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Chapter I 

INTRODUCTION 

 

1.1 Objectives of Research 

Cancer is the second leading cause of death in the United States and a major 

public health concern worldwide.1 The diagnoses of 1,688,780 new cancer cases are 

projected to occur in 2017, the equivalent of more than 4,600 new cases each day.1 Breast 

cancer alone is expected to account for 30% of all new cancer diagnoses in women, with 

an estimate of 40,610 deaths this year.1 The most common treatment options for cancer 

diagnosis include surgery, radiation, and chemotherapy. While these therapies have 

proven somewhat effective, the use of radiation therapy and chemotherapy for late stage 

cancer treatments is highly restrained due to the irreparable damage that occurs, not only 

to the targeted malignant cancerous cells, but also to the healthy tissue within the body.2 

Off-target toxicity is a major limitation that compromises the effectiveness of 

chemotherapeutic treatment, and has left the need for a less systematically invasive and 

more effective treatment option.4,5,6  The ultimate goal in the battle against cancer has 

been to develop an effective therapeutic strategy that is high in specificity and low in 

toxicity for the eradication of tumors.3 These treatments have not only failed in this goal, 

but frequently lead to the chronic side effects of cardiomyopathy, neuropathy, and an 

increased risk of developing a secondary cancer.7,8  

The emerging field of theranostics has aimed to provide a more specific and 

individualized treatment for heterogeneous diseases, such as cancer, by combining 

molecular diagnostics and targeted therapeutics into a single agent.9,10 The development 
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of nanotechnology has played a vital role in theranostic nanomedicine by utilizing 

nanoplatforms to overcome the limitations faced by invasive imaging/detection methods 

and traditional therapeutic options, such as chemotherapy. This single nanoagent is 

capable of accomplishing the ultimate goal in the battle of cancer by offering a balance 

between reduced toxicity and therapeutic efficacy.11 The attraction of nanoparticles for 

medical purposes stems from their relatively large surface area which is able to bind, 

absorb, and carry other compounds such as drugs, probes, and proteins for targeted 

delivery. Once introduced into the body, nanoparticles within a certain size range (5 – 

100 nm) have demonstrated strong interactions with biomolecules, such as enzymes and 

receptors, both inside the cell and on the surface.12 Molecularly conjugated nanoparticles 

are capable of binding and interacting with specific cellular receptors for selective 

detection and treatment.13 Many efforts in research have been placed on the goal of 

personalized medicine, most commonly utilizing the passive accumulation of 

nanoparticles in tumor cells via the Enhanced Permeability and Retention (EPR) effect 

for the theranostic applications of fluorescence imaging, image-guided resection, 

localized drug delivery, and photothermal therapy (PTT).14 

The use of near-infrared (NIR) light to excite nanoparticles as photothermal 

agents has proven to be an effective and highly selective method in the ablation of cancer 

cells by the rapid increase of heat to intolerable temperatures. Our laboratory has 

previously developed conductive polymer nanoparticles that absorb light in the near 

infrared region and have demonstrated their potential as cytocompatible, yet effective 

agents for photothermal ablation of breast cancer cells.15,16 While gold nanorods and 

nanoshells have been explored extensively as photothermal agents,24,25,43 conductive 
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polymer nanoparticles have only recently been explored as alternative agents for 

photothermal ablation.33 Hence, there is not a good understanding of the mechanisms of 

cell death associated with these new types of nanoparticles with the target tumor tissues. 

The goal of this research was to investigate and develop a better understanding of 

the specific cell death mechanisms caused by NIR laser-induced ablation of MDA-MB-

231 breast cancer cells in order to increase the efficacy of conductive polymer 

nanoparticle-mediated PTT. A biochemical investigation of the cancer cells after PTT 

was carried out to aid in the differentiation between the two most common types of cell 

death, apoptosis and necrosis. The fluorescent biochemical markers that act as indicators 

of these types of cell death were assessed as a function of nanoparticle concentration, 

nanoparticle-cell incubation time, and laser irradiation time. Controls consisted of live 

cells without any treatment, induced necrotic cells, induced apoptotic cells, live cells 

exposed to irradiation without nanoparticles, and live cells exposed to nanoparticles 

without irradiation. The objective was to use polymeric nanoparticles as photothermal 

agents that can accumulate within the cancer cells and induce ablation when stimulated 

by NIR light. As a response to the stimulus, we monitored whether apoptosis or necrosis 

occurred independently, sequentially, or simultaneously. The central hypothesis of this 

research was that interaction of nanoparticles within breast cancer cells will activate 

distinct cell death pathways as a result of photothermal ablation and the various 

experimental parameters being tested.  

To accomplish these goals, the following objectives were achieved: 

1. Synthesis and characterization of conductive polymer nanoparticles. 

Photothermal agents were prepared from 3,4-ethylenedioxythiophene (EDOT) 
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monomer using a two-surfactant oxidative-emulsion polymerization process, 

yielding a colloidal and aqueous suspension of poly(3,4-

ethylenedioxythiophene) (PEDOT) nanoparticles. UV/VIS/NIR absorption 

spectroscopy was used to confirm strong absorption of the PEDOT 

nanoparticles in the NIR region. Dynamic light scattering and zeta potential 

analysis were performed to validate the size and zeta potential of the 

nanoparticles. Adequate temperature change as a function of nanoparticle 

concentration and laser irradiation time in the absence of cells was verified for 

the photothermal ablation agents.  

2. Qualitative analysis of cell death by fluorescence microscopy. Annexin V 

AlexaFluor 488, Propidium Iodide, and Calcein Blue AM were utilized as 

fluorescent biochemical markers after exposure to nanoparticles and 

irradiation with a NIR laser. Annexin V 488 detects translocated 

phosphatidylserine, which is indicated by its extracellular exposure on the 

plasma membrane of cells undergoing early to intermediate stages of 

apoptosis. In conjunction with Annexin V 488, Propidium Iodide (PI) is a 

nucleic acid stain that is able to accurately assess mixed cell populations that 

also display cells undergoing necrotic death, where the compromised cell 

membrane allows for the passage of the fluorescent PI dye into the nucleus. 

