[19]. O‟Neal and co-workers have successfully treated mice inoculated with 

tumors using this technique. In their experiment, mice were inoculated 

subcutaneously with colon cancer cells and pegylated gold nanoshells solution was 

injected into mice via a tail vein. After certain time, gold nanoshells were 

accumulated on the tumor sites and the NIR light at 808 nm was illuminated. The 

results show a complete destruction of tumors and all mice were healthy and free of 

tumors up to 90 days after NIR treatment 

 

2) Gold nanorods 

Unlike spherical gold nanoparticles, the SPR peaks of gold nanorods can be 

tuned to strongly absorb NIR by controlling the aspect ratios. The overall concept 

is very straightforward; gold nanorods with SPR peaks in the NIR region 

accumulate at the tumor site. The SPR peak is in the NIR region where tissue 

absorption is minimal, permitting optimal penetration. When the tumor site is 

exposed to NIR radiation which the nanorods absorb intensely because of SPR 

effect, the absorbed energy is efficiently converted into heat leading to thermal 

destruction of the tumor. El-Sayed and co-workers have demonstrated that gold 

nanorods can be used as heat-generating agents for in vivo photothermal therapy. 

In their study, the pegylated gold nanorods were conjugated to anti-EGFR 

antibodies enabling selective photothermal therapy due to their preferential binding 
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onto human oral cancer cells. A NIR laser with a wavelength 800 nm, overlapping 

with the SPR absorption maximum of the gold nanorods (aspect ratio of 3.9), was 

used for the photothermal ablation of cancer cells which binding with the gold 

nanorods. After exposure to a NIR laser, tumor cells stop growing. 

 

3) Gold nanocages 

Although gold nanocages have also shown that the SPR peaks can be shifted to 

cover a spectral region from 400 to 1200 nm by controlling the porosity of the 

shells [20], and the ability of gold nanocages to mediate the photothermal 

destruction of targeted cancer cells in vitro. However, the details of in vivo studies 

carried out with gold nanocages have not yet been reported. 

 

 

 

 

 

 

 

 

 

 

 



- 13 - 

 

1.3 Poly lactic-co-glycolic acid (PLGA) polymer 
 

1.3.1 PLGA polymer 

 

PLGA or poly(lactic-co-glycolic acid) is a copolymer which is used in a host of 

Food and Drug Administration (FDA) approved therapeutic devices, owing to its 

biodegradability and biocompatibility. PLGA is synthesized by means of random 

ring-opening co-polymerization of two different monomers, the cyclic dimers (1,4-

dioxane-2,5-diones) of glycolic acid and lactic acid. Common catalysts used in the 

preparation of this polymer include tin(II) 2-ethylhexanoate, tin(II) alkoxides, or 

aluminum isopropoxide. During polymerization, successive monomeric units (of 

glycolic or lactic acid) are linked together in PLGA by ester linkages, thus yielding 

a linear, aliphatic polyester as a product [21]. 

 

 

 

 

Figure 5. Structure of poly(lactic-co-glycolic acid). x= number of units of lactic acid; y= 

number of units of glycolic acid. 
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Depending on the ratio of lactide to glycolide used for the polymerization, 

different forms of PLGA can be obtained: these are usually identified in regard to 

the monomers' ratio used (e.g. PLGA 75:25 identifies a copolymer whose 

composition is 75% lactic acid and 25% glycolic acid). All PLGAs are amorphous 

rather than crystalline and show a glass transition temperature in the range of 40-

60 °C. Unlike the homopolymers of lactic acid (polylactide) and glycolic acid 

(polyglycolide) which show poor solubilities, PLGA can be dissolved by a wide 

range of common solvents, including chlorinated solvents, tetrahydrofuran, acetone 

or ethyl acetate. 

 

1.3.2 Biodegradation of PLGA polymer 

 

PLGA polymers undergo chain scission at the ester linkage in an aqueous 

environment both in vitro as well as in vivo. The polymer undergoes a bulk 

degradation process with the degradation usually occurring as a faster rate in the 

core of polymer matrix due to accumulation of acidic degradation by-products. 

More carboxylic acid groups appear on the polymer chains as they undergo random 

chain scission. These carboxylic acid groups create an acidic micro-environment 

around the individual PLGA polymer chains thereby catalyzing the degradation 

reaction. The amorphous regions in the polymer chains degrade faster than the 

crystalline regions. The degradation rate of PLGA polymers is determined by 

various factors such as molar ratio of lactic acid and glycolic acid in the polymer 
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chains, molecular weight (MW) of the polymer, degree of crystallinity and glass 

transition temperature (Tg) of the polymer [22]. 

 

A three phase degradation mechanism has been proposed for PLGA: 

 

(1) Random chain scission process: The MW of the polymer decreases significantly 

without appreciable weight loss and no soluble monomer products are formed. 

(2) Middle phase: A decrease in MW is accompanied by a rapid loss of mass along 

with the formation of soluble oligomeric and monomer products. 

(3) Complete polymer solubilization: Monomer products are formed from the 

larger oligomeric fragments. These monomeric products are more soluble. 

 

 

 

 

 

Figure 6. Hydrolysis of poly lactic-co-glycolic acid. 
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1.3.3 Degradation factors affecting biodegradable polymers 

 

To enhance the desirable properties of PLGA, it is essential to understand the 

factors affecting the PLGA degradation and design a drug delivery device 

accommodating all these factors to make it more efficient and efficacious. 

 

1) Effect of composition 

Polymer composition is the most important factor to determine the 

hydrophilicity and rate of degradation of a delivery matrix which influence the rate 

of degradation. A systematic study of polymer composition with its degradation has 

been shown by many groups [23]. These results show that increase in glycolic acid 

percentage in the oligomers accelerates the weight loss of polymer. PLGA 50:50 

(PLA/PGA) exhibited a faster degradation than PLGA 65:35 due to preferential 

degradation of glycolic acid proportion assigned by higher hydrophilicity. 

Subsequently PLGA 65:35 shows faster degradation than PLGA 75:25 and PLGA 

75:25 than PLGA 85:15 [24]. Thus absolute value of the degradation rate increases 

with the glycolic acid proportion. The amount of glycolic acid is a critical 

parameter in tuning the hydrophilicity of the matrix and thus the degradation and 

drug release rate. 
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2) Effect of weight average molecular weight  

Polymers with higher molecular weight (Mw) have generally exhibited lower 

degradation rates. Molecular weight has a direct relation with the polymer chain 

size. Polymers having higher molecular weight have longer polymer chains, which 

require more time to degrade than small polymer chains. However this is opposite 

for PLLA due to an inversely proportional degree of crystallinity with the 

molecular weight [25].  

 

3) Effect of size and shape of the polymer matrix 

The ratio of surface area to volume has shown to be a significant factor for 

degradation of large devices. Higher surface area ratio leads to higher degradation 

of the matrix. It has also been reported that bulk degradation is faster than pure 

surface degradation for PLGA, which makes the release of the drug faster from the 

devices with higher surface area to volume [26]. 

 

4) Effect of pH 

The in vitro biodegradation/hydrolysis of PLGA showed that both alkaline and 

strongly acidic media accelerate polymer degradation. However, the difference 

between the slightly acidic and neutral media is less pronounced due to 

autocatalysis by the carboxylic end groups [27]. 
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5) Effect of crystallinity of polymer and temperature 

Copolymer composition also affects important properties such as glass transition 

temperature and crystallinity which have indirect effects on degradation rate. 

Increase in temperature enhances polymer mobility and therefore drug diffusion 

[28]. It has been reported that, at temperatures near the glass transition temperature 

(Tg) of the polymer, drug diffusion coefficients may increase by as much as three 

orders of magnitude. Recently, Zolnik et al showed Elevated temperature 

accelerated release testing of PLGA microspheres [29]. 
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1.4 Hyperthermia in cancer therapy 

 
1.4.1 Characteristics of cancer cells 

 

The cancer cells show cellular and nuclear pleomorphism and the loss of normal 

arrangement of cells. They develop changes in the cell membranes and organelles 

(Figure 7). They exhibit abnormal mitoses and chromosomal abnormalities. 

Increased motility of malignant cells may be associated with increased amounts of 

contractile proteins in their microfilaments, with the loss of contact inhibition 

probably caused by alteration in calcium ion concentration in the malignant cell 

membrane.  

Interrupted cellular adhesiveness for the solid surface and contact inhibition 

among cells may result from changes in the cell surface glycoproteins and the 

poorly developed tight junctions and desmosomes in malignant cells. Changes in 

motility, adhesiveness and contact inhibition may promote invasion and subsequent 

establishment of secondary malignant growth - metastasis. 

The cancer cells exhibit differences in metabolism as compared to normal cells. 

The metabolism of malignant cells is usually more anaerobic than that of normal 

non-rapidly dividing cells and is greatly accelerated. Malignant cells may be able 

to withstand hypoxic conditions. They may have increased glucose and amino acid 

uptake. Alternatively, it has been proposed that glycolytic metabolism arises as an 

adaptation to hypoxic conditions during the early avascular phase of tumor 
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development, as it allows for ATP production in the absence of oxygen. This 

adaptation results in an acidic microenvironment that is caused by excess lactate 

production. And these cells have high levels of hexokinase increasing their glucose 

utilization. The cancer cells lose capabilities to synthesize specialized proteins 

typical for differentiated cells. Enzymes and other proteins produced by cancer 

cells are needed for the tumor growth. 

 

Figure 7. Characteristic features of malignant cell. (adapted from McCance KL, Mooney 

KH, Roberts LK: Pathophysiology, 1990). 

 

The standard characteristics of cancer cells are: 

1. Loss of regulation of mitotic rate  

2. Loss of specialization and differentiation of the cell 

3. Ability to move from the original site and establish new malignant growth at 

other tissue sites (metastasis) 

4. Capacity to invade and destroy normal tissue 

5. Hypoxic and acidic environment. 
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1.4.2 Hyperthermia in cancer treatment 

 

Hyperthermia, which is also called thermal therapy or thermotherapy, is a type of 

cancer treatment in which body tissue is exposed to high temperatures (up to 42°C). 

Research has shown that high temperatures can damage and kill cancer cells, 

usually with minimal injury to normal tissues [30]. By killing cancer cells and 

damaging proteins and structures within cells [31], hyperthermia may shrink 

tumors.  

Generally, there is no intrinsic difference between hyperthermia sensitivity of 

normal and tumor cells, except for hematological malignancies. Nevertheless, a 

selective tumor-cell killing effect is achieved at temperatures between 40 and 44°C, 

which is related to a characteristic difference between normal and tumor 

physiology. The architecture of the vasculature in solid tumors is chaotic, resulting 

in regions with hypoxia and low pH [32], which is not found in normal tissues in 

undisturbed conditions. These environmental factors make cells more sensitive to 

hyperthermia. The effect of hyperthermia depends on the temperature and the 

exposure time. Most normal tissues are undamaged by treatment for 1 h at a 

temperature of up to 44°C [33]. The main mechanism for cell death is probably 

protein denaturation, observed at temperatures >40°C, which leads to, among other 

things, alterations in multimolecular structures like cytoskeleton and membranes, 

and changes in enzyme complexes for DNA synthesis and repair [34].  

Hyperthermia is almost always used with other forms of cancer therapy, such as 
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radiation therapy and chemotherapy [30, 35]. Hyperthermia may make some cancer 

cells more sensitive to radiation or harm other cancer cells that radiation cannot 

damage. When hyperthermia and radiation therapy are combined, they are often 

given within an hour of each other. Hyperthermia can also enhance the effects of 

certain anticancer drugs.  

 

1.4.3 Effective combination with anticancer drug in cancer treatment 

 

 Several types of interaction of heat with anticancer drugs have been found 

(Table 1). Spatial cooperation can explain the additive effects. Drug concentration 

will be less in the insufficiently perfused tumor regions. In addition, many drugs 

are potentiated by heat. Furthermore, it has been shown for mitomycin C, 

nitrosureas, cisplatin, doxorubicin and mitoxantrone that the addition of 

hyperthermia to chemotherapy can counteract drug resistance. Generally, 

interaction is only seen when the two treatments are given in close sequence. The 

most important mechanisms for an enhanced effect are an increased intracellular 

drug uptake, enhanced DNA damage and higher intratumoral drug concentrations, 

resulting from an increase in blood flow. Pharmacodynamics may also play a role 

(e.g., when doxorubicin, cyclophosphamide and melphalan pharmacokinetics are 

altered, an increased area under the curve and/or decreased excretion occur.) This 

can be explained by a decrease in biliary excretion, as observed with liver 

perfusion, or a change in perfusion distribution, as found during whole body 

hyperthermia [37]. An enhanced effect was observed for virtually all cell lines 
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treated at temperatures above 40°C for alkylating agents, nitrosureas and platinum 

analogues, with enhancement ratios depending on temperature and exposure time.  

 

Table 1. Overview of the interaction between heat and some chemotherapeutic agents 

(adapted from ref. [36]). 

Class of agents Compounds tested Interaction Remarks 
 
Alkylation agents

Melphalan, 
Ifosfamide 
Mitomycin C 

 
More than additive 

Gradual increase with 
increasing temperature, 
Largest when 
simultaneous 

Nitrosoureas BCNU; CCNU More than additive Largest when 
simultaneous 

 
Platinum drugs 

Cisplatin (cDDP); 
Carboplatin; 
Tetraplatin 

More than additive Gradual increase with 
increasing temperature; 
Largest when 
simultaneous 

 
Antibiotics 

Bleomycin More than additive Only >42_C; Largest 
when simultaneous 

Doxorubicin; 
Actinomycin D 

Complex Less than additive when 
heat precedes drug 

Pyrimidine 
Antagonists 

5-FU; Ara-C Additive  

Vinca alkaloids Vincristine; 
Vinblastine 

Additive  

Other mAMSA; VP16 Complex Less than additive when 
heat precedes drug 
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Figure 8. The mechanisms for an enhanced anti-cancer drug effect with hyperthermia. 
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Chapter 2  

 

The characteristics of multifunctional nanoparticles 

 
2.1 Fabrication of multifunctional nanoparticles  
 

2.1.1 The synthesis of PLGA nanoparticles (Emulsion polymerization) 
 

PLGA nanoparticles, which are used as core polymer in this study, are 

synthesized by using an emulsion polymerization method. Emulsion 

polymerization is a type of radical polymerization that usually starts with an 

emulsion incorporating water, monomer, and surfactant. The most common type of 

emulsion polymerization is an oil-in-water emulsion, in which droplets of the 

monomer in oil phase are emulsified with surfactants in a continuous phase of 

water. After polymerization, the polymer particles are produced with a size that is 

similar to that of a droplet and drugs also loaded with polymer in Figure 9. In this 

study, lactic and glycolic acid monomer and poly (vinyl alcohol) are used as 

monomer and surfactant respectively.  
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Figure 9. Schematic diagram of emulsion polymerization. 