Calcein Blue AM presents live cells that display enzymatic activity, having 

maximal fluorescence upon cleavage of the acetomethyl (AM) ester by 

intracellular esterases. A caspase-3 detection reagent was used to confirm 
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apoptotic cells by the cleavage of a fluorogenic substrate by activated caspase-

3.  

3. Quantitative analysis of cell death by flow cytometry. The previously 

presented fluorophores were utilized for quantification of treated cancer cells 

by flow cytometry. The biomarkers were detected for each experimental 

variable.  

The expected outcomes from this study include a more thorough comprehension of 

the cellular response of breast cancer cells upon laser-induced photothermal treatment 

with polymeric nano-agents, which is expected to be a complex mechanism that depends 

highly on the dose as well as on the amount of optical energy absorbed and subsequently 

dissipated by the nanoparticles. Insight into the mechanisms of cell death caused by 

photothermal therapy provides the foundation to predict and optimize the parameters of 

this specific, controlled, and localized treatment of cancer for the advancement of modern 

nanomedicine.   

 

 

1.2 Background 

1.2.1  Passive and Active Delivery of Nanomedicines 

 The optimal intravenously administered nanoparticles should be between 10 and 

100 nm in diameter to increase half-life circulation time, as larger nanoparticles are 

removed primarily by the spleen and liver, and smaller particles by the renal system.23 

Circulating macrophages and resident reticuloendothelial cells in the spleen and liver 
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recognize these particles as foreign, resulting in the engulfment and clearance from 

circulation.  

 Passive targeting takes advantage of the unique and imperfect characteristics 

exhibited by tumor microenvironments. When nanoparticles are administered 

intravenously, the nanoparticles can preferentially accumulate in tumors via the enhanced 

permeability and retention (EPR) effect, where particles less than a couple hundred 

nanometers passively eject through wide fenestrations that are characteristic of the highly 

disorganized vasculature that forms once the tumor undergoes rapid angiogenesis.24 

Angiogenesis, or the development of new blood vessels, occurs once the tumor grows 

large enough to start requiring more nutrients and oxygen, which leads to the 

development of imperfect and “leaky” vessels.25 The nanoparticles are then retained 

within the tumor environment due to an underdeveloped lymphatic drainage system, 

which is unable to efficiently clear them out of the tumor.17  

 In contrast, active targeting utilizes molecularly functionalized nanoparticles that 

can typically reach target tumor cells through ligand-receptor interactions that induce 

clathrin-mediated endocytosis.24 Affinity ligands, such as antibodies, aptamers, peptides, 

or small molecules, can be attached to the surface of nano-agents through various 

conjugation methods and allow for the targeting of specific receptors on the cell surface.26 

Ideally, the targeted cellular receptors should be overexpressed on the surface of tumor 

cells and not normal cells in order to achieve high specificity.26   

 Nanoparticle-mediated photothermal therapy has exploited both the poor 

vasculature of tumors and the EPR effect for the localized destruction of cancer cells, 
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while also enhancing other therapeutic approaches, such as chemotherapy, for a 

synergistic cancer killing effect.25  

 

1.2.2 Photothermal Therapy 

  Photothermal therapy is a form of highly regulated nanoparticle-mediated 

hyperthermia, where the treatment occurs in a confined region and allows for minimal 

damage to the surrounding healthy tissue.5 Hyperthermia is defined as a noninvasive 

anticancer approach in which biological tissues are exposed to an increase in temperature 

within the range of 41-50℃, with the induction of cancer cell death occurring at 

temperatures as low as 42℃.17 Tumors are destroyed in this temperature range because of 

their reduced heat tolerance compared to normal tissue, which can be due to the 

inhibition of oxidative metabolism causing a lower cellular pH.18  

  Photoabsorbing agents are able to convert absorbed light to thermal heat, leading 

to the ablation of cancer cells and the subsequent cell death.19 Ideal photothermal agents 

should absorb in the near infrared (NIR) region (700-1000 nm), which is the optimal 

range of wavelengths in the electromagnetic spectrum where light has the maximum 

depth of penetration in tissue.20 Water, melanin, and hemoglobin have minimal 

absorbance in this therapeutic window of wavelengths, which enables light to penetrate 

easily for in vivo therapy of tumors deep within the tissue.15 When photothermal agents 

absorb NIR light, electrons transition from the ground state to an excited state. This 

results in an increase in kinetic energy, leading to the overheating of the local 

environment the nanoparticles reside within.21 Additionally, photothermal agents should 
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be nontoxic and have a high tumor affinity in order to improve therapeutic efficacy 

without rendering toxic side effects.   

  For the past two decades, advancements in nanotechnology have given rise to a 

variety of strong NIR-absorbing nanoparticles for photothermal treatment of cancer, 

achieving high therapeutic efficacies in many in vivo studies.24,29 Inorganic nanomaterials 

have been heavily studied for their specificity and sensitivity as PTT agents, including 

various gold nanostructures37, carbon nanostructures36, palladium nanosheets38, and iron 

oxide nanoparticles39. Organic nanoparticles include conjugated polymers15, 

porphysomes27, and micelle-encapsulated NIR dyes28. Gold nanostructures have been the 

most extensively explored for both cancer diagnosis and therapy because of their easily 

tunable absorbance spectra and the reasonable biocompatibility of the inert element of 

gold.29  

  Gold nanoshells were the first nano-agent to be investigated for their 

photothermal properties and used to demonstrate photothermal cancer therapy.29 Gold 

nanoshells were invented in the mid-1990’s by Rice researchers Dr. Naomi Halas and Dr. 

Jennifer West, founders of the company Nanospectra Biosciences, Inc. The nanoshells 

consist of a gold shell formed on top of a dielectric silica core, and can easily be tuned to 

the NIR region by modifying the thickness of the shell.30 When first tested in mice, 

nanoshell-treated tumors resulted in a temperature increase of 37.4℃ when exposed to 

NIR light for 4-6 minutes. The result was tumor remission in 100% of the experimental 

subjects with minimal effect on healthy tissues.31 Cancer Treatment Centers of America 

(CTCA) and Nanospectra Biosciences are performing the first FDA approved clinical 
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trials for the treatment of head, neck, and lung cancer by photothermal therapy using gold 

nanoshells.32,33  

  Gold nanorods have also seen successful therapeutic efficacy in the case of in vivo 

photothermal therapy. Maltzahn et al. demonstrated that polyethylene glycol (PEG)-

coated gold nanorods (PEG-NR) had a long bloodstream circulation time of ~17 hours 

after intravenous injection into tumor-bearing mice, with the nanorods accumulating in 

the tumor at approximately 7% injected dose/gram tissue at 72 hours post injection.34 The 

tumors on the mice that were intravenously injected with the gold nanorods rapidly 

heated to over 70℃ after 5 minutes of NIR laser irradiation at 2 W/cm2 (Figure 1).34 The 

tumors on the mice completely disappeared within 10 days of treatment, with the control 

groups still showing prominent tumor growth.34  

  Various nanoparticles have been evaluated and have seen similar successful 

therapeutic efficacies, including silica nanoparticles,35 carbon nanotubes,36 gold 

nanoparticles,37 quantum dots,38 and iron oxide nanoparticles.39 However, conductive 

polymer nanoparticles have only recently been explored as alternative agents for 

photothermal ablation of cancer cells due to their ability to be adjusted to absorb radiation 

in the NIR region.15,16 
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1.2.3 Conductive Polymer Nanoparticles 

 Conductive polymers that contain conjugated molecular structures have been 

widely used in many different areas for applications such as organic conductors and 

electroluminescence diodes, but only recently have been investigated as photothermal 

agents.40 Yang et al. demonstrated the practicability of a novel organic photothermal 

agent based on polyaniline for the induction of hyperthermia in epithelial cancer.41 

During the doping process, the optical-absorbance peak of polyaniline was red-shifted 

toward the NIR region as a result of its transition from the emeraldine base to the 

emeraldine salt. The photothermal efficiency of the conductive polyaniline nanoparticles 

was evaluated using 2.45 W/cm2 for 5 minutes, showing a highly effective and feasible 

photothermal ablation effect both in vitro and in vivo.41 In 2012, Cheng et al. investigated 

PEGylated poly(ethylenedioxythiophene):poly(4-styrenesulfonate)(PEDOT:PSS) 

nanoparticles as another novel class of conjugated polymer nanoparticles utilized for 

 
Figure 1. Photothermal Heating of Passively Targeted Gold Nanorod Antennas in 
Tumors. Thermographic surveillance of photothermal heating in PEG-NR-injected 
(top) and saline-injected (bottom) mice. Reference 34.  
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photothermal ablation of cancer cells. The PEDOT:PSS-PEG nanoparticles had an 

average diameter of 80 nm and were highly stable in the physiological environment. In 

vivo PTT studies were carried out in mice bearing 4T1 tumors. After IV injection of 

PEDOT:PSS-PEG nanoparticles, the mice were treated to 0.5 W/cm2 of NIR light for 5 

minutes. The treatment completely eradicated the tumors on treated mice. The potential 

toxicology of these nanoparticles was also studied in vivo. All measures fell within 

normal range, evidencing that PEDOT:PSS-PEG nanoparticles were not noticeably toxic 

in vivo to the mice at the tested dose.42 

 In prior work from our group, the photothermal conversion efficiencies of 

conductive polymer nanoparticles have been found to be greater than both gold nanorods 

and gold nanoshells.16 The conversion efficiency of conductive polymer nanoparticles 

was greater than 50%, while the gold nanorods and gold nanoshells had conversion 

efficiencies of 25% and 50%, respectively.16 Additionally, conductive polymer 

nanoparticles displayed higher photostability over several cycles of continuous laser 

irradiation in comparison to the behavior of gold nanoparticles. When compared to 

liposomes, polymeric nanoparticles were generally more stable and offered a more 

controllable drug-release profile.43 They are also highly suitable for delivering 

hydrophobic drugs and for the co-encapsulation of multiple therapeutic agents against 

resistant cancer-cell lines.43  

 In our laboratory, conductive polymer nanoparticles are prepared from the 

monomer 3,4-ethylenedioxythiophene (EDOT) using a two-surfactant oxidative-emulsion 

polymerization process. An aqueous phase and organic phase are prepared individually, 

with the surfactant poly(4-styrenesulfonic acid-co-maleic acid) sodium salt (PSS-co-MA) 
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used to prepare the aqueous phase, and dodecylbenzenesulfonic acid (DBSA) used with 

EDOT to prepare the organic phase, yielding poly(3,4-ethylenedioxythiophene) (PEDOT) 

NPs after an oxidative emulsion polymerization initiated by iron (III) chloride. Emulsion 

polymerization for the preparation of NPs is a process that is easily scalable, relatively 

fast, and is an effective method that yields NPs with a uniform colloidal morphology.15 In 

this work, the mechanisms by which these PEDOT nanoparticles mediate photothermal 

ablation of cancer cells was investigated.  