 

The following describes the brief procedures to synthesize PLGA nanoparticle. 

PLGA (100 mg, Mw =20,000 or 5,000, Wako Chemicals) and doxorubicin (2 mg, 

Mw=579, Fluka) or rhodamine B (4 mg, Mw=443, Sigma-Aldrich) were dissolved 

in a 50:50 ratio in 10 mL of chloroform. The organic solution was mixed with 20 

mL of aqueous phase containing poly (vinyl alcohol) (2%, molecular weight=15 

000 ~ 20 000, Aldrich Chemical Co.) as a stabilizer. After mutual saturation of the 

organic and continuous phases, the mixture was emulsified for 10 min by 

ultrasonication at 250 W. The organic solvent was evaporated and the DOX-loaded 

PLGA NPs were purified by centrifugation at 2x104 rpm for 30 min. The size of the 

NPs, determined by dynamic light scattering (DLS), was approximately 75 ± 12 
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nm in diameter, and their glass transition temperatures measured by differential 

scanning calorimetry (TA Instrument, SDT-600) were about 43 and 38 ℃ for 

PLGA NPs of Mw 20,000 and 5,000, respectively. 

The amount of encapsulated doxorubicin and rhodamine was measured as 

follows. The mass of the dried DOX-loaded PLGA NPs was measured and the NPs 

were dissolved in dimethyl sulfoxide (Alrich Chemical Co.) to extract doxorubicin 

and rhodamine from the NPs. Then, the amount of doxorubicin and rhodamine 

were measured using a UV spectrometer (Optizen 2120 UV, Mecasys Co.). The 

loading efficiency, which is defined as the percentage of the actual mass of 

doxorubicin loaded in the PLGA NPs relative to the mass of the PLGA NPs, was 

estimated to be about 1.9% and 4.5% respectively. 

 

2.1.2 Fabrication of polymer-metallic H-S nanoparticles  
 

Polymer-metallic multilayer H-S NPs are fabricated by depositing thin metallic 

layers onto monolayers of polymer nanoparticles, which were prepared by spin-

casting aqueous suspensions of nanoparticles onto a silicon substrate [38]. After the 

deposition of the metal films by using a thermal evaporator, the metal-deposited 

polymer nanoparticles were released into water from the substrate surface by 

sonication and collected by centrifugation. 
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Figure 10. Schematic diagram to fabricate polymer metallic H-S NPs Bottom image is the 

SEM image to show as-fabricated H-S NPs. Their diameter is about 50 nm. 
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2.2 Experimental details  
 

2.2.1 Measurements of photothermal conversion properties 

 

4 ml of PLGA-Au (25 nm) H-S NP solution was prepared in a transparent vial. 

The temperature of the solution was measured using a thermocouple, while it was 

irradiated with 808 nm coherent diode laser (Unique mode 30k/400/20 808 ± 3 nm, 

Jenoptik Co.) for 2 minute. In order to investigate the dependence of laser power 

densities and nanoparticle concentrations on photothermal conversion properties, 

the laser power density was varied from 7 to 25 W/cm2 and the nanoparticle 

concentration was varied from 36.25 to 145 μg/ml 

 

2.2.2 In vitro release experiments 

 

5 ml of rhodamine-encapsulated PLGA-Au (25 nm) H-S NP solution with 

concentration of about 200 μg/ml was loaded into a 10,000 Dalton molecular-

weight cut-off membrane dialysis tube. The tube was immersed in a transparent 

vial filled with 4 ml of phosphate buffer solution (pH 7.4, 10 mM) during release 

experiments. The release experiments were performed with and without NIR 

irradiation at room temperature. During the experiments, one-minute irradiation 

periods were repeated with a power density of 7 W/cm2. The amount of released 

rhodamine was measured through UV absorbance. All measurements were 



- 30 - 

 

conducted in triplicate. 

 

2.2.3 Total internal reflection fluorescence microscopy experiments 

 

TIRF microscopy was performed with a Nikon eclipse TE2000 inverted 

fluorescence microscope (Nikon, Melville, NY, USA) equipped with a 532 nm 

laser (CrystaLaser, Reno, NV, USA) and a digital camera C9100 EM-CCD 

(Hamamatsu, Bridgewater, NJ, USA). The output power of the laser is 200 mW. 

The microscope uses a CFI Apochromat oil immersion objective (100x, NA = 1.49) 

and detects with a filter set (EX: 510 – 560 nm, DM: 570 nm, and BA: 590 nm). 

The sample stage index-matched custom-made glass bottom well dishes were from 

MaTek cultureware (Ashland, MA, USA). The filter set and the camera were 

controlled by Metamorph software (Universal Imaging, Downingtown, PA, USA). 

Release images were captured every five minutes for an hour with an exposure 

time of 1 ms. The NIR irradiation was maintained during the experiments with the 

power density of 20 W/cm2.  
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2.3 The characteristics of multifunctional nanoparticles 

 

2.3.1 Hyperthermia 

 

Figure 11. shows the absorption spectra measured by using a UV-visible/NIR 

spectrometer for PLGA-Au H-S NPs having different Au shell thicknesses. In spite 

of the asymmetric geometry, these absorption peaks are located in the NIR region, 

as the results reported for silica-Au nanoshell particles [39]. However, the peak 

positions are barely affected by altering the Au shell thickness, probably due to the 

non-homogenous size distribution of the PLGA nanoparticles 

 

 
Figure 11. Visible/NIR spectrum for PLGA-Au H-S NPs with different Au shell thickness. 

The inset is a field emission scanning electron microscope (FESEM) image of PLGA-Au 

H-S NP. 
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The NIR absorption peak indicates that NIR light is absorbed by polymer-Au H-

S NPs and converted into thermal energy via electron-phonon and phonon-phonon 

interactions [40]. In order to investigate this photothermal conversion property, the 

temperature of the PLGA-Au H-S NP solution was measured using a thermocouple 

while the solution was irradiated with NIR light using a laser diode of λ=808 nm 

with a power density of 7 W/cm2. The sample was exposed from 0 to 120 s but not 

from 120 to 240 s. As shown in Figure 12(a), the temperature of PLGA-Au H-S NP 

solution (concentration of 145μg/ml) increases linearly from 26.3 to 33.1 ℃ (∆T 

≈7 ℃) under NIR irradiation. However, when the Au nanoparticle solution (2.7 

mg/ml), the PLGA nanoparticle solution (3.3 mg/ml), and the deionized water are 

irradiated by NIR light, the temperature increases much less than that of PLGA-Au 

H-S NP solution. These results confirm the photothermal conversion property of 

PLGA-Au H-S NPs. I have also studied the dependence of the photothermal 

conversion property on the laser power density and the PLGA-Au H-S NP solution 

concentration. Higher power densities and nanoparticle concentrations are 

observed to result in larger increases in temperature in Figure 12(b) and (c). It 

implies that ∆T can be controlled by adjusting NIR power density and nanoparticle 

concentration. 
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Figure 12. Temperature versus time for the NP solution under NIR irradiation. (a) 

Temperature versus time for the PLGA-Au H-S NP solution (145 μg/ml), the Au 

nanoparticle solution (2.7mg/ml), the PLGA nanoparticle solution (3.3 mg/ml), and the 

deionized water irradiated by the 808 nm laser diode with a power density of 7 W/cm2 from 

0 to 120 s, but turned off from 120 to 240s. (b) Temperature vs. time for PLGA-Au H-S NP 

solution (145 μg/ml) irradiated by the 808 nm laser diode with different power densities 

from 0 to 120s, but turned off from 120 to 240s. (c) Temperature vs. time for PLGA-Au H-

S NP solution with different nanoparticle concentrations irradiated with the power density 

of 7 W/cm2 from 0 to 120 s. 

 

2.3.2 Photothermally controlled drug release 

 

In vitro release experiments, rhodamine-loaded PLGA-Au (25 nm) H-S NPs 

were prepared and the amount of released rhodamine was measured using a UV 

spectrophotometer. The release profiles obtained with and without NIR irradiation 

are presented in Figure. 13(a). Drug release from PLGA particles generally shows a 
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triphasic profile: an initial burst release, a lag phase, and a secondary burst with 

approximately zero order release kinetics [41]. However, the release profile in 

Figure 13(a) exhibits a biphasic release consisting of the burst release and the zero 

order release; it lacks the lag phase due to the relatively low molecular weight of 

PLGA nanoparticles (Mw. 20,000) used in our experiments [41]. The zero order 

rate constants estimated from the slope of the percent cumulative release versus 

time plot are about 9.1 per day without NIR irradiation and about 18.1 per day 

upon NIR irradiation. As expected, the release rate upon NIR irradiation is about 

twice as high as without irradiation. Furthermore, it is noted that most rhodamine 

encapsulated in PLGA nanoparticles was released within three days upon NIR 

irradiation, whereas only about 60% was released without NIR irradiation. 
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Figure 13. Release profile and evolution of TIRFM images to confirm photothermally 

controlled drug release. (a) Rhodamine release profiles from PLGA nanoparticles (Mw 

20,000) with and without NIR irradiation. One-minute irradiation period was repeated 

during the experiments with a power density of 7 W/cm2. Evolution of TIRFM images as 

rhodamine is released from PLGA-Au H-S NPs during NIR irradiation using an 808 nm 

laser diode with a power density of 20 W/cm2 (b) and without NIR irradiation (c). 
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Since rhodamine used as the model drug is a fluorescent dye, I also monitored 

rhodamine release from PLGA nanoparticles by using a total internal reflection 

fluorescence microscopy (TIRFM). Figure 13(b) and (c) show TIRFM images of 

rhodamine-loaded PLGA-Au H-S NPs irradiated by NIR light for different times 

and without NIR irradiation, respectively. The red circles correspond to rhodamine-

encapsulated PLGA nanoparticles. The diameter of these red circles significantly 

decreases with increasing NIR irradiation time and the peak emission intensity of a 

rhodamine-loaded PLGA nanoparticle is reduced approximately by an order of 

magnitude for 50 minutes (Figure 14(a) and (b).). On the other hand, the 

background intensity increases for 15 minutes and then decreases due to the 

diffusion of released rhodamine. However, when not exposed to NIR light, very 

little rhodamine seems to be released from PLGA nanoparticles within 50 minutes. 

These TIRFM data support photothermally controlled drug delivery. The trends are 

clearer on a quantitative basis in the intensity profiles shown in Figure 14(c) and 

(d). NIR irradiation causes substantial reduction in peak emission intensity of a 

rhodamine encapsulated with PLGA nanoparticle approximately by an order of 

magnitude for the duration of 50 minutes. On the other hand, if not irradiated, the 

peak intensity as well as the size hardly changes for the same duration 



- 37 - 

 

 
 

Figure 14. Evolution of enlarged TIRFM images and line profile for fluorescent intensity to 

confirm photothermally controlled drug release. (a) Evolution of enlarged TIRFM images 

as rhodamine is released from PLGA-Au H-S NP during NIR irradiation using an 808 nm 

laser diode with a power density of 20 W/cm2. (b) Evolution of enlarged TIRFM images as 

rhodamine is released from PLGA Au H-S NP without NIR irradiation. (c) Line profile for 

fluorescent intensity obtained from Figure 14(a). (d) Line profile for fluorescent intensity 

obtained from Figs. 14(b). 

 

 

 



- 38 - 

 

 

 

 

Figure 15. FESEM images of PLGA-Au H-S NPs right after fabrication (a), after 2-day 

NIR irradiation (b), after 3-day NIR irradiation (c), and in the water for 3 days without NIR 

irradiation (d). The insets are TEM images. (e) Absorption spectra for PLGA-Au H-S NPs 

irradiated for different time intervals. (f) Temperature vs. time for PLGA-Au half-shell 

nanoparticle solution irradiated at 808 nm with a power density of 7 W/cm2. The inset is 

temperature vs. time during the first 20 minutes. During the experiments, one minute 

irradiation period was repeated. 
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Figure 15. (a–c) shows field-emission scanning electron microscopy (FESEM) 

and transmission electron microscopy (TEM) images of rhodamine-loaded PLGA–

Au H-S NPs before NIR irradiation, and after 2-, and 3-day exposure, respectively. 

After a 3-day irradiation, the PLGA uncovered with Au is rapidly degraded and 

only Au H-S NPs are left, whereas rhodamine-loaded PLGA–Au H-S NPs without 

irradiation maintain their shapes even after three days. These results are consistent 

with the in vitro release experiments in Figure 13(a). 

Besides morphological studies, I have further investigated the optical and 

photothermal conversion properties of rhodamine-loaded PLGA-Au H-S NPs with 

PLGA nanoparticles partially degraded by NIR irradiation. As shown in Figure 

15(e), the absorption peak is around 823 nm before NIR irradiation. However, the 

peak is shifted to shorter wavelengths with increasing NIR irradiation time and 

remains nearly unchanged after a 3-day irradiation. This finding indicates that the 

surface plasmon resonance peak of Au half-shells is about 783 nm since PLGA 

nanoparticles are completely degraded within 3 days under NIR irradiation. Figure 

15(f) shows the time dependence of the temperature for the PLGA-Au H-S NP 

solution irradiated by NIR light from a laser diode at 808 nm. During the 

experiments, one minute irradiation periods were repeated with a power density of 

7 W/cm2. At first, the temperature increases rapidly up to nearly 57 ℃ with 

oscillations in response to the periodic NIR exposure. Then, the temperature 

remains constant for 3 days, although it decreases slightly due to the shift of the 

absorption peak. 
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2.3.3 Active cell targeting 
  

For selective cell targeting, I conjugated PS-gold half-shell nanoparticles to anti-

CD4 antibodies. CD4 is one of the target molecules in T cell lymphoma15 and 

under conditions of immunosuppression. Anti-CD4 was purified by using protein 

G column (Sigma Chemical Co.) and conjugated to gold shells via covalent 

bonding between gold and the antibody thiol group. To test the binding of these 

antibodies to the gold shells, the conjugated nanoparticles were washed and boiled 

in the presence of SDS sample buffer. Then, eluted antibodies were separated by 

10% SDS-PAGE analysis and stained with Coomassie Blue solution. Figure 16(a) 

shows that antibodies were bound to gold-deposited PS nanoparticles. In Figure 

16(b), the absorption spectra of the PS-gold half-shell nanoparticles are presented 

before and after conjugation to the anti-CD4 antibodies. The absorption peak 

position was not nearly altered by conjugation with anti-CD4 antibodies. 