 

1.2.4 Combination Therapy 

 Although chemotherapy is a frontline component of current cancer treatment, its 

effectiveness is extremely limited by the chronic damage and harmful side effects that 

may occur, which can range from nausea to cognitive dysfunction.44 Many of these side 

effects occur because chemotherapy is systematically delivered and lacks specificity for 

tumor cells. Doxorubicin is a frontline chemotherapeutic drug for patients with a variety 

of cancer types, but cannot be utilized aggressively or for prolonged treatment because of 

the development of cardiotoxicity.45 Combination therapy, which is the utilization of 

more than one therapeutic approach, has shown great potential for the treatment of 

cancer.46 Apart from being directly utilized for photothermal ablation, the photothermal 

effects of NIR-absorbing nano-agents has also been exploited for controlled 

chemotherapeutic drug release, thus increasing the concentration of drug at the desired 

location. At the tumor level, nanoparticles act as a drug carrier able to target tumor tissue 

and protect the drug from undesired degradation during its transport.43 The high surface 
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area of nanoparticles is advantageous for drug-loading, thus enhancing the drug’s 

solubility, stability, and circulating half-lives.47  

 Photothermal therapy in combination with chemotherapy can result in synergistic 

effects on tumor cells by promoting the accumulation of nontoxic doses of a drug in the 

targeted cells.48 PEGylated liposomal doxorubicin called Doxil was the first 

nanomedicine to be approved by the US Food and Drug Administration and has had 

much success in clinical trials because of the reduced cardiotoxicity as compared to free 

doxorubicin.49 Other traditional chemotherapy drugs have followed suit and have been 

encapsulated and delivered using similarly engineered nano-agents.49 Shen et al. 

synthesized doxorubicin-loaded mesoporous silica-coated gold nanorods (DOX-

pGNRs@mSiO2) for drug delivery in vivo and observed a drug release profile that could 

be precisely controlled by pH and NIR light.50 The DOX-pGNRs@mSiO2 displayed a 

significantly faster drug release at pH 5.0 than at pH 7.4 and showed that the release of 

doxorubicin increased from 8.4% to 15.9% after 3 minutes of NIR irradiation at 3 W/cm2; 

the control did not indicate any such increase in drug release. For the in vivo study, the 

mice were randomized into 5 treatment groups: control group (1), laser only group (2), 

doxorubicin treated group (3), gold nanorods and laser group (4), and doxorubicin-loaded 

gold nanorods and laser group (5). Two hours after intravenous injection, the tumors 

were illuminated at 3 W/cm2 for 30 seconds for groups 2, 4, and 5. The tumors in group 1 

and 2 grew rapidly, whereas enhanced in vivo therapeutic effects were detected in group 

2, 3, and 4 (Figure 2). Group 5 displayed the lowest tumor weights, with an inhibition 

rate of 66.5% compared to the control group. Compared with chemotherapy or 

photothermal therapy treatment alone, the combination of thermal heat and chemotherapy 



 14 

in a single nano-agent showed a synergistic effect, resulting in higher in vivo therapeutic 

efficacy.50 Gong et al. demonstrated that NIR-absorbing conjugated polymers could also 

be used for loading a variety of aromatic drug molecules, including doxorubicin, with 

high loading efficiencies.51 The PEDOT:PSS-PEG NPs were synthesized by being layer-

by-layer coated with charged poylmers and conjugated with branched polyethylene 

glycol (PEG).51 In vitro studies revealed a significant synergistic anticancer therapeutic 

effect when chemotherapy was combined with photothermal treatment. Additionally, 

PEDOT:PSS-PEG NPs exhibited a positive stimulation effect on 

 

 
Figure 2. Targeting Silica-Encapsulated Gold Nanorods for Chemo-Photothermal 
Therapy. 808 nm NIR laser irradiation at 3 W/cm2 with iv injected gold nanorods. 
Photograph of tumors after excision from (1) untreated group, (2) laser only group, (3) 
Free doxorubicin group, (4) gold nanorods with laser group, (5) Doxorubicin-loaded 
gold nanorods with laser group. Reference 50.  
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the immune system, specifically dendritic cells, which may show potential as a vaccine 

adjuvant.   

 

1.2.5 Cell Death Mechanisms  

 Cell death is a crucial physiological process that regulates tissue homeostasis, 

development, and immune regulation of multicellular organisms by terminating normal 

cellular functions.52 Defects in cell-death pathways are associated with numerous 

pathologies, including cancer, autoimmunity, neurodegeneration, and infection.53 A major 

characteristic of cancer is the failure to undergo apoptosis in response to inappropriate 

cell division, which can lead to uncontrolled cell growth and genomic instability.54 The 

two most prominent cell death pathways include apoptosis and necrosis. Apoptosis is 

regarded as a programmed form of cell death that involves a cascade of energy-requiring 

molecular events that can be initiated by both external and internal factors, whereas 

necrosis is defined as premature injury-related cell death due to external stimuli that 

usually affects large populations of cells.55 Distinct biochemical markers have been 

identified for the apoptotic pathway, but identification of necrotic cell death has little to 

rely on other than cellular morphology and the lack of apoptotic biochemical markers.55  

 Necrosis is considered an adverse process where cell functions completely break 

down and the integrity of the plasma membrane ruptures, resulting in the leakage of 

intracellular constituents into the extracellular space and subsequent inflammation. The 

necrotic pathway is considered a passive process that lacks fundamental signaling events 

and occurs under extreme physicochemical conditions, such as abrupt anoxia, physical 

trauma, sudden shortage of nutrients, and exposure to detergents.56 The morphological 
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changes of necrosis are characterized by cell swelling, formation of cytoplasmic 

vacuoles, disrupted organelle membranes, and disruption of the plasma membrane. 

Necrotic cell injury is mediated by either interference with the energy supply of the cell 

or direct damage to the cell’s membrane. During the final stages of the necrotic pathway, 

the cells release pro-inflammatory factors from the cytoplasm including heat-shock 

proteins, histones, and cytokines.56  

 Conversely, apoptosis involves a signaling pathway induced through intracellular 

signaling, extracellular receptors, and the mitochondria. Apoptosis occurs normally as 

part of the cell cycle during development to maintain cell populations, although it is 

inhibited in cancer cells to allow for dysregulated growth.57 The two main apoptotic 

pathways are the extrinsic death receptor pathway and the intrinsic mitochondrial 

pathway. The extrinsic signaling pathway involves transmembrane receptor-mediated 

interactions, such as the FasL/FasR and TNF-𝛼/TNFR1 models. The intrinsic pathway 

involves non-receptor mediated stimuli that produce intracellular signals that act directly 

on targets within the cell. These signals cause changes to the permeability of the outer 

mitochondrial membrane, releasing pro-apoptotic proteins, such as cytochrome c and 

endonuclease G, from the intermembrane space into the cytosol. The Bcl-2 family of 

proteins manages mitochondrial membrane permeability, ultimately controlling and 

regulating these apoptotic mitochondrial events.57  

 An additional pathway also operates during T-cell mediated cytotoxicity and 

involves perforin-granzyme dependent killing of the cell.57 T-cell mediated cytotoxicity is 

an alternative form of type IV hypersensitivity where signaled CD8 cells kill antigen-

presenting cells. The cytotoxic T-lymphocytes are able to kill target cells via receptor-
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mediated interactions that are part of the extrinsic pathway. The cytotoxic effects are 

exerted on tumor cells and virus-infected cells by a pathway that involves secretion of the 

transmembrane pore-forming molecule perforin, with causes a release of cytoplasmic 

granules through the pore and into the target cell for destruction.58  

 The extrinsic, intrinsic, and granzyme pathways converge on the same terminal 

pathway, where the activation of execution caspases begins the phase of apoptosis.59 

Caspases are proteases that cleave target proteins only after an aspartic acid residue. 

Caspases are responsible for the degradation of hundreds of cytoplasmic and nuclear 

proteins that ultimately causes the disassembly of the apoptotic cell. Caspase-8, caspase-

9, and caspase-10 act as initiator caspases, which are responsible for cleaving and 

activating the effector caspases. The effector, or “executioner”, caspases cleave various 

substrates that ultimately cause morphological and biochemical changes seen in apoptotic 

cells and include caspase-3, caspase-6, and caspase-7. Cleaved caspase-3 results in cell 

shrinkage, DNA fragmentation, degradation of nuclear proteins, formation of apoptotic 

bodies, expression of ligands for phagocytic cell receptors, and finally uptake by 

phagocytic cells such as macrophages. Once the cascade of proteolytic caspases is 

activated, the cell irreversibly commits towards cell death. Typically, apoptosis can be 

instigated by stress, heat, drugs, radiation, hypoxia, and viral infection. In contrast to 

necrosis, the integrity of the apoptotic cell membrane is preserved and the cell does not 

release its cellular constituents into the surrounding interstitial tissue, thus avoiding the 

production of anti-inflammatory cytokines.60 

 Although the mechanisms and morphologies of apoptosis and necrosis differ, 

there is overlap between these two processes.61 Decrease in the availability of caspases 
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and intracellular ATP are two factors that will convert an ongoing apoptotic process into 

a necrotic process, a phenomenon described as the “apoptosis-necrosis continuum.” The 

two processes can occur simultaneously depending on the intensity and duration of the 

stimulus, the extent of ATP depletion, and the availability of caspases. Cultured cells 

undergoing apoptosis in vitro will eventually undergo secondary necrosis. Secondary 

necrotic cells resemble regular necrotic cells, but differ in having gone through an 

apoptotic stage. The time from initiation of apoptosis to completion can occur as quickly 

as 2-3 hours. Identifying apoptotic cells in culture can be difficult to do accurately, as 

each method available has advantages and disadvantages. A combination of these 

methods can give more accurate results on whether the apoptotic process is occurring in a 

cultured cell population.62   

 There are numerous advantages to being able to control the induction of the 

apoptotic pathway in cancer cells in response to therapeutic approaches, with one of the 

most promising approaches being the blockade of immune checkpoints. While the 

immune system contains a number of inhibitory pathways that are critical in maintaining 

self-tolerance, it has recently been discovered that tumors also contain certain immune-

checkpoint pathways that keep it resistant to the immune system, notably against T-cells 

that are specific for tumor antigens. By blocking ligand-receptor interactions at immune-

checkpoints through the use of antibodies or other forms of ligands, the immune system 

would be able to identify and eliminate tumor cells, which is the basis of checkpoint-

blockade immunotherapy. Cancer cell apoptosis mediated by localized photothermal 

therapy is believed to better initiate an immune response toward the cancer cells, leading 

to a systemic immune attack of primary and metastatic tumors by anti-cytotoxic T-
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lymphocytes.3 This therapeutic strategy combining adjuvant nanoparticle-based PTT with 

checkpoint-blockade immunotherapy shows vaccine-like functions that offer a strong 

immunological memory effect, providing protection against tumor rechallenge (i.e. the 

implantation of a new set of cancer cells) after elimination of their initial tumors.3 

Although the mode of cell death induced by PTT can be tuned between apoptosis or 

necrosis by alternating photothermal agent dose and irradiation parameters, low dose 

PTT/mild hyperthermia has been shown to favor apoptosis.63 A preliminary clinical study 

was conducted to evaluate the safety and therapeutic efficacy of in situ 

photoimmunotherapy (ISPI) for the treatment of late-stage metastatic melanoma. ISPI 

consisted of local application of imiquimod to multiple cutaneous metastases, injection of 

indocyanine green (ICG), and an 805 nm laser for local irradiation. ICG was used as the 

photothermal agent that absorbed the NIR radiation and dissipated it back as heat, while 

the imiquimod (a toll-like receptor agonist) was selected as the immunoadjuvant based on 

its strong immunological stimulating effect. The absence of grade 4 toxicity, minimal 

side effects, promising patient response rate, and 12-month overall survival rate of 70% 

indicated that in situ photoimmunotherapy with imiquimod is safe and well tolerated.64 