In order to demonstrate the targeting of conjugated nanoparticles to the specific 

cells, H9 cells (American Type Culture Collection) that express CD4 molecules 

were incubated with anti-CD4-conjugated-PS-gold half-shell nanoparticles for 30 

min and examined by a fluorescent microscope (AXIOVERT200) after staining 

with FITC-conjugated goat anti-mouse IgG (BD Pharmingen). The left column of 

Figure 17(a) exhibits that anti-CD4-conjugated-PS-gold half-shell nanoparticles 

were selectively targeted to H9 cells. When H9 cells were incubated with 

unconjugated PS-gold half-shell nanoparticles, almost no nanoparticles were found 

on the cell surface (not shown here). As a negative control, Ramos cells of the 
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human B cell line were used and the fluorescence images of these cells incubated 

with anti-CD4-conjugated-PS-gold half-shell nanoparticles for 30 min are 

presented in the right column of Figure 17(a). No anti-CD4 conjugated PS gold 

half-shell nanoparticles are found. In Figure 17(b), the FESEM image of H9 cells 

incubated with anti-CD4-conjugated-PS-gold half-shell nanoparticles is shown 

with energy dispersive X-ray (EDX) line scan data of Au. PS-gold half-shell 

nanoparticles are observed to be locally bound to H9 cell, confirming selective cell 

targeting. 

 

 

 
 

Figure 16. SDS-PAGE analysis and absorption spectra to show conjugation nanoparticles to 

antibody. (a) SDS-PAGE analysis of PS-gold half-shell nanoparticles conjugated to anti-

CD4 (Au+Ab). Unconjugated PS-gold half-shell nanoparticles (Au) and antibody alone (Ab) 

were used as controls. H: heavy chain, L: light chain. (b) Absorption spectra for PS-gold 

half-shell nanoparticles, both conjugated to anti-CD4 and unconjugated. 
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Figure 17. Immunofluorescent and FESEM images of H9 cell and EDX analysis for Au 

element to confirm active cell targeting. (a) Immunofluorescent images of H9 cells. H9 

cells incubated with anti-CD4-conjugated-PS-gold half-shell nanoparticles were stained 

with FITC-conjugated anti-IgG and fluorescent images were observed. Cell nuclei were 

stained with DAPI. Bar: 10 μm. (b) FESEM image of H9 cell incubated anti-CD4-

conjugated-PS-gold half-shell nanoparticles. The inset is the enlarged image of the circled 

area. (c) EDX line scan of Au element. 

 

2.3.4 MRI contrast agent 
 

Figure 18(a) shows the absorption spectra of PLGA- Mn /Au H-S NPs. For Mn 

(10 nm)/Au (0 nm), a surface plasmon resonance peak is not observed in the range 

of 400 ~ 1100 nm. For Mn (10 nm)/Au (25 nm), however, the absorption peak is 

found at about 845 nm. The surface plasmon resonance peak of PLGA-Mn/Au H-S 

NPs is still in the NIR range in spite of the Mn layer, so that NIR light can be 

converted to thermal energy. In Figure 18(b) and (c), the spin-spin relaxation time 

(T2) weighted spin-echo MR images and 1/ T2 measured at 1.5 T are shown as a 
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function of nanoparticle concentration for PLGA-Mn(10 nm)/Au(25 nm) H-S NPs 

and PS-Au(25 nm) H-S NPs without Mn layer. For PLGA-Mn(10 nm)/Au(25 nm) 

H-S NPs, 1/ T2 increases linearly with increasing nanoparticle concentration, 

whereas 1/ T2 of nanoparticles without Mn layer has the same value as that of water 

independent of the concentration. These results suggest that polymer-Mn/Au H-S 

NPs can be used as MR imaging contrast agents because of the Mn layer.  

 

 

 

 
 

Figure 18. (a) Absorption spectra for PLGA-Mn (10 nm)/Au(0, 25 nm) H-S NPs. (b) T2 

weighted images of PLGA-Mn(10 nm)/Au(25 nm) H-S NPs for different nanoparticle 

concentrations. (c) 1/ T2 versus relative nanoparticle concentration for PLGA-Mn(10 

nm)/Au(25 nm) H-S NPs and PLGA-Mn(0 nm)/Au(25 nm) H-S NPs. 
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2.4 Summary 
 

I have developed NIR-resonant rhodamine-encapsulated PLGA–Mn/Au H-S 

NPs by depositing metal multilayers on PLGA nanoparticles, and I have shown 

that these nanoparticles can be used for photothermally controlled drug delivery 

and MR imaging. The photothermal conversion in the Au layer has been 

investigated by measuring the temperature of the nanoparticle solution, and the 

temperature increase ~T was observed to be dependent on NIR irradiation time, 

power density, and nanoparticle concentration. Upon NIR irradiation, the release 

rate of rhodamine from the PLGA nanoparticles was found to be about twice as 

great as the one without NIR irradiation; this photothermally controlled drug 

delivery has been confirmed through FESEM/TEM and TIRFM images and 

absorption spectra. Furthermore, when these nanoparticles are conjugated with 

targeting ligands, selective cell targeting possibly is achieved [42]. 
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Chapter 3 

 

In vitro cancer treatment 

 

3.1 Introduction 
 

In this chapter, I show the use of drug-loaded poly(lactic-co-glycolic acid) Au 

half-shell nanoparticles (PLGA-Au H-S NPs) for tumor-specific delivery of heat 

and drugs in human cervical cancer (HeLa) cell line. Especially, I focused on 

measuring the therapeutic efficacy of each treatment (thermo, chemo and combined 

therapy) and sought to know whether the combined treatment shows a synergistic 

effect. Doxorubicin (Dox) was used as a chemotherapeutic agent and was 

compared the combined treatment of doxorubicin and NIR irradiation with chemo 

or photothermal treatment alone. The chemo-photothermal treatments exhibited a 

clear synergistic effect. Additionally, I compared the pathway of photothermal 

therapy to induce cell death with that of thermo and chemotherapy. Photothermal 

therapy, which is optimally adjusted to induce apoptosis, showed a similar pattern 

with thermotherapy that the caspase 4 activity was larger than caspase 9 activity, 

being different with the pattern of chemotherapy. And optimal temperature to 

induce the apoptosis was lower than that of thermotherapy.     
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3.2 Experimental details 
 

3.2.1 In vitro release experiments 
 

2 ml of DOX-loaded PLGA-Au H-S NPs solution with concentration of about 

200 μg/ml was loaded into a 1,000 Dalton molecular weight cut-off membrane 

dialysis tube. The tube was immersed in a transparent vial filled with 5 ml of 

phosphate buffer solution (pH 7.4, 10 mM) during release experiments. The release 

experiments were performed with and without NIR 4 min irradiation at the initial 

time of experiment at 37℃. The amount of released DOX was measured through 

UV absorbance. All measurements were conducted in triplicate. 

 

3.2.2 Cell cultures 
 

The HeLa human cervical cancer cell line was seeded onto 6-well or 96-well 

plates, or coverglass-bottom dishes, with growth areas of 9.6, 0.32, or 1.13 cm2, 

respectively, depending upon the experiment. Then, the cells were cultured in 

Dulbecco’s modified essential medium (DMEM) (Sigma-Aldrich) supplemented 

with 10% fetal bovine serum at 37 ℃ with 5% CO2 for 24 h. Next, the medium 

was removed and the medium containing DOX-loaded PLGA-Au H-S NPs or 

PLGA-Au H-S NPs was added, and the cells were incubated for specific lengths of 

time, as indicated in the text. 
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3.2.3 Transmission electron microscopy (TEM) obseravation 
 

HeLa cells (5 x 105) were seeded onto 6-well plates and incubated in 3 mL of 

medium with PLGA-Au H-S NPs (30 μg/cm2) for ~4 -12 h. Then, the cells were 

rinsed three times with phosphate buffered saline (PBS) and a cell pellet was 

collected using trypsin-EDTA and centrifugation. For TEM analysis, ultra-thin (80 

nm) sections of the cell pellet were prepared by a standard method, as described by 

D. R. Rowley et al.[43] The samples were examined using TEM (JEM-1011, 

JEOL). 

 

3.2.4 Confocal microscopy observation 
  

HeLa cells (1 x 104) were seeded onto a coverglass-bottom dish (1.13 cm2) and 

incubated in 200 μl of the medium with rhodamine-loaded PLGA-Au H-S NPs 

(17.5 μg/cm2) at 37 ℃ in 5% CO2 for 12 h. Then, the medium was replaced with 

fresh medium without NPs and the dish was transferred to a laser scanning 

confocal microscope (UltraVIEW RS, PerkinElmer) equipped with an incubator set 

at 37 ℃ with 5% CO2. Every 30 min, a florescence image was obtained at a fixed 

focal plane while the cells were exposed to continuous NIR light of power 0.7 

W/cm2 using a 808 nm coherent diode laser. Similar images were also measured 

without NIR irradiation. The cells were stained with wheat germ agglutinin, which 

is a marker protein for the surface membrane of cells (Invitrogen). 
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3.2.5 In vitro cell viability evaluation of chemo, photothermal, and 

chemo-photothermal treatments using calcein-AM assay 

 

HeLa cells (5 x 104) were seeded onto a coverglass-bottom dish and incubated in 

200 μl of the medium with PLGA-Au H-S NPs or DOX-loaded PLGA-Au H-S 

NPs (70.9 μg/cm2 ) at 37 with 5% CO2 for 24 h. Then, the cells were irradiated 

with 0.7 W/cm2 NIR light for 10 min for photothermal and chemo-photothermal 

treatments, whereas for chemotherapy alone, the cells were not exposed to NIR 

light. After treatment, the cells were stained with 1 μM calcein-AM and cell 

viability was estimated with a fluorescence optical microscope (Leica DM 2500, 

Leica). 

 

3.2.6 In vitro cell viability evaluation of chemo, photothermal, and 

chemo-photothermal treatments using CCK-8 assay 
 

HeLa cells (8 x 103) were seeded onto 96-well plates and incubated in 200 μL of 

medium with PLGA-Au H-S NPs or DOX-loaded PLGA-Au H-S NPs (60, 120, or 

180 μg/cm2) .  At 4 h after incubation, the cells were exposed to 0.7 W/cm2 NIR 

light for 4 min for photothermal and chemo-phothermal treatments, and then 

incubated again at 37 ℃ with 5% CO2 for specific lengths of time, as indicated in 

the text. After treatment, 10 μl of the CCK-8 solution was added to each well of the 

plate, followed by incubation for another 1-3 h. Then, cell viability was determined 

by measuring absorbance at the wavelength of 450 nm with a microplate reader. All 
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of the measurements were conducted in triplicate. 

 

3.2.7 Caspase activity evaluation of chemo, thermo and photothermal 

treatments using fluoremerty assay 

 
A 375 cells (2 x 105) were seeded onto 34 mm dish. After 1 day incubation, the 

cells were treated with thermo (45℃ 60 min), chemo (Dox 1 ug/ml) and  

photothermal therapy ( particle concentration : 30 μg/cm2, laser : 0.15 W/cm2 60 

min.). These conditions are optimized to induce the apoptosis. 20h after treatment, 

cell were collected. For the fluormetry assay, the cell pellet was lysed by the 

addition of the lysis buffer. After quantification of protein, 50 μL of cell lysate 

(100ug) reacted with caspase fluorogenic substrate in 96 well at 37 ℃ for 2 hours. 

Each caspase activity was assessed by measuring the fluorescent intensity 

(excitation wavelength : 400 nm, emitted wavelength  : 505 nm.)  All of the 

measurements were conducted in triplicate. 
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3.3 Result & discussion 
 

3.3.1 Photothermally controlled drug release study inside cell 
 

Prior to the experiments with doxorubicin (DOX)-loaded PLGA-Au H-S NPs, I 

prepared PLGA-Au H-S NPs with no drug and PLGA (Mw = 20,000)-Au H-S NPs 

containing rhodamine as a model drug and investigated their behavior in HeLa 

cells. Figures 19(a) and 19(b) show transmission electron microscope (TEM) 

images of HeLa cells incubated in medium containing PLGA-Au H-S NPs (30 

μg/cm2) for ~ 4-12 h, in which 30 μg/cm2 was calculated using the relation of NPs 

concentration (100 μg/ml) x added volume (3 ml) / bottom area of culture well (9.6 

cm2). NPs were taken up by the cell via endocytosis and accumulated within 

vesicles, although some NPs were found inside an organelle enclosed by a bilayer. 

Figures 20(a) and 20(b) present the time-lapse images, captured using a confocal 

microscope of HeLa cells treated with rhodamine-loaded PLGA-Au H-S NPs (17.7 

μg/cm2  ≈ 100 μg/ml x 200 μl/1.13 cm　 　 2) with and without NIR irradiation of 

0.7 W/cm2. The intensity of the red spot (marked by a white circle) decreased 

during NIR irradiation, while it remained nearly unchanged in the absence of NIR 

irradiation, indicating that the drug was released more rapidly with NIR irradiation 

in Figure 20(c). 
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Figure 19. (a) TEM image of HeLa cells incubated with PLGA-Au H-S NPs taken at the 

moment of endocytosis. (b) TEM image of HeLa cell with PLGA-Au H-S NPs accumulated 

in vesicles and organelles. 
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Figure 20. Time-lapse confocal images of rhodamine-loaded PLGA (MW = 20,000)-Au H-

S NPs taken up into a HeLa cell with 0.7 W/cm2 NIR irradiation (a) and without NIR 

irradiation. (b) The red spot marked by a white circle corresponds to rhodamine-loaded 

PLGA-Au H-S NPs. (c) Fluorescent intensity of rhodamine versus time estimated from the 

data in Figures 17(a) and 2(b). 

 

 

 

 

Side 
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3.3.2 Doxorubicin release profile from H-S NPs  
 

I fabricated DOX-loaded PLGA-Au H-S NPs using PLGA with the molecular 

weight of 5,000. According to the results shown in Figure 20(b) and 20(c), 

rhodamine was not nearly released within 4 h without NIR irradiation, so that I 

lowered the molecular weight of PLGA to enhance the rate of drug release [41]. 

Figure 21(a) depicts the absorption spectra measured using a ultra violet-

visible/NIR spectrometer for PLGA-Au H-S NPs and DOX-loaded PLGA-Au H-S 

NPs. DOX-loaded PLGA-Au H-S NPs revealed a pronounced surface plasmon 

resonance absorption in the NIR region, although compared with PLGA-Au NPs 

without DOX (λ ≈ 800 nm), the absorption peak of DOX-loaded PLGA-Au NPs 

was slightly shifted to the shorter wavelength (λ ≈ 790 nm) presumably owing to 

loaded DOX, whose absorption peak was located at λ ≈ 490 nm.  

In order to estimate how fast DOX is released from DOX-loaded PLGA-Au H-S 

NPs, I measured the release profile at 37 ℃ as shown in Figure 21(b). Since the 

molecular weight of PLGA was low, DOX was released rapidly and about 68% of 

DOX loaded in PLGA NPs came out in 1 day without showing a lag phase and 

zero order release that belong to the typical triphasic profile of PLGA particles. For 

comparison, I also measured the release profile of DOX-loaded PLGA NPs without 

Au half-shells at 37 and 42 ℃ (inset of Figure 21(b)). As expected, DOX came 

out more rapidly from DOX-loaded PLGA NPs than from DOX-loaded PLGA-Au 

H-S NPs and its rate was further enhanced at 42 ℃ Moreover, the release profiles 
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of DOX-loaded PLGA-Au H-S NPs obtained without and with NIR irradiation are 

compared in Figure 21(b), where DOX loaded PLGA-Au H-S NPs was initially 

irradiated by 1.5 W/cm2 NIR during 4 min and thereafter maintained at 37 ℃. In 

spite of the short irradiation time, more DOX was released upon NIR irradiation.  

In addition to in vitro release experiments, I further studied the morphology of 

DOX loaded PLGA-Au H-S NP using TEM. A TEM image of DOX loaded 

PLGA-Au H-S NP as prepared is presented in Figure 21(c). A half-shell structure 

was clearly seen. Figures 18d and 18e show TEM images of DOX loaded PLGA-

Au H-S NP irradiated by 1.5 W/cm2 NIR during 4 min and then left in water at 37 ℃ 

for 2 and 3 days, respectively. After 3 days, the PLGA uncovered with Au was 

completely degraded and only Au H-S NPs are left. This finding is consistent with 

the in vitro release experiments in Figure 21(b). 
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Figure 21. (a) Visible/NIR absorption spectra of PLGA NPs, DOX-loaded PLGA NPs, 

PLGA-Au H-S NPs and DOX-loaded PLGA-Au H-S NPs. (b) DOX release profiles from 

DOX-loaded PLGA (MW = 5000)-Au H-S NPs without and with NIR irradiation. The inset 

shows the release profiles from DOX-loaded PLGA NPs at 37 and 42 ℃ TEM images of a 

DOX-loaded PLGA-Au H-S NP as prepared (c), and irradiated by 1.5 W/cm2 NIR for 4 

min and then left in water for 2 days (d) and 3 days (e). 
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3.3.3 Therapeutic efficacy of chemo effect  

 

For quantitative evaluation of therapeutic efficacy, I measured the viability of 

treated HeLa cells using CCK-8. In Figure 22(a), the measured viability is plotted 

as a function of incubation time for HeLa cells treated with different concentrations 

of DOX-loaded PLGA H-S NPs (60, 120, and 180 μg/cm2) [44], where 0.65, 1.3 

and 1.95 μM doxorubicin were estimated to be contained in 60, 120, and 180 

μg/cm2 DOX-loaded PLGA-Au H-S NPs, respectively. For the control experiment, 

the cells were incubated with PLGA-Au H-S NPs (180 μg/cm2) containing no 

doxorubicin. No cytotoxicity was observed in the cells treated with PLGA-Au H-S 

NPs, indicating that PLGA H-S NPs were biocompatible.  

However, when cells were incubated with DOX-PLGA H-S NPs, the viability 

decreased to ~60-80% after 1 day, depending on the particle concentration, and 

decreased further with increasing the incubation time. In addition, I also treated 

HeLa cells with different concentrations of free DOX (0.97, 1.3, and 1.95 μM) and 

measured the cell viability at 1 day after treatments, as shown in Figure 22(b). 

Compared with DOX-loaded PLGA-Au H-S NPs containing the same quantity of 

doxorubicin, free DOX resulted in the lower viability due to a sustained release of 

DOX from PLGA NPs 
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Figure 22. (a) Cell viability versus incubation time for HeLa cells treated with different 

concentrations of DOX-loaded PLGA-Au H-S NPs. The results of HeLa cells treated with 

PLGA-Au H-S NPs are included as a control. (b) Cell viability for HeLa cells treated with 

different concentrations of free DOX and DOX-loaded PLGA-Au H-S NPs containing 

same quantity of doxorubicin (0.97, 1.3, and 1.95 μM).   
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3.3.4 Therapeutic efficacy of thermoeffect  
 

The amount of heat induced upon NIR irradiation depends upon the NIR 

intensity and irradiation time, as well as upon the NP concentration. Therefore, I 

fixed the NIR intensity at 0.7 W/cm2 and investigated the influence of NIR 

irradiation times and NP concentrations on the viability of HeLa cells treated with 

PLGA-Au H-S NPs to investigate the effect of photothermal treatment.   

Figure 23(a) shows the cell viability of HeLa cells incubated with 120 μg/cm2 

PLGA H-S NPs for 4 h and then irradiated by 0.7 W/cm2 NIR for different lengths 

of time. The cell viability decreased as the NIR exposure time increased, 

particularly when the cells were exposed to NIR light for longer than 6 min; at this 

time period, the viability was reduced to below 20%. Because the temperature of 

the medium was raised to about 43 and 44 ℃ by 5 and 6 min-NIR irradiation, 

respectively, the HeLa cells were considered to be significantly damaged above 

44 ℃.  

To see if the damage caused by NIR irradiation was reversible or irreversible, I 

also measured cell viability at various times after NIR irradiation for HeLa cells 

incubated with different concentrations of PLGA-Au H-S NPs (60, 120, and 180 

μg/cm2) for 4 h and irradiated by 0.7 W/cm2 NIR for 4 min (Figure 23(b)). After 

NIR irradiation, the cells were incubated again at 37 ℃ before measuring the 

viability. At 60 μg/cm2, the cell viability decreased to about 80% at 14 h, but 

increased back to about 90% during the next 6 h. For 120 and 180 μg/cm2, however, 
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the cell viability decreased continuously with time. Because the temperature of the 

medium increased to about 40, 42, and 47 ℃ upon NIR exposure for 60, 120, and 

180 μg/cm2, respectively, these results suggest that a high dose of heat led to 

irreversible damage to the cells, whereas the reduced viability induced by the low 

dose of heat was recoverable. In these experiments, I used 96-well plates with a 

well diameter of 6.38 mm. Because the beam diameter of NIR light was about 6 

mm, I assumed that most of the cells in the well were exposed to NIR light. 
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Figure 23. (a) Cell viability versus NIR irradiation time for HeLa cells treated with 120 

μg/cm2 PLGA-Au H-S NPs. The results of untreated HeLa cells are included as a control. 

(b) Cell viability versus additional incubation time for HeLa cells incubated with different 

concentrations of PLGA-Au H-S NPs for 4 h, irradiated with 0.7 W/cm2 NIR for 4 min, and 

then further incubated before measuring viability. 
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3.3.5 Therapeutic efficacy of combined effect 
 

In order to investigate the chemo-photothermal treatment, I treated HeLa cells 

with DOX-loaded PLGA-Au H-S NPs. Then, the cell viability was measured with 

and without NIR irradiation by staining cells with calcein-AM green fluorescent 

dye. Figure 24(a) shows a fluorescence microscope image of HeLa cells incubated 

with DOX-loaded PLGA-Au H-S NPs (70.8 μg/cm2 ≈ 400 μg/ml x 200 μl / 1.13 

cm2) for 1 day; I estimated that approximately 575 nM doxorubicin was contained 

within 70.8 μg/cm2 DOX-loaded PLGA-Au H-S NPs. Although HeLa cells were 

exposed to doxorubicin, I found that most of the cells were alive because of the low 

doxorubicin dose. Figure 24(b) shows a fluorescence microscope image of HeLa 

cells incubated with DOX-loaded PLGA H-S NPs (70.8 μg/cm2) for 1 day and then 

irradiated with 0.7 W/cm2 NIR for 10 min. In contrast with the result obtained 

without NIR irradiation (Figure 24(a)), a dark region is clearly present, indicating 

that the cells exposed to NIR were dead, whereas the cells not exposed to NIR were 

alive. 

To determine whether the cell death observed in Figure 24(b) was induced by 

NIR irradiation alone or the combined effects of doxorubicin and NIR irradiation, 

HeLa cells were also incubated with PLGA H-S NPs (70.8 μg/cm2) without 

doxorubicin for 1 day and then irradiated by 0.7 W/cm2 NIR for 10 min. As shown 

in Figure 24(c), most of the cells appeared to be alive, although the green 

fluorescence emission was slightly lower. From these results, I conclude that 

combined doxorubicin and photothermal treatment is more cytotoxic than 
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chemotherapy or photothermal treatment alone. I propose two possible origins for 

this synergistic effect. First, the cytotoxicity of doxorubicin is enhanced by 

increasing the temperature, as reported by others [45]. Second, cells exposed to 

doxorubicin are more sensitive to heat than are cells not exposed to doxorubicin, so 

that the cells exposed to doxorubicin are killed by the lower heat 

 

 
 

Figure 24. Fluorescence microscope images of HeLa cells treated with DOX-loaded PLGA-

Au H-S NPs for 1 day without NIR irradiation (a) and with 0.7 W/cm2 NIR irradiation for 

10 min (b). The dashed curve indicates the region exposed by NIR light. (c) Fluorescence 

microscope image of HeLa cells incubated with PLGA-Au H-S NPs containing no 

doxorubicin and then irradiated with 0.7 W/cm2 NIR light for 10 min.  
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For quantitative evaluation of therapeutic efficacy of combined therapy, I 

incubated HeLa cells with different concentrations of DOX-loaded PLGA-Au H-S 

NPs for 4 h and irradiated them with 0.7 W/cm2 NIR for 4 min. Subsequently, I 

incubated them again for 20 h and then measured their viability using CCK-8 

(Figure 25(a)). As expected from the results obtained using the calcein-AM assay, 

the chemo-photothermal treatments resulted in lower viabilities than did chemo- or 

photothermal treatment alone. Moreover, the combined treatments shortened the 

time required to decrease the cell viability below 50%. The viability of cells treated 

with 120 μg/cm2 of DOX-loaded PLGA-Au H-S NPs decreased to about 40% in 3 

days without NIR irradiation (Figure 22(a)). However, when the cells treated with 

120 μg/cm2 of DOX-loaded PLGA-Au H-S NPs were exposed to 0.7 W/cm2 NIR 

for 4 min, the cell viability was reduced to about 20% in only one day (Figure 

25(a)). In Figure 25(b), the therapeutic efficacies calculated by subtracting the cell 

viability from 100% are compared with the additive therapeutic efficacies of 

chemo- and photothermal treatments, which were estimated using the relation of 

equation (1), where f is the fraction of surviving cells after each treatment.  

 

Tadditive = 100 - (fchemo X fphotothermal) X 100                 (1) 

 

For 120 and 180 μg/cm2, the measured therapeutic efficacy of chemo-

photothermal therapy was higher than the additive therapeutic efficacy of chemo- 

and photothermal therapy, demonstrating the synergistic effect of chemo-

photothermal treatment. 



- 64 - 

 

 
 

Figure 25. (a) Comparison of cell viability following chemo, photothermal, chemo-

photothermal treatments. (b) Therapeutic efficacy versus NP concentration for different 

treatments. Therapeutic efficacy was calculated by subtracting cell viability from 100 %. 

Additive therapeutic efficacies of chemo and photothermal treatments were estimated using 

the relation of Tadditive = 100 - ( fchemo x fphotothermal) x 100, where f is the fraction of surviving 

cells after each treatment.  

 



- 65 - 

 

3.3.6 The characteristics of photothermal therapy to induce cell death   

 
In order to study the characteristics of photothermal therapy to induce cell death, 

I measured the caspase-3 activity of A 375 cells conducted with photothermal 

therapy and the values were compared with that of cells treated with thermotherapy 

whose condition (45 ℃ 60 min) was optimized to induce the apoptosis in Figure 

26(a). Interestingly, optimal temperature (40℃) for photothermal therapy to induce 

highest caspase-3 activity was lower than that of thermotherapy (45℃) and cells 

were dead through necrotic pathway at a relatively low temperature (42℃). Being 

based on this data, I speculate that the local temperature near the particle would be 

much higher than the temperature of media and direct heating on the cell 

membrane induce the necrotic cell death more easily than apoptotic cell death.  

Lastly, caspase 4 (the marker protein of endoplasmic reticulum (ER) dependent 

cell death) and caspase 9 (the marker protein of mitochondria dependent cell death) 

activities of cells treated with chemo, thermo and photothermal therapy were 

compared in Figure 26(b). Generally, elevated temperature results in the 

accumulation of denatured protein, which applies stress to ER. If the stress is larger 

than what cells deal with, the cell will be dead through apoptotic pathway. Because 

the principle for photothermal therapy to induce cell death is almost same with 

thermo therapy, similar behavior that caspase-4 activity is larger than caspase-9 

was observed. However, caspase-9 activity of cells treated with doxorubicin was 

larger than caspase-4 activity due to the different pathway to induce cell death.   
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Figure 26. (a) Caspase-3 activities of A 375 cells treated with photothermal and thermal 

treatments. In case of photothermal treatment, the particle concentration (30 μg/cm2) was 

fixed and laser power was varied from 0.15 to 0.42 W/cm2 for the dosage control. (b) 

Comparison of caspase 3, 4 and 9 activities following chemo, thermal and photothermal 

treatment.  
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3.4 Summary 
 

I fabricated DOX-loaded PLGA Au H-S NPs that can deliver both a drug and 

heat simultaneously to a selected tumorigenic region. When NPs were incubated 

with HeLa cells, they were endocytosed and accumulated within vesicles and 

organelles. Furthermore, a drug loaded in PLGA NPs was released more rapidly 

upon NIR irradiation, confirming the occurrence of photothermally controlled drug 

delivery. To investigate the therapeutic effects of chemo-photothermal treatment, I 

measured the cell viability using calcein-AM and CCK-8 assays of HeLa cells 

treated with DOX-loaded PLGA Au H-S NPs and then irradiated with NIR light. 