 Our work aimed to identify and evaluate the mechanisms of cell death caused by 

photothermal ablation in order to optimize the parameters surrounding photothermal 

therapy mediated by conductive polymer nanoparticles.  
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Chapter II 

MATERIALS AND METHODS 

 

2.1  Materials 

 3,4-Ethylenedioxythiophene (EDOT), poly(4-styrenesulfonic acid-co-maleic acid) 

(PSS-co-MA) sodium salt (20,000 Da, 3:1 styrenesulfonic acid:maleic acid), and bovine 

serum albumin (BSA) were purchased from Sigma-Aldrich (St Louis, MO, USA). 4-

dodecylbenzenesulfonic acid (DBSA) was purchased from TCI America (Portland, OR, 

USA). Nile Red was bought from Chem-Impex International, Inc (Wood Dale, IL, USA). 

One hundred kilo Dalton molecular weight cutoff cellulose ester membranes were 

obtained from Spectrum Laboratories (Rancho Dominguez, CA, USA). Triton X-100 was 

purchased from JT Baker, Inc (Phillipsburg, NJ, USA). Rabbit anti-alpha tubulin 

monoclonal antibody (stock concentration: 0.166 mg/mL, product number: ab176560) 

and goat anti-rabbit IgG Dylight 488 polyclonal antibody (stock concentration: 0.5 

mg/mL, product number: ab96883) were purchased from Abcam (Cambridge, MA, 

USA). Glycerol, gelatin, and 4’,6-diamidino-2-phenylindole, dihydrochloride (DAPI) 

were obtained from MilliporeSigma (Burlington, MA, USA). Fluoromount-G was bought 

from Southern Biotech (Birmingham, AL, USA). Ultrapure deionized water (DI water) 

was obtained from a Millipore Direct-Q water purification system.  

 
 
2.2 Monomer Purification  

 3,4-ethylenedioxythiophene was decanted into dichloromethane. The solution was 

then extracted with 0.1 M HCl, using equal part of HCl to dichloromethane, using a 
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separatory funnel under a fume hood. The mixture was then washed with saturated 

sodium bicarbonate until the wash is neutral. DI water was used for the sodium 

bicarbonate wash and mixed with EDOT solution. After 3 or 4 washes, pH paper was 

used to confirm the solution was neutral and then dried over magnesium sulfate. The 

solution was then filtered through silica using vacuum filtration and filter paper. The 

methylene chloride was removed under reduced pressure. Initially, the pressure was 

reduced slowly, making sure that condensation was occurring in the bulb. If there was no 

condensation, the pressure was reduced more until it eventually hit ~10 mbar. The EDOT 

was then distilled under vacuum at 90℃ at 0.65 torr. Once distillation was finished, the 

purified product was stored in the dark at -25℃ under argon.  

 

2.3 Synthesis of poly(3,4-ethylenedioxythiophene) (PEDOT) NPs 

 Conductive polymer nanoparticles were prepared from the monomer 3,4-

ethylenedioxythiophene (EDOT) using a two-surfactant oxidative-emulsion 

polymerization process similar to that reported by Cantu et al (Figure 3).16 An aqueous 

phase and organic phase were prepared individually. For the aqueous phase, the 

surfactant poly(4-styrenesulfonic acid-co-maleic acid) (PSS-co-MA) sodium salt was 

dissolved in 1 mL of ultrapure water at a concentration of 2% w/v. The organic phase 

was prepared by making a solution consisting of a 48 mg/mL concentration of EDOT and 

a 0.3 g/mL concentration of the second surfactant 4-dodecylbenzenesulfonic acid 

(DBSA) in 100 µL of chloroform. The organic phase was added dropwise to the aqueous 

phase in 10 µL intervals while stirring, and then diluted with 2 mL of ultrapure water. 

Finally, 3.8 µL of a 100 mg/mL aqueous solution of FeCl3 (2.2 mol) was added to the 
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emulsion and allowed to polymerize for 1 hour while stirring. The nanoparticles were 

allowed to dialyze overnight for 17 hours using a 100-kDa molecular weight cutoff 

cellulose ester membrane.  

 PEDOT NPs physically encapsulating Nile Red (PEDOT/NR) were synthesized 

in order to visually monitor the cellular uptake of the NPs by breast cancer cells, and 

were prepared using the same two-surfactant oxidative emulsion polymerization process. 

100 µL of a 4 mM solution of Nile Red in toluene was prepared and directly added to 

EDOT and DBSA to form the organic phase. The organic phase was added to the 

aqueous phase in the same dropwise fashion. After the addition of the FeCl3 and 1-hour 

polymerization period, the PEDOT/NR NPs were dialyzed overnight.  

 The concentration of NPs was determined by weighing the lyophilized product 

from 1 mL of the NP suspension.  
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2.4 Characterization of PEDOT NPs 

 UV/VIS/NIR absorption spectroscopy was used to confirm strong absorption of 

the PEDOT nanoparticles in the NIR region using a Biotek Synergy H4 Hybrid Multi-

Mode Microplate Reader. Dynamic light scattering and zeta potential analysis were 

performed to validate the size and zeta potential of the nanoparticles using a Malvern 

Zetasizer Nano ZS instrument. For size determination, 1 mL of the stock NP suspension 

was added to a cuvette and analyzed. For zeta potential analysis, 3-4 drops of the NP 

 
Figure 3. Schematic of PEDOT NP Preparation. Organic phase is added to the aqueous 
phase in dropwise intervals while stirring to create an emulsion. FeCl3 is added to the 
emulsion, yielding PEDOT NPs. A- in the chemical structure represents the negatively 
charged surfactants (anions) interacting with the positively charged polymer.   
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suspension was added to 1 mL of 1 mM KCl solution. Scanning electron microscopy 

(SEM) was used to confirm the size and shape of the nanoparticles. SEM samples were 

prepared by drop casting the NP suspension onto a Si wafer, coated with 2 nm of iridium 

using an EMS150T ES sputter coater, and imaged using an FEI Helios NanoLab 400 

SEM at a working distance of 4 mm and at 10 kV.  