Compared with chemo- and photothermal treatment alone, the combined treatment 

yielded higher cytotoxicity, which was greater than the sum of the independent 

treatments, thus demonstrating a synergistic effect. Furthermore, the treatment time 

was decreased by the combined treatment. For HeLa cells treated with DOX-

loaded PLGA Au H-S NPs, but not irradiated by NIR light, viability decreased 

slowly due to the sustained release of doxorubicin from PLGA NPs. However, once 

the treated cells were exposed to NIR light, viability decreased rapidly. In these in 

vitro studies, the NPs were not conjugated with targeting ligands, because it is 

difficult to quantify the number of targeted NPs in the cells (which influences the 

amount of heat). However, if these NPs were to be conjugated with targeting 

ligands, selective cell targeting will be possible and higher therapeutic efficacy be 

expected. Lastly, when I compared the caspase 3, 4, and 9 activities of cells treated 

with thermo, chemo and photothermal therapy, similar behavior was observed at 
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the cells treated with thermo and photothermal therapy and highest caspase-3 

activity of cells treated with photothermal therapy was observed at a relatively 

lower temperature than treated with thermo therapy. These data indicate that 

photothermal therapy induces the cell death with the similar pathway to 

photothermal therapy and local temperature near particles is much higher than the 

temperature at media. 
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Chapter 4 

 

In vivo cancer treatment using passive targeting 
 

4.1. Introduction  
 

In this chapter, I apply multi-functional NPs to a tumor bearing mouse (in vivo 

system), which is more similar to a human body than an in vitro system for cancer 

treatment. Being different from in vitro system, there are many considerations for 

an in vivo system such as the stability of NPs in blood, the method to deliver NPs 

to tumor region and to monitor the location of NPs in animal and the clearance of 

NPs after experiment. In order to improve the stability of the NPs in physiological 

conditions, Au surface of NPs was functionalized with thiol-terminated methoxy-

PEG[46] and the location of NPs was monitored by using NIR absorption imaging. 

The NPs were injected into tumor region directly (Intra Tumor; I.T.) or through a 

tail vein (Intra vein; I.V.) and collected to the tumor region by EPR effect: 

Enhanced Permeability and. Retention effect. When both heat and a drug were 

delivered simultaneously to the tumor region in a mouse, complete tumor 

destruction without recurrence was induced by lower DOX dosages, and 

synergistic therapeutic effects were also observed as a similar manner to an in vitro 

experiment. These findings confirm that all functions of NPs work well not only 

with an in vitro system but also in vivo system. Lastly, when I check whether there 
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are remaining NPs or not, almost all NPs seemed to be cleared from the body 28 

days after the experiment.    

 

4.1.1 EPR effect 

 

The EPR effect is the property by which certain sizes of molecules (typically 

liposomes, nanoparticles, and macromolecular drugs) tend to accumulate in tumor 

tissue much more than they do in normal tissues [47]. The general explanation that 

is given for this phenomenon is that, in order for tumor cells to grow quickly, they 

must stimulate the production of blood vessels. VEGF and other growth factors are 

involved in cancer angiogenesis. Tumor cell aggregates of sizes as small as 150-

200 nm start to become dependent on blood supply carried out by neovasculature 

for their nutritional and oxygen supply.  

 

 

Figure 27. Enhanced permeability and retention (EPR) effect. Long-circulating drug 

carriers (1) penetrate through the leaky pathological vasculature (2) into the tumor 

interstitium (3) and degrade there, releasing a free drug (4) and creating its high local 

concentration. (adapted from ref. [48]) 
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These newly formed tumor vessels are usually abnormal in form and architecture. 

They are poorly-aligned defective endothelial cells with wide fenestrations, lacking 

a smooth muscle layer or innervation with a wider lumen, and impaired functional 

receptors for angiotensin II. 

Furthermore, tumor tissues usually lack effective lymphatic drainage. All these 

factors will lead to abnormal molecular and fluid transport dynamics, especially for 

macromolecular drugs. Namely, this phenomenon was coined the “enhanced 

permeability and retention (EPR)-effect” of macromolecules and lipids in solid 

tumors. The EPR-effect is even more enhanced by many pathophysiological factors 

involved in the enhancement of the extravasation of macromolecules in solid tumor 

tissues. For instance, there are bradykinin, nitric oxide / peroxynitrite, 

prostaglandins, vascular permeability factor (also known as vascular endothelial 

growth factor VEGF), tumor necrosis factor and others. One factor that lends to the 

increased retention is the lack of lymphatics around the tumor region. This allows 

particles to stay in the tumor longer since they are not filtered out of the system. 

The EPR effect is important for nanoparticle and liposome delivery to cancer 

tissue. One of many examples is the work regarding thermal ablation with gold 

nanoparticles. Halas, West and coworkers have shown it a possible complement to 

cancer therapy with radiation and chemotherapy, wherein once nanoparticles are at 

the cancer site they can be heated up in response to a skin penetrating near IR laser. 

This therapy has shown to work best in conjunction with chemotherapeutics or 

other cancer therapies [49]. The EPR effect helps to carry the nanoparticles and 

spread inside the cancer tissue. 



- 72 - 

 

4.1.2 PEGylation 

 

PEGylation is the process of covalent attachment of polyethylene glycol polymer 

chains to another molecule, normally a drug or therapeutic protein. PEGylation is 

routinely achieved by incubation of a reactive derivative of PEG with the target 

macromolecule. The covalent attachment of PEG to a drug or therapeutic protein 

can "mask" the agent from the host's immune system (reduced immunogenicity and 

antigenicity), and increase the hydrodynamic size (size in solution) of the agent 

which prolongs its circulatory time by reducing renal clearance. PEGylation can 

also provide water solubility to hydrophobic drugs and proteins. 

 

 

Figure 28. Structure formula of polyethylene glycol.  

 

The specific characteristics of PEG moieties relevant to pharmaceutical 

applications are: 

- Water solubility  

- High mobility in solution  

- Lack of toxicity and immunogenicity  

- Ready clearance from the body  

- Altered distribution in the body 
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4.2 Experimental details   
 

4.2.1. Animal experiments   
 

All in vivo studies were performed in compliance with Yonsei University Animal 

Study Committee’s requirements for the care and use of laboratory animals in 

research. A431 human epidermoid carcinoma cells (5 × 106 cells/mL) in 150 ul of 

DMEM were implanted into a dorsal subcutis of the Balb/C nude mouse (female, 8 

week old,∼ 20 g, Orient Co., Korea). The tumor volume became approximately 

100 mm3 within 4 weeks. The size of the tumor was measured using a caliper and 

the tumor volume was estimated by the length × width × height × π /6. Prior to 

injection of the NPs for in vivo imaging and NIR irradiation, the nude mice were 

anesthetized with Zoletil50/Rompum ( v / v = 3). 

 

4.2.1 In vivo NIR imaging studies 
 

The distribution of DOX-loaded PEG PLGA-Au H-S NPs in the A431 tumor-

bearing mice was imaged by positioning the mice on the animal plate, which was 

heated to 36 ℃ in the eXplore Optix System (Advanced Research Technologies 

Inc., Montreal, Canada). Laser power and counter time settings were optimized at 

25 μW and 0.1 s per point. The absorbance at λ = 710 ∼ 750 nm was detected 

through a fast photomultiplier tube (Hammamatsu, Japan) and a time-correlated 

single photon counting system (Becker and Hickl GmbH, Berlin, Germany). All 
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data were calculated using the region-of-interest (ROI) function of the analytical 

workstation software. 

 

4.2.3 Biodistribution and clearance   
 

DOX-loaded PEG-PLGA-Au H-S NPs (200μg) were administered intravenously 

or intratumorally into A431 tumorbearing mice. The mice were sacrificed in groups 

of three at 3 or 28 days after injection and major organs (liver, heart, spleen, kidney, 

tumor, and muscle) were removed from each mouse, and weighed. Tissue samples 

were put into a mixed acid matrix of aqua regia and heated overnight at ∼ 80–

90 ℃. After further heating at ∼ 130–140 ℃ for 2 h, the organic compounds 

were completely removed and only ionized Au remained. This residue was 

dissolved in 1 ml of 0.5 M HCl and analyzed by an ICP-MS (Agilent 7500C). 

 

4.2.4 Histological evaluation 

 

Mice were anesthetized with Zoletil50/Rompum (v/v=3) and NPs (200 μg) were 

injected intratumorally. Control tumor sites received a PBS injection. Tumor sites 

were exposed to NIR light (808 nm, 2.56 W/cm2, 10 min). Tumor excision and 

fixation proceeded after treatment and euthanasia. For hematoxylin and eosin 

staining, a piece of each tumor site was fixed in 10 % neutral buffered formalin 

solution (Sigma-Aldrich) and embedded in paraffin. Each section was cut to 6 μm 

and processed for routine hematoxylin and eosin staining. 
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4.3 Result & discussion 

 
4.3.1 In vivo targeting study (IT and IV injection)   

 

To investigate the in vivo targeting or localization of DOX-loaded PEG-PLGA-

Au H-S NPs, I prepared tumor-bearing mice by implanting A431 human 

epidermoid carcinoma cells (7.5 × 105 cells per animal) into a dorsal subcutis of the 

Balb/C nude mouse. I used A431 tumor cells since the skin cancer can be easily 

exposed by NIR light. When the tumor size became approximately 100 mm3 , I 

administered 200 μl of DOX loaded PEG-PLGA-Au H-S NPs (1 mg/ml stock 

solution) into the mice via intravenous or intratumoral injection. The injected NPs 

was monitored by measuring time-lapse in vivo NIR images with eXplore Optix 

System. In the case of intravenous tail injection (Figure 29(a)), I noted the color 

change in the tumor region from blue to violet over 24 h and back to dark blue after 

72 h, with the black color denoting the strongest absorption. These results indicated 

that the NPs were accumulated in the tumor region for about 24 h through a passive 

targeting process caused by an enhanced permeability and retention (EPR) effect 

[50], and then were released slowly from the tumor site. On the other hand, when 

injected intratumorally (Figure 29(b)), large amounts of NPs were found to be 

localized in the tumor site and to remain in the tumor region over 72 h, presumably 

due to the lack of lymphatic drainage of the tumor tissue [51], although the blue or 

violet color area decreased slowly over time. 
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Figure 29. Time-lapse in vivo NIR images of the mouse after intravenous (a) and 

intratumoral (b) injection of 200 μ g DOX-loaded PEG-PLGA-PEG-Au H-S NPs. 

 

4.3.2 Hyperthermia & in vivo photothermal therapy  
 

To determine the range of the intratumoral temperature increases upon NIR 

irradiation, the temperature of the tumor tissues treated with DOX-loaded PEG-

PLGA-Au H-S NPs (200 μg) was measured using a 24 gauge thermocouple needle 

(Brymill, Ellington, Connecticut) inserted beneath the tumor, while the tumor 

region was exposed to 2.56 Wcm2 NIR light for 10 min with a laser diode (λ = 808 

nm) (Figure 30(a)). The temperature increased rapidly during the first 3 min of NIR 

irradiation and then became nearly constant (Figure 30(b)). For the NP-free control, 

the temperature increased by ∼ 10 °C, a value that is insufficient to induce 

irreversible tissue damage. 

In contrast, the NP treated tumor resulted in a temperature increase of ∼ 20 

and 40 ° C for the intravenous and intratumoral injection, respectively. These 
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temperatures exceed the values required to induce irreversible tissue damage and 

are comparable to the reported results [52]. The different temperature increases 

observed for intratumoral and intravenous injections were ascribed to different 

amounts of accumulated NPs in the tumor tissues (Figures 29(a) and 29(b)), since 

the photothermal conversion efficiency is correlated with the concentration of NPs. 

In addition, I also examined the spatial distribution of intratumoral temperature 

using a thermal imaging camera (AXT100, Ann Arbor Sensor Systems L.L.C.) for 

the mouse treated with intratumorally injected NPs (200 μg) (Figure 30(c)). Before 

NIR exposure, the maximum temperature was ∼ 36 °C, corresponding to the body 

temperature of the mouse. However, after the NP-treated tumor region was 

exposed to NIR light, the intratumoral temperature increased to 51 °C, a value 

lower than the temperature measured using the thermocouple needle, presumably 

because of convective cooling at the surface, leading to cooler surface temperatures 

[52]. Meanwhile, the other region, which was not exposed to the NIR light, showed 

a lower increase in temperature. From these results, I concluded that both heat and 

drug can be selectively delivered simultaneously to the tumor region by using 

DOX-loaded PEG-PLGA-Au H-S NPs and NIR light.  

After NIR irradiation, I performed a histological analysis of tumor tissues that 

were treated and untreated with NPs. For NP-free tumor tissue, irreversible tissue 

damage was not found (Figure 31(b)), whereas necrotic features, such as loss of 

nucleus and cell shrinkage, were observed for the tumor tissue treated with 

intratumorally injected NPs (Figure 31(c)). These results indicate that NIR 

irradiation induced irreversible tissue damage only for the NP treated tumor tissue. 
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Figure 30. Temperature change in mouse due to phtotothermal effect. (a) Schematic 

showing the experimental setup for NIR laser irradiation. (b) Temperature of the NP-treated 

tumor measured using a 24 gauge thermocouple needle inserted beneath the tumor as a 

function of time while the tumor region is irradiated by NIR light (2.56 Wcm2, 10 min). (c) 

Thermal images of the NP-treated tumor measured using a thermal camera before and after 

NIR irradiation. The right panel shows line scans of temperature along the white lines in the 

corresponding thermal images at the left. The shaded region corresponds to the tumor 

region exposed to NIR light. 
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Figure 31. Histological specimen of tumor tissue treated differently and stained with 

hematoxylin and eosin; (a) untreated without NIR irradiation, (b) NP-free control with NIR 

irradiation, and (c) treated with intratumorally injected NPs and then exposed to NIR light. 
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4.3.3 Monitoring the doxorubicin released from H-S NPs in mice 
 

I measured time-lapse in vivo fluorescence images using a 12-bit CCD camera to 

monitor the release of DOX from the NPs. The first up panel of Figure 32 shows 

the fluorescence image measured before NIR irradiation for the A431 tumor-

bearing mouse treated with DOX loaded PEG-PLGA-Au H-S NPs (200 μg) 

injected intratumorally. Only autofluorescence was observed. In contrast, when the 

tumor site was irradiated by 2.56 Wcm2 NIR light for 10 min, red fluorescence was 

emitted from the tumor site (the second up panel of Figure 32 ), suggesting that 

DOX was rapidly released from the NPs upon NIR exposure and diffused 

throughout the tumor tissue. Furthermore, the red fluorescence was visible in the 

tumor region for 72 h. (Data shows images for 1 day.) This prolonged localization 

of DOX might be attributed to the sustained release of DOX from PEG-PLGA NPs 

upon removal of NIR exposure. 
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Figure 32. Time-lapse in vivo fluorescence images of the mouse treated with intratumorally 

injected NPs before and after NIR irradiation. 
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4.3.4 The assessment of therapeutic efficacy   
 

To investigate the therapeutic efficacy of DOX-loaded PEG-PLGA-Au H-S NPs, 

I conducted comparative efficacy studies. I divided the A431 tumor-bearing mice 

into six groups (n = 3, where n is the number of mice in each group) and treated 

them with the protocols as summarized in Table 2. The relative tumor volume 

measured for each group is plotted as a function of time in Figure 33, where the 

relative tumor volume is defined as (V-V 0 )/ V0 ( V0 : initial tumor volume). The 

mice treated only with DOX (10 mg/kg, group 2) or DOX-loaded PEG-PLGA NPs 

(0.35 mg/kg for DOX, group 3) exhibited tumor volume increases of ∼ 160 or 

130 % over 28 days, respectively, indicating that the dosage of administered DOX 

was too low to reduce the tumor volume. On the other hand, for the mice treated 

with PEGPLGA-Au NPs (200 μg, group 4) and exposed to 2.56 W/cm2 NIR light 

for 10 min, the tumor volume was reduced by NIR irradiation and further 

decreased by about 70% by the end of the 14th day. After 14 days, however, the 

tumor began to grow again and by 42 days had increased to 470 % over initial 

volume (data not shown in Figure 33), implying that incomplete destruction of 

tumor cells by the photothermal treatment can induce a recurrence of the tumor. 

Finally, I injected DOX-loaded PEG-PLGA-Au H-S NPs (0.25 mg/kg  for DOX) 

into the A431 tumor-bearing mice intravenously (group 5) or intratumorally (group 

6), and then irradiated the tumor region with NIR light (2.56 W/cm2 , 10 min) at 24 

h post-injection. Compared with group 4, the tumor volume was more rapidly 

reduced and completely destroyed at 7 days for both groups 5 and 6. In contrast 
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with the results in group IV, no recurrences of the tumors were found for groups 5 

and 6 (Figure 34). These results demonstrated that the combined DOX and 

photothermal treatments were more cytotoxic than chemotherapy or photothermal 

treatment alone. This synergistic effect was probably ascribed to enhanced 

cytotoxicity of DOX at elevated temperatures [53] and a higher heat sensitivity for 

the cells exposed to DOX than for the cells not exposed to DOX. During the 

treatments, I also measured the body weight of the mice, since high toxicity usually 

leads to weight loss. For all groups, no weight loss was observed (Figure 33), 

implying that the toxicity of treatments was not severe. 

 
Table 2. Summary of the treatments applied to mice for comparative therapeutic efficacy 

study. 

Group Injection Content Dosage 
of DOX 
[mg/kg] 

NIR exposure
[W/cm2; min] 

Injection 
method 

1 PBS (control)   IV 
2 DOX solution 10  IV 
3 DOX-loaded PEG-PLGA 

NPs 
0.35  IT 

4 PEG-PLGA-Au H-S NPs  2.56; 10 IT 
5 DOX-loaded PEG-

PLGA-Au H-S NPs 
0.25 2.56 ; 10 IV 

6 DOX-loaded PEG-
PLGA-Au H-S NPs 

0.25 2.56 ; 10 IT 

 

 

 

 

 

 



- 84 - 

 

 
 

Figure 33.  Relative tumor volume change versus time for the mice treated with PBS, 

DOX solution (10 mg/kg), DOX-loaded PEG-PLGA NPs (0.35 mg/kg, IT), PEG-PLGA-Au 

H-S NPs (IT) and NIR light, and DOX-loaded PEG-PLGA-Au H-S NPs (0.25 mg/kg, IV & 

IT) and NIR light. The tumor volume of the PBS-treated control increased by ∼ 500% over 

28 days. IT and IV denote intratumoral and intravenous injection, respectively. Data 

represent mean values for n = 3 and bars are standard deviations of the means.  
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Figure 34. Photographs of the mice taken before, immediately after NIR irradiation, and at 

28 days after NIR irradiation. The mice were treated with PEG-PLGA-Au H-S NPs (left 

column, IT) and DOX-loaded PEG-PLGA-Au H-S NPs (0.25 mg/kg, IV)(middle column), 

and DOX-loaded PEG-PLGA-Au H-S NPs (0.25 mg/kg, IT)(right column). 

 
Figure 35. The effect of various treatments on body weight of mice. The relative weight 

versus time according to the effect of treatment with saline (■), free DOX (●), DOX 

loaded PEG-PLGA NPs (▼), PEG-PLGA Au H-S NPs and NIR, (▲), DOX loaded PEG-

PLGA-Au H-S NPs and NIR light IV (▶) or DOX loaded PEG-PLGA-Au H-S NPs and 

NIR light IT (◀) on the mouse body weight. 
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4.3.5 Bio-distribution and clearance study 
 

Figure 36(a) shows ex vivo images of major organs (liver, lung, spleen, kidney, 

heart, and tumor tissue) excised at 3 day postinjection. Compared with the NP free 

control, the stronger NIR absorption was found in the NP treated tumor tissues, 

confirming that the NPs were accumulated in the tumor tissues. To quantify the 

amount of the NPs accumulated in each organ, the mass of Au contained in the NPs 

was measured using an inductively coupled plasma mass spectrometer (ICP-MS). 

For the intravenous injection, 0.26 μg of Au, which corresponded to approximately 

0.8% of injected NPs containing 34 μg of Au, was found in the tumor tissue at 3 

day post-injection because of the passive targeting effect, although Au were also 

detected in other organs (Figure 36(b)). After 28 days, however, a large amount of 

NPs was cleared from the body. On the other hand, in the case of intratumoral 

injection, about 11.5% of injected NPs were accumulated in the tumor tissue at 3 

day post-injection (Figure 36(c)). The remaining NPs were mostly found in the 

liver and spleen that are related with the reticuloendothelial system (RES). 

However, almost all NPs seemed to be cleared from the body after 28 days. 
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Figure 36. Ex vivo NIR images of organs and graph to show amount of Au accumulated in 

each organ. (a) Ex vivo NIR images of normal organs (liver, lung, spleen, kidney, and heart) 

and tumors extracted from NP free control and the mice treated with intravenously and 

intratumorally injected NPs at 3 day post-injection. Amount of Au accumulated in each 

organ extracted from the NP treated mice at 3 and 28 days after intravenous (b) and 

intratumoral (c) injections. The mass of Au was measured using ICP-MS. Data represent 

mean values for n = 3 and bars are standard deviations of the means. 
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4.4 Summary 
 

I have studied the therapeutic effects of DOX loaded PEG-PLGA-Au H-S NPs 

in vivo, which can be used for chemo-photothermal treatments as well as in vivo 

NIR imaging. When the NPs were injected intravenously or intratumorally into the 

A431 tumor-bearing mice, in vivo NIR absorbance images revealed that the NPs 

were accumulated in the tumor region. Upon NIR irradiation (2.56 W/cm2 , 10 

min), the intratumoral temperature increased to 50 ∼ 70 ° C and DOX was rapidly 

released in the tumor region, indicating that both heat and a drug can be delivered 

simultaneously to the tumor region. The combined DOX and photothermal 

treatment resulted in the complete destruction of the tumors without weight loss or 

recurrence of tumors, while the chemotherapy with the slightly higher dose of 

DOX or the photothermal treatment without DOX did not. These results 

demonstrate that chemo-photothermal treatments based on DOX-loaded PEG-

PLGA-Au H-S NPs are superior to chemotherapy or photothermal treatment alone. 

 

 

 

 

 

 

 

 

 



- 89 - 

 

Chapter 5 
 

In vivo cancer treatment using active targeting 
 

5.1 Introduction 
 

The combinations of chemotherapy with hyperthermia and targeted delivery 

have been explored independently. However, were chemotherapy combined with 

both hyperthermia and targeted delivery, a higher therapeutic efficacy would be 

achieved by this triple combination in comparison with the pairwise combinations. 

In particular, if therapeutic antibodies were used as targeting ligands to specifically 

target the tumor cells and stimulate the immune system to attack them, 

simultaneous and efficient delivery of the targeting ligands, drugs, and heat to the 

tumor would improve therapeutic efficacy and minimize side effects. 

To combine chemotherapy with hyperthermia and targeted delivery, I developed 

doxorubicin-loaded poly(ethylene glycol)–poly(lactic-co-glycolic acid)–Au half-

shell Nanoparticles (DOX-PLGA-Au H-S NPs) and conjugated antihuman 

epidermal growth factor receptor 2 (HER2) antibodies, Herceptin (HER), to the 

surface of the Au half-shell. On NIR irradiation, heat is locally generated due to 

NIR resonance of the Au half-shells, and DOX release from PLGA-Au H-S NPs is 

accelerated. In addition, conjugated HER allows these nanoparticles to be 

specifically delivered to HER2 over expressed from a breast cancer cell line (SK-
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BR-3) in a mouse model and to be internalized by receptor-mediated endocytosis 

[54]. As a result, the total accumulation of nanoparticles is enhanced in the targeted 

tumor, and heat, drug, and therapeutic antibodies are simultaneously delivered to 

the selected tumor region with a laser-guided light source. Here, I show the use of 

HER-conjugated DOX-PLGA-Au H-S NPs in a tumor-bearing mouse. With these 

Nanoparticles and NIR irradiation, complete tumor destruction without recurrence 

was induced by lower DOX dosages compared to chemo-photothermal treatment 

without HER or targeted drug delivery without NIR irradiation. Moreover, since 

the administered DOX dosage was too low to cause normal-tissue toxicity, 

substantial side effects were not observed. 

 

5.1.1 Passive targeting & active targeting 
 

Passive targeting relies upon the unique pharmacokinetics of nanoparticles 

including minimal renal clearance and enhanced permeability and retention (EPR) 

through the porous angiogenic vessels in the tumor. Surface attachment of 

polymers such as poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO) 

enables nanoparticles to avoid uptake by mononuclear phagocytes in the liver, 

spleen, and lymph nodes, thereby improving accumulation in the tumor. [Explained 

in chapter 4.1.1] Active targeting relies on ligand directed binding of nanoparticles 

to receptors expressed in the tumor. Binding of ligands to the vasculature can occur 

immediately, as it is directly accessible to nanoparticles circulating in the blood. 

Over longer time periods, particles extravasate into the tissues where receptors 
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expressed on cancer cells and in the interstitium may be used for localization.  

 

 

 

Figure 37. Schematic diagram to show difference between passive targeting and active 

targeting. (adapted from ref [55])  

 

Figure 37 is an example to show the difference between passive and active 

targeting [55]. Nanoparticles that are not coated with antibody against tumor cells 

have accumulated in the extracellular environment, rather than within tumor cells 

in Figure 37(a). However, coated with specific targeting moiety against cancer cell 

such as antibody, aptamer and proteins, nanoparticles, which had been extravasated 

through leaky peritumoral vessels, accumulate on tumor cell membranes and are 

incorporated within tumor cells. This phenomenon possibly makes the higher 

concentration of nanoparticles that remain in the tumor region.    
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5.1.2 Herceptin   
 

Herceptin, whose another name is Trastuzumab, is a monoclonal antibody that 

interferes with the HER2/neu receptor. The HER receptors are proteins that are 

embedded in the cell membrane and communicate molecular signals from outside 

the cell to inside the cell, and turn genes on and off. The HER proteins regulate cell 

growth, survival, adhesion, migration, and differentiation—functions that are 

amplified or weakened in cancer cells. In some cancers, notably some breast 

cancers, HER2 is overexpressed, and, among other effects, causes breast cells to 

reproduce uncontrollably [56].  

Antibodies are molecules from the immune system that bind selectively to 

different proteins. Herceptin is an antibody that binds selectively to the HER2 

protein. When it binds to defective HER2 proteins, the HER2 protein no longer 

causes cells in the breast to reproduce uncontrollably. This increases the survival of 

people with cancer. However, cancers usually develop resistance to herceptin. 

The original studies of herceptin showed that it improved survival in late-stage 

(metastatic) breast cancer, but there is controversy over whether herceptin is 

effective in earlier stage cancer. Herceptin is also controversial because of its cost, 

as much as $100,000 per year, and while certain private insurance companies in the 

U.S. and government health care systems in Canada, the U.K. and elsewhere have 

refused to pay for herceptin for certain patients, some companies have since 

accepted herceptin treatment as a covered preventative treatment. Herceptin was 

originally developed in mice, as a mouse antibody. Because humans have immune 
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reactions to mouse proteins, it was later developed into a human (humanized) 

antibody. Because the antibodies were produced from one cell that was grown into 

a clone of identical cells, it is called a monoclonal antibody. Herceptin is also being 

studied for use with other cancers. It has been used with some success in women 

with uterine papillary serous carcinomas that overexpress HER2/neu [57].  
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5.2 Experimental details 
 

5.2.1 TEM imaging  
 

SK-BR-3 human breast cancer cells (American Type Culture Collection) that 

highly overexpressed HER-2 were cultured in McCoy’s 5a medium supplemented 

with 1.5 mM L-glutamine, 10% fetal bovine serum, and antibiotics (100 U/ml 

penicillin G and 0.1 mg/ml streptomycin). SK-BR-3 cells (5×105 cells) were 

seeded onto 6-well plates in 3 ml RPMI 1640 medium. After 24 h incubation, 

HER-PLGA-Au H-S NPs and PLGA-Au H-S NPs were added at a concentration of 

100 μg/ml, respectively. Cells were incubated for another 24 h, rinsed three times 

with a phosphate buffered saline, and a cell pellet was collected using trypsin-

EDTA and centrifugation. Ultra-thin (80nm) sections of the cell pellet were 

prepared by a standard method, and the samples were examined using TEM (JEM-

1011, JEOL, Japan). 