 

2.5  Effect of PEDOT NPs on Laser-Induced PTT 

 Adequate temperature change as a function of nanoparticle concentration and 

laser irradiation time in the absence of cells was verified for the photothermal ablation 

agents using an 808-nm laser diode (RLCO-808-1000G, 9 mm; Roithner Lasertechnik 

GmbH, Wein, Austria) rated at 1 W of power and a thermocouple. A biconvex lens 

(Thorlabs, Inc., Newton, NJ, USA) was used to focus the laser to a 6 mm diameter, which 

was mounted at ~25℃. A VIS/NIR detector card (400 to 640 nm, 800 to 1700 nm, 

Thorlabs, Inc., Newton, NJ, USA) that converts NIR light to visible light was used to 

visualize the laser beam and confirm the size of the diameter of the laser beam. All 

samples were irradiated at a laser power of 0.85 W (3.0 W/cm2) in 96 well plates that 

were placed 8 cm below the biconvex lens. Power intensity was measured using a 

photometer. PEDOT NP suspensions were diluted with DPBS to 10, 50, 100, and 500 

µg/ml concentrations, and irradiated for 1, 5, and 15 minutes each. The thermocouple was 

used before and after each irradiation cycle to assess the temperature change due to the 

nanoparticles. Controls that lacked nanoparticles and consisted of only DPBS were also 

irradiated with the NIR laser. Each tested sample was performed in triplicate. 
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2.6  Cell Culture  

 Human MDA-MB-231 breast cancer cells (American Type Culture Collection, 

Manassas, VA, USA) were seeded in T-75 flasks with cell media consisting of 88% 

Dulbecco’s Modified Eagle’s Medium (DMEM, Corning Cellgro, Corning, NY, USA), 

10% Fetal Bovine Serum (FBS, Corning Cellgro, Corning, NY, USA), 1% 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, ThermoScientific, Waltham, 

MA, USA), and 1% Penicillin Streptomycin solution (Sigma, St. Louis, MO, USA) at 

37℃ with 5% CO2. Once cells reached 80% confluency, cells were dissociated using 

0.05% trypsin-EDTA solution and centrifuged at 62 RCF for 5 minutes. For confocal 

imaging, cells were seeded at 50,000 cells/well in 12-well plates that contained a single 

autoclaved circular coverslip in each well. For nanoparticle-mediated photothermal 

therapy, cells were seeded in 96-well plates at a sample volume of 100 µL and a cell 

density of 20,000 cells/well. Cells were incubated for 24 hours prior to experimentation 

in order to enable the cellular adhesion process. NPs were filtered with a sterile 0.22 µm 

polyethersulfone membrane filter before being introduced to the cells. All PTT studies 

were performed in an adjusted incubator environment in order to mimic the optimal 

temperature setting for the cell line, which is 37℃. This was done to verify that the cells 

were dying solely by the PTT and not because they were being subject to sub-optimal 

growing conditions. 

 

2.7  Cell Internalization 

 To observe whether the PEDOT NPs were being internalized into the MDA-MB-

231 cancer cells, cells were grown, fixed, and fluorescently stained on glass coverslips. A 
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sterilized circular coverslip was treated with a filtered 0.1% gelatin-coating solution in 

the well of a 12 well plate to aid in the cell adhesion process. The coverslip was 

incubated in the gelatin solution for 10 minutes at room temperature and allowed to dry 

for 15 minutes before use. The gelatin-treated coverslip was placed in a new well and 

seeded with 50,000 cells/well. After 24 hours, 1 mL of 500 µg/ml PEDOT/NR NPs was 

introduced to the cells and allowed to incubate for 1.5 and 24-hour time periods. After the 

respective incubation time, the cells were washed with cold DPBS, fixed with 4% 

paraformaldehyde for 20 minutes at room temperature, and washed with 0.1% BSA in 1X 

PBS twice. Blocking buffer containing 1% BSA, 0.1% Triton X-100, and 22.5 mg/mL 

glycerol was added to the well and incubated for 45 minutes at room temperature. The 

primary anti-alpha tubulin antibody was introduced in a 1:200 dilution and allowed to 

incubate for an hour at room temperature. The cells were washed twice with 0.1% BSA 

in 1X PBS, followed by the addition of a 1:1000 dilution of the fluorescently labeled 

secondary goat anti-rabbit IgG Dylight 488 antibody that was incubated for 1 hour at 

room temperature in the dark. After rinsing twice with wash buffer, a 1 µg/ml solution of 

DAPI was added to the well for 5 minutes and then rinsed with DI water. The coverslip 

was carefully removed from the well, inverted onto a slide containing 500 µl of 

Fluoromount-G, and secured using clear nail polish. The slide was immediately viewed 

and analyzed using an Olympus FluoViewTM FV1000 laser scanning confocal 

microscope.  
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2.8  Photothermal Effect on Cell Death 

 Cell death was qualitatively analyzed by fluorescence microscopy using Calcein 

Blue AM, Annexin V AlexaFluor 488, and Propidium Iodide as biochemical indicators of 

live, apoptotic, and necrotic cells, respectively. Calcein Blue AM labels live cells that 

display enzymatic activity with blue fluorescence. Annexin V AlexaFluor 488 labels 

apoptotic cells by detecting translocated phosphatidylserine that is exposed on the plasma 

membrane of early apoptotic cells, which is indicated by green fluorescence. Propidium 

iodide is a nucleic acid stain that detects necrosis by being able to permeate through the 

compromised plasma membrane of necrotic cells, and is indicated by red fluorescence. 