 

5.2.2 Human tumor xenografts  
 

Female Balb/C nude mice (8 week old, ~20 g) were supplied from Orient Bio 

INC. (Seongnam-si, Korea) and maintained in a pathogen-free animal facility in 

compliance with the ethical requirements of the Yonsei University Animal Study 

Committee (Seoul, Korea). Animals had access to food and water ad libitum. For 

tumor induction, cells were harvested after trypsinization and 1×107 viable cells 
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were injected subcutaneously into the flank of the mice in vivo  

 

5.2.3 NIR imaging  
 

Two hundred microliters of DOX-PLGA-Au H-S NPs or HER-DOX PLGA-Au 

H-S NPs (1 mg/ml dispersed in phosphate buffered saline) were IV injected into 

the mice. The post-injected mice were anesthetized with Zoletil50/Rompum (v/v=3) 

during imaging. NIR absorbance images were obtained with the eXplore Optix 

System (Advanced Research Technologies Inc., Montreal, Canada). 

 

5.2.4 Histological evaluation  
 

For histological assessment, portions of the tumor, heart, kidney, liver, spleen, 

and lung were collected 5 days after injection of HER-DOX-PLGA-Au H-S NPs 

and NIR irradiation, and fixed in 10% buffered formalin-saline at 4 ℃ overnight. 

Then, tissues were embedded in paraffin blocks and paraffin sections of 5 μm 

thickness were mounted on a glass slide for hematoxylin and eosin (H&E) staining. 

To detect apoptotic or necrotic cells, paraffin-embedded sections were stained for 

terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL; 

Roche Diagnostics GmbH, Mannheim, Germany). Deparaffinized sections were 

stained with antibodies against proliferating cell nuclear antigen (PCNA; Dako 

North America, Inc., Carpentaria, CA). Blood samples were collected from mice 6 

h after injection of HER-DOX-PLGA-Au H-S NPs, and plasma interleukin-6 levels 
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were measured by enzyme-linked immunosorbent assay (R&D Quantikine, 

M6000B, Minneapolis, MN). The AST and ALT analysis of plasma samples at 3 

days were conducted using Sigma Kit No. 505.  

 

5.2.5 Tissue distribution of NPs in major organs and clearance  
 

HER-DOX-PLGA-Au H-S NPs (200 μg) were administered intravenously into 

SK-BR-3 tumor-bearing mice (n=3). The mice were sacrificed 1, 5, or 42 days after 

injection, and major organs (liver, heart, spleen, kidney, tumor, and lung) were 

removed from each mouse. Tissue samples were placed in a mixed acid matrix of 

aqua regia and heated overnight at 80~90 °C. After further heating at 130~140 °C 

for 2 h, the organic compounds were completely removed and only ionized Au 

remained. This residue was dissolved in 1 ml of 0.5 M HCl and analyzed with an 

inductively coupled plasma mass spectrometer (Agilent 7500C). 
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5.3 Results & discussions 
 

5.3.1 The particle characterization & in vitro targeting efficiency  
 

I prepared four different kinds of nanoparticles (Figure 38(a)): PLGA-Au H-S 

NPs, HER-conjugated PLGA-Au H-S NPs (HER-PLGA-Au H-S NPs), DOX-

loaded PLGA-Au H-S NPs (DOX-PLGA-Au H-S NPs), and HER-

conjugated/DOX-loaded PEG-PLGA-Au H-S NPs (HER-DOX-PLGA-Au H-S 

NPs). First, PLGA NPs with and without DOX were synthesized as previously 

reported. Then, Au (15 nm) was deposited onto a NP monolayer prepared on a Si 

substrate with a thermal evaporator, followed by functionalization of the Au 

surface with thiol-terminated methoxy-PEG to improve the NP stability under 

physiological conditions (PLGA-Au H-S NPs and DOX-PLGA-Au H-S NPs). For 

targeted delivery, HER was conjugated on the Au surface using protein G as a 

linker (HER-PLGA-Au H-S NPs and HER-DOX-PLGA-Au H-S NPs).  

In ultraviolet-visible/NIR absorption spectra, all specimens exhibited a 

pronounced peak at approximately 800 nm due to the Au half-shell (Figure 38(b)), 

suggesting that NIR irradiation leads to photothermal conversion effects for all 

samples. In order to investigate the targeting efficacy of HER-PLGA-Au H-S NPs, 

I incubated SK-BR-3 cancer cells expressing high levels of HER2 with PLGA-Au 

H-S NPs or HER-PLGA-Au H-S NPs at 37 ℃ for 24 h, and subjected them to 

transmission electron microscopy (TEM; Figures 38(c) and 38(d)). More 

nanoparticles were observed in the cells treated with HER-PLGA-Au H-S NPs than 
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in the cells treated with PLGA-Au H-S NPs, implying that the HER-PLGA-Au H-S 

NPs were more easily internalized by the cells via receptor- mediated endocytosis, 

compared to the PLGA-Au H-S NPs that were likely internalized via pinocytosis. 

 

 

Figure 38. (a) Schematic diagrams of PLGA-Au H-S NP, HER-PLGA-Au H-S NP, DOX-

PLGA-Au H-S NPs, and HER-DOX-PLGA-Au H-S NPs. (b) UV/visible/NIR absorption 

spectra for DOX-PLGA NPs, PLGA-Au H-S NPs, HER-PLGA-Au H-S NPs, DOX-PLGA-

Au H-S NPs, and HER-DOX-PLGA-Au H-S NPs. TEM images of SK-BR-3 cancer cells 

treated with PLGA-Au H-S NPs (c) and HER-PLGA-Au H-S NPs (d). The insets show the 

enlarged TEM images taken from the area denoted by the rectangular box. 
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5.3.2 In vivo targeting efficiency & local hyperthermia   
 

To evaluate the in vivo targeting efficacy of HER-PLGA Au H-S NPs, I prepared 

tumor-bearing mice by implanting SK-BR-3 cells into the dorsal subcutis of 

Balb/C nude mice. When the tumors reached approximately 100 mm3 in size, I 

administered 200 mL of HER-PLGA-Au H-S NPs (1 mg/mL) dispersed in 

phosphate-buffered saline) to the mouse intravenously (IV) into the tail vein. The 

injected HER-PLGA-Au H-S NPs were monitored by measuring time-lapse in vivo 

NIR images with the eXplore Optix System (Figure 39(a), top panels). The 

absorbance intensity changed in the tumor region 12 h after injection due to 

localization of HER-PLGA Au H-S NPs in the tumor; in particular, a gradual 

change in absorbance intensity (from green to blue in Figure 39(a), top panels) 

occurred in the middle of the tumor, indicating that HER-PLGA-Au H-S NPs 

accumulated in this region over time. I compared this effect with passive targeting 

by enhanced permeability and retention effect by performing similar experiments 

with the PLGA-Au H-S NPs (Figure 39(a), bottom panels). Plotting the number of 

pixels with absorbance intensity ≥ 6.15 x 103 a.u. (blue in Figure 39(a)) revealed 

that their number increased up to 48 h after treatment, then slightly decreased 

(Figure 39(b)), probably due to slow release of NPs from the tumor site caused by 

leaky angiogenic vessels and poor lymphatic drainage. However, nearly twice as 

many high-absorbance pixels were found in the mice treated with HER-PLGA-Au 

H-S NPs than in the mice treated with PLGA-Au H-S NPs (Figure 39(b)), that is, 

NPs were more effectively delivered to the tumor through active targeting with 
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HER-PLGA-Au H-S NPs than passive targeting with PLGA-Au H-S NPs. I also 

measured ex vivo NIR images of major organs (kidney, lung, and tumor tissue) 

excised 3 days post-injection (Figure 39(c)). Compared with PLGA-Au H-S NP-

treated tumor tissue, stronger NIR absorption was found in the HER-PLGA-Au H-

S NP treated tumor tissue That is, HER-PLGA-Au H-S NPs were more effectively 

delivered to the tumor. 
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Figure 39. In vivo active targeting efficiency. (a) Time-lapse in vivo NIR images of SK-BR-

3 tumor-bearing mouse after IV tail injection of HER-PLGA-Au H-S NPs (top panels) or 

PLGA-Au H-S NPs (bottom panels). (b) The number of pixels in which the absorption 

intensity was above 6.15 x 103 a.u. as a function of time for the SK-BR-3 tumor-bearing 

mouse treated with HER-PLGA-Au H-S NPs or PLGA-Au H-S NPs. (c) Ex vivo NIR 

images of major organs and tumor tissue extracted from NP free control and the mice 

treated with intravenously injected PLGA-Au H-S NPs and HER PLGA-Au H-S NPs at 3 

day post-injection. 
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Heat is locally generated on NIR irradiation since the Au half-shells have an 

absorption peak in the NIR region. To determine the temperature increase 

following NIR exposure, I measured the temperature of the tumor tissue using a 

24-gauge thermocouple needle (Brymill, Ellington, CT, USA) inserted beneath the 

tumor while the tumor region was exposed to 1.82W/cm2 NIR light for 10 min with 

a laser diode (λ=808 nm, Figure 40(a)). The tumor temperature increased by 

approximately 20 and 30 ℃for mice treated with PLGA-Au H-S NPs and HER 

PLGA-Au H-S NPs at 24 h post-injection, respectively, temperature changes that 

are sufficient to induce irreversible tissue damage. Since higher concentrations of 

NIR-resonant NPs result in higher temperatures for the same NIR light power, our 

measurements indicate that more HER-PLGA Au H-S NPs accumulated in the 

tumor by active targeting than did PLGA-Au H-S NPs by passive targeting. 

I monitored mice treated with HER-DOX-PLGA-Au H-S NPs and DOX-PLGA-

Au H-S NPs before and after NIR irradiation (Figure 40(b)) with a thermal imaging 

camera (AXT100, Ann Arbor Sensor Systems). Before NIR exposure, the 

temperature of the tumor tissue of about 36 ℃ corresponded to the body 

temperature of the mouse. However, after the tumor region (diameter 1 cm) was 

exposed to 1.82 W/cm2 NIR light for 10 min with a laser diode (λ=808 nm), the 

tumor temperature increased up to 45 and 53 ℃ for mice treated with DOX-

PLGA-Au H-S NPs and HER-DOX-PLGA-Au H-S NPs for 24 h, respectively. 

Meanwhile, the regions not exposed to NIR light experienced a lesser increase in 

temperature. These observations confirm that heat can be delivered to only the 
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tumor region with a laser-guided light source. 

 

 

Figure 40. Temperature change in mouse due to Photothermal effect. (a) Temperature 

changes of the NP-treated tumor monitored with a 24 gauge thermocouple needle inserted 

beneath the tumor as a function of time while the tumor region was irradiated by NIR light 

at1.82 W/cm2 for 10 min. (b) Thermal images of the SK-BR-3 tumor-bearing mouse treated 

with PLGA-Au H-S NPs or HER-PLGA-Au H-S NPs before and after the tumor region. 

(diameter 1 cm) was exposed to 1.82 W/cm2 NIR light for 10 min. 

 



- 104 - 

 

5.3.3 The assessment of therapeutic efficacy    
 

I carried out comparative studies on the therapeutic efficacies of chemo-

photothermal treatments combined with targeted delivery. I divided the SK-BR-3 

tumor-bearing mice into seven groups (n=3 mice per group). When the tumors 

developed to approximately 100 mm3, 200 mL of each treatment were administered 

by IV tail injection (Table 3). The relative tumor volumes were measured for each 

group and plotted as a function of time (Figure 41(a)); the relative volume was 

defined as (V-V0)/V0 (V0 : initial tumor volume). 

 

Table 3. Summary of treatments applied to mice for comparative study of therapeutic 

efficacy. 

 
Group 

 
Injection Content[a] 

Dosage of 
DOX 

[mg/kg] 

Dosage of 
HER 

[mg/kg] 

NIR Light[b] 
[W/cm2]  

1 PBS (control)    
2 Free DOX 10   
3 Free HER   16  
4 HER-DOX-PLGA-Au H-S 

NPs 
0.18 0.58  

5 HER-PLGA-Au H-S NPs  0.64 1.82 
6 DOX-PLGA-Au H-S NPs 0.25  1.82 
7 HER-DOX-PLGA-Au H-S 

NPs 
0.18 0.58 1.82 

 

[a] Administrated content was injected intravenously by the tail vein in a volume of 200 mL 

with a concentration of nanoparticles of 1 mg/mL. [b] The tumor was exposed to NIR light 

for 10 min with a laser diode (λ=808 nm) at 24 h post-injection of nanoparticles. 
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Figure 41. Relative tumor volume change versus time and photographs of the mice to show 

therapeutic efficacy of treatment. (a) Relative tumor volume change versus time for the 

mice treated with saline (■), free DOX (●), free HER (▲), HER-DOX-PLGA-Au H-S 

NPs (◀), HER-PLGA-Au H-S NPs and NIR light (▼), DOX-PLGA-Au H-S NPs and NIR 

light (▶), or HER-DOX-PLGA-Au H-S NPs and NIR light (◆) (b) Relative tumor volume 

changes versus time for the mice treated with DOX PLGA-Au H-S NPs and NIR light (▶) 

or HER-DOX-PLGA-Au H-S NPs and NIR light (◆). (c) Photographs of the mice treated 

with saline (left column), DOX-PLGA-Au H-S NPs + NIR (middle column), and HER-

DOX-PLGA-Au H-S NPs + NIR (right column). 
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When the mice were treated with DOX alone (10 mg/kg), HER (16 mg/kg), or 

HER-DOX-PLGA-Au H-S NPs without NIR irradiation (0.18 mg/kg for DOX), the 

tumor volumes increased continuously, although the growth rates were much lower 

than that of the control group (Figure 41(a)). I interpreted these results to mean that 

the injected dosage of DOX or HER was too low to inhibit tumor growth. 

Treatment with HER-DOX-PLGA-Au H-S NPs yielded similar effects to treatment 

with free DOX despite different DOX dosages (0.18 and 10 mg/kg), an observation 

I ascribe to accumulation of HER-DOX-PLGA-Au H-S NPs by active targeting 

and/or to the therapeutic effects of HER as well as DOX. 

On the other hand, when the mice were treated with HER-PLGA-Au H-S NPs, 

DOX-PLGA-Au H-S NPs (0.25 mg/kg of DOX), or HER-DOX-PLGA-Au H-S 

NPs (0.18 mg/kg of DOX) and then exposed to 1.82 W/cm2 NIR light for 10 min, 

all mice exhibited substantial decreases in tumor volume, dependent on the 

treatment type (Figure 41(a)). The volumes of tumors treated with HER-PLGA-Au 

H-S NPs decreased by about 65% over 18 days, after which the tumor began to 

grow again rapidly. Tumor recurrence was attributed to incomplete destruction of 

tumor tissue; heat sufficient to destroy the tumor tissue completely was not 

delivered to the tumor due to the low power of the NIR light or the low 

concentration of HER-PLGA-Au H-S NPs localized in the tumor region. The mice 

that were treated with DOX-PLGAAu H-S NPs and exposed to NIR light 

experienced tumor reductions of 75% in 10 d. However, incomplete tumor 

destruction caused the tumor volume to increase after 10 days (Figure 41(b)), 

although the growth rate of the tumor was very low, probably due to DOX 
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cytotoxicity. Finally, when mice were treated with HERDOX-PLGA-Au H-S NPs 

and exposed to NIR light, the tumors were completely destroyed 7 days after NIR 

irradiation, and no tumor recurrence was observed for 42 days (Figure 41(c)). 

Taken together, these observations demonstrate that chemo-photothermal treatment 

with active targeting provides higher therapeutic efficacy with a lower DOX 

dosage than chemo-photothermal treatment with passive targeting. Although lower 

dosages of HER-DOXPLGA- Au H-S NPs were injected than DOX-PLGA-Au HS 

NPs, more HER-DOX-PLGA-Au H-S NPs accumulated in the tumor through 

active targeting, and consequently, more DOX, heat, and HER were delivered to 

the tumors, resulting in higher therapeutic efficacy. 

 

 

Figure 42. Histology of the tumor tissue. The tumor tissues are collected at 5 days after 

injection of saline (upper panel) or HER-DOX-PLGA-Au H-S NPs (lower panel) followed 

by NIR irradiation. Images were acquired at 400x magnification. 
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To confirm the effect of the chemo-photothermal treatment, I performed 

histological examinations of tumor tissues 5 days after IV injection of HER-DOX-

PLGA-Au H-S NPs and NIR irradiation (Figure 42). After NIR irradiation, marked 

thermonecrosis developed, and apoptotic cells were also frequently identified by 

terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), and the 

proliferating cell nuclear antigen (PCNA) assay showed that most cells were 

unable to proliferate following chemo-photothermal treatment. 

 

5.3.4 Bio-distribution of NPs and their toxicity   
 

An important concern for nanoparticle-based treatments is whether the injected 

nanoparticles accumulate in organs or are cleared from the body. To investigate the 

organ distribution and tumor uptake of HER-DOX-PLGA-Au H-S NPs, I measured 

the accumulated Au in major organs and tumors at 1, 5, and 42 days after IV 

injection using an inductively coupled plasma mass spectrometer (Figure 43(a)). 

One day post-injection, 2.9 mg of Au was found in the tumor tissue, corresponding 

to about 10% of the injected HER-DOX-PLGA-Au H-S NPs, an amount larger 

than the 3.5% measured following injection of DOX-PLGA-Au H-S NPs. These 

results confirm that a greater amount of HER-DOX-PLGA-Au H-S NPs than 

DOX-PLGA-Au H-S NPs accumulated in the tumor site due to targeted delivery of 

conjugated HER to the overexpressed HER2 receptors of the SK-BR-3 cells in the 

mouse. The HER-DOX-PLGA-Au H-S NPs were also efficiently taken up by the 

reticuloendothelial organs, such as the liver and spleen, with lesser accumulation in 
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the kidney, lung, or heart. However, most HER-DOX-PLGA-Au H-S NPs were 

cleared from the body after 42 days (Figure 43(a)). 

 

 

 

Figure 43. Bio-distribution of NPs and their toxicity. (a) Tissue distribution of NPs in major 

organs at different times. Tissue distributions of Au in HER-DOX-PLGA-Au H-S NPs 

were measured by inductively coupled plasma mass spectroscopy (n=3 per group). 

Histological sections of major organs (heart, spleen, kidney, liver, and lung) were collected 

at 5 days after injection of saline (b) or HER-DOX-PLGA-Au H-S NPs (c) followed by 

NIR irradiation. Images were acquired at 400x magnification. 
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Since HER-DOX-PLGA-Au H-S NPs were taken up by organs as well as the 

tumor, I carried out histological examinations of major organs to investigate the 

normal tissue toxicity caused by HER-DOX-PLGA-Au H-S NPs 5 days after IV 

injection of HER-DOX-PLGA-Au H-S NPs and NIR irradiation (Figure 43(b-c)). 

No tissue damage was evident in comparison with the NP-free control, and this 

implies that HER-DOX-PLGA-Au H-S NPs that accumulated in other organs did 

not induce in vivo toxicity.  

I further examined liver toxicity by measuring interleukin-6 (IL-6), aspartate 

aminotransferase (AST), and alanine aminotransferase (ALT) in blood (Table 4). 

Similar values were found for NP-free control mice and the mice treated with 

HER-DOX-PLGA-Au H-S NPs and exposed to NIR light. That is, HER-DOX-

PLGA-Au H-S NPs caused no liver toxicity [58]. In addition, I measured body 

weight during the treatments, since high toxicity usually results in weight loss. The 

absence of weight loss in any treatment group (Figure 44) implies that the toxicity 

of the treatments was not severe. 

 

Table 4. The mouse serum level of biochemical variables after intravenous treatment with 

DOX-loaded HER-PEG-PLGA-Au H-S NPs 

Parameters Control(Saline) HER-DOX-NPs 
IL-6 (Pg/ml)[a] 0.062 ± 0.006 0.010 ± 0.004 
AST (U/L)[b] 68.88 ± 6.23 75.63 ± 15.92 
ALT(U/L)[C] 34.08 ± 9.11 42.10 ± 13.90 
[a] IL-6:interlukein-6 [b] AST: aspartate aminotransferase [c] ALT: alanine 

aminotransferase. 
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Figure 44. The effect of various treatments on body weight of mice. The relative weight 

versus time according to the effect of treatment with saline (■), free DOX (●), free HER 

(▲), HER-DOXPLGA- Au H-S NPs (◀), HER-PLGA-Au H-S NPs and NIR light (▼), 

DOX-PLGA-Au H-S NPs and NIR light (▶), or HER-DOX-PLGA-Au H-S NPs and NIR 

light (◆) on the mouse body weight. 
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5.4 Summary 
 

I have developed HER-DOX-PLGA-Au H-S NPs that can carry heat and drugs 

specifically to tumors through active targeting, and investigated the therapeutic 

efficacy of these multifunctional NPs in SK-BR-3 tumor bearing mice. In vivo NIR 

images revealed that the NPs are more effectively delivered to the tumor by active 

targeting with HER-DOX-PLGA-Au H-S NPs than by passive targeting with 

DOX-PLGA-Au H-S NPs. On NIR irradiation (1.82W/cm2 for 10 min) a higher 

intratumoral temperature was measured for the mice treated with HER-DOX-

PLGA-Au H-S NPs. That is, more heat, drugs, and HER could be delivered to the 

tumor tissue by active targeting. Chemo-photothermal treatment combined with 

targeted delivery resulted in complete tumor destruction without recurrence with 

only 0.18 mg/kg of DOX and 1.82W/cm2 NIR light. However, the tumor was not 

completely destroyed and recurred following chemo-photothermal treatment 

without targeted delivery, and after targeted drug delivery without NIR irradiation, 

although the same DOX dosage and NIR light power were applied. Taken together, 

these results demonstrate the excellent synergistic effects of targeted chemo-

photothermal treatments based on HER-DOXPLGA- Au H-S NPs. 
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Chapter 6 

 

Conclusion  
 

I have developed multifunctional drug delivery system, which can be used for 

photothermal therapy, photothermally controlled drug delivery, and MR and NIR 

imaging and shown their application in cancer treatment. Generally, PLGA 

nanoparticles consisting of particles cores are well known for drug delivery 

capability for only for delivering drugs at an uncontrolled rate. However, by 

depositing Au layer on them, other functions such as photothermal therapy, 

controlling release rate, active targeting and imaging are added to PLGA NPs. 

Taking all of these functions together, NPs can destruct not only cancer cells but 

also tumors grafted in mice effectively with minimal drug dosage and show a clear 

synergistic effect. 

Firstly, I confirm that the respective functions of NPs work well. The 

photothermal conversion in the Au layer has been investigated by measuring the 

temperature of nanoparticle solution and the temperature increase ∆T is observed 

to be dependent on the NIR irradiation time, power density, and nanoparticle 

concentration. Upon NIR irradiation, the release rate of rhodamine from PLGA 

nanoparticles is found to be about twice as high as the one without NIR irradiation 

and this photothermally controlled drug delivery has been confirmed through 
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FESEM/TEM, TIRFM images and the measured absorption spectra. Moreover, I 

observe that NPs conjugated with anti CD4 antibody are bound on the surface of 

H9 cells to express CD 4 protein, but not on the surface of ramous cells, which 

don’t express CD 4, by using fluorescent and SEM images. This means that active 

targeting is possible. Lastly, by showing that T2 relaxation time decrease linearly 

with increasing nanoparticle concentration, H-S NPs can be also used as MR 

imaging contrast agents because of the Mn layer.  

To apply to in vitro cancer cell destruction, I fabricated DOX-loaded PLGA-Au 

H-S NPs in chapter 4. In this chapter, I focused on evaluating how efficiently our 

drug delivery system can destruct cancer cells and knowing whether thermo-

chemotherapy shows the synergistic effect or not. Therefore, targeting technique to 

result in particle loss during washing procedure was not used, since the exact 

dosage of heat and drugs must be controlled. To investigate the therapeutic effects 

of chemo-photothermal treatment, I measured the cell viability using calcein-AM 

and CCK-8 assays of HeLa cells treated with DOX-loaded PLGA-Au H-S NPs and 

then irradiated them with NIR light. Compared with chemo- and photothermal 

treatment alone, the combined treatment yielded higher cytotoxicity, which was 

greater than the sum of the independent treatments, thus demonstrating a 

synergistic effect. Furthermore, the treatment time and drug dosage was decreased 

by the combined treatment.  

When I apply to in vivo tumor destruction, I fabricated NPs conjugated with 

PEG to enhance the stability of NPs in mice. Our major objective in this part is to 

know whether thermo-chemo treatment of NPs is well applied in vivo as well as in 
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vitro system. The therapeutic efficacy was evaluated to observe the tumor volume 

change and compared according to methods to delivery NPs to the tumor region 

(IT Vs IV in chapter 4; Passive targeting Vs Active targeting in chapter 5). The 

combined DOX and photothermal treatment resulted in complete destruction of 

the tumors without weight loss or recurrence of tumors. Moreover, when targeted 

delivery was used, DOX and laser dosage were able to be reduced more. On the 

other hand, the chemotherapy with the slightly higher dose of DOX or the 

photothermal treatment without DOX did not. And most NPs were cleared from 

mice after 32 days without any toxicity. These results imply that chemo-

photothermal treatment based on multifunctional drug delivery system is very 

effective for cancer treatment.  
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국문요약 
 

효과적인 암 치료를 위한 다기능성 나노입자 

  

열과 약물을 동시에 전달하고 자기 공명 영상장치의 조영제로 쓰일 수 

있는 다기능성 나노 입자를 고분자에 다층의 금속 박막을 도입 함으로써 

개발 하였다. 약물이 담지 된 polylactic-co-glycolic (PLGA) 나노 

입자에 부분적으로 자성 박막과 금 박막이 도입되어, 자성 박막은 자기 

공명영상 장치에 조영 효과를 보이고, 금 박막은 근적외선을 특이적으로 

흡수 열에너지로 전환하여, 그 열로 세포를 사멸 하기도 하며, 나노 

입자로부터 방출되는 약물의 방출 효율을 증가 시킬 수 있게 하였다. 

또한, 암세포에만 발현되는 특정 단백질에 친화도가 있는 항체를 금 

박막에 도입 함으로써, 열과 약물이 암세포 부근에만 전달 할 수 있다. 

나노 입자의 치료효과를 측정하기 위해 나노 입자를 세포와 실험 

동물에 적용하여 실험하였다. 세포를 이용한 실험에서는 자궁 경부암 

세포주인 (HeLa) 세포를 이용 하였고, 세포의 대사율을 측정하여 

치료효율을 측정 하였다. 실험동물을 이용한 실험 에서는, 사람의 

피부암 세포주 (A431) 혹은 유방암 세포주 (Sk-Br-3) 로 이루어진 
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종양을 nude mouse 에 도입하여 사용하였으며, 치료 효율은 종양의 

크기 변화를 관찰하여 측정 하였다. 세포실험과 동물실험 모두 나노 

입자를 이용하여 약물과 열을 동시에 전달 하였을 때, 열과 약물을 각각 

전달 하였을 때보다 높은 치료 효과를 보였다. 나노입자를 이용하여 

열과 약물이 전달 된 암조직에 thermonecrosis 와 apoptosis 가 

나타난 것을 조직 검사를 통해 확인 했고, 암 조직이 더 이상 자라날 수 

없다는 것을 proliferating cell nuclear antigen (PCNA) assay 를 통해 

확일 할 수 있었다. 실험 동물에 주입 된 나노입자는 28 일 이내에 

실험동물로부터 배출 된다는 것을 각 장기에 축적 된 금의 양을 

측정하여 알 수 있었으며, 염증반응이나 간 독성을 유발 하지 않는다는 

것을 실험동물의 혈중 interlukein-6 (IL-6), aspartate 

aminotransferase (AST) 그리고 alanine aminotransferase (ALT) 

측정하여 증명 하였다. 

 

 

 

핵심어 : 다기능성 나노입자, 자기공명영상 조영제, 광열치료, 화학적 치

료, 약물 전달. 암치료, 근적외선 이미징. 
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