Figure 4 shows the absorption and fluorescence spectra of these three fluorescent 

biochemical indicators. As shown, little to no spectral overlap occurs in the fluorescence 

of these fluorophores. Additionally, Table 1 displays the excitation and emission 

wavelengths of the fluorescently labeled biochemical reagents along with their 

compatible filter cubes. 

 Following the 24-hour incubation period after cell seeding, the media was 

replaced with filtered NPs diluted with cell media without phenol red at NP 

concentrations of 10, 50, 100, and 500 µg/ml. The cancer cells were exposed to 100 µL 

of NPs for 1.5, 6, 12, and 24-hour incubation time periods, and irradiated in the presence 

of the NPs. Cells were irradiated for 1, 5, and 15 minutes using an 808-nm laser diode 

(RLCO-808-1000G, 9 mm; Roithner Lasertechnik GmbH, Wein, Austria) at 3.0 W/cm2. 

Following treatment with the laser, cells were incubated for an additional 30 minutes at 

37℃ with 5% CO2 before the addition of fluorescently labeled biochemical reagents and 

imaging to allow for the cellular processes to take place.  
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 Positive and negative controls consisted of live cells without any treatment, 

induced necrotic cells treated with methanol for 10 minutes, induced apoptotic cells using 

UV radiation for 1-hour, live cells exposed to laser irradiation for the same times used for 

all samples but without nanoparticles, and live cells exposed to all nanoparticle 

concentrations without irradiation. Control studies were performed in order to help 

0

10

20

30

40

50

60

70

80

90

100

300 350 400 450 500 550 600 650 700 750

R
e

la
ti

v
e

 In
te

n
s

it
y

 (
%

)

Wavelength (nm)

Calcien Blue AM Excitation

Calcien Blue AM Emission

AlexaFluor 488 Excitation

AlexaFluor 488 Emission

Propidium Iodide Excitation

Propidium Iodide Emission

Fluorophore Ex 

(nm)

Em 

(nm)

Compatible 

Light Cube

Ex (nm) Em (nm)

Calcein Blue AM 360 449 DAPI 357±22 447±30

AlexaFluor488 488 499 GFP 470±21 510±21

Propidium Iodide 535 617 RFP 531±20 593±20

CellEventTM Reagent 503 530 GFP 470±21 510±21

Figure 4. Excitation and Emission Spectra of Calcein Blue AM, AlexaFluor488, 
and Propidium Iodide

Table 1. Excitation and Emission Wavelengths of the Fluorescently Labeled 
Biochemical Reagents and Compatible Filter Cubes



 29 

distinguish the morphological and biochemical differences between the two most 

common types of cell death, apoptosis and necrosis.  

 Before use, Calcein Blue AM was diluted with DPBS to 10 µM working solution. 

The Annexin Binding Buffer that was utilized to enhance the binding of annexin to 

phosphatidylserine was composed of 50 mM HEPES, 700 mM NaCl, and 12.5 mM CaCl2 

at a pH of 7.4. 100 µL of the Calcein Blue AM solution, 25 µL of 1x Annexin Binding 

Buffer, 4 µL of Annexin V AlexaFluor 488, and 2 µL of 100 µg/mL Propidium Iodide 

were added to each well, allowed to incubate at room temperature for 15 minutes, and 

imaged using an EVOS FL optical microscope. Table 1 lists the excitation and emission 

peaks for each of the fluorescence indicators used and the light cubes utilized for viewing 

the samples on the EVOS FL microscope.  

 

2.9  Photothermal Effect on Caspase-3/7 Expression 

 Activation of caspase-3 is an essential event during apoptosis. Thus, caspase 

expression was analyzed by fluorescence microscopy using CellEventTM Caspase-3/7 

Green Detection Reagent (ThermoFisher Scientific, Waltham, MA, USA) in order to 

confirm apoptotic cells. This reagent is an amino acid peptide (DEVD) that is conjugated 

to a nucleic acid-binding dye. Activated caspase 3/7 cleaves at the DEVD peptide 

sequence, which allows the conjugated dye to bind to DNA and fluoresce green. Caspase-

3/7 studies were set up similarly to the previous PTT experiments and tested for the same 

experimental variables. After the samples underwent PTT and the 30-minute incubation 

period at 37℃ with 5% CO2, the NP-media was removed and replaced with 100 µL of 5 

µM CellEvent Caspase-3/7 Green Detection Reagent. Before use, the CellEvent Caspase-
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3/7 Green Detection Reagent was diluted with DPBS to a 5 µM working solution. 

Samples were allowed to incubate for an additional 30 minutes before analysis, and then 

imaged using the GFP filter cube on an EVOS FL optical microscope (Table 1). 

 

2.10 Image Quantification 

 Fluorescence intensity quantification of microscopy images was performed using 

ImageJ software. Colored images (RGB) were first converted to 16-bit grayscale, 

duplicated, and then used to create a binary image. A range of pixel intensities were 

chosen, with the lower threshold level set to 15 and the upper threshold level set to 200 

for all images. The pixel intensities were analyzed and compared to the background 

fluorescence. The following equation was used to calculate the Corrected Total Cell 

Fluorescence (CTCF): 

(Eq. 1)  CTCF = Total Integrated Density of Cells – (Area of Selected Cells x  
    Mean Fluorescence of Background Readings) 
 
 
2.11 Flow Cytometry  

 Flow cytometry is a common laser-based technology that is capable of analyzing 

characteristics of cells or particles, such as cell size or fluorescence intensity. Cell 

suspensions are passed through a laser beam in a single-file fashion, where the resulting 

scattered light is detected and measured as forward scatter and side scatter. Fluorescence 

detectors also measure the amount of emitted fluorescence from positively stained cells. 

 To quantitatively analyze the cell death pathways by flow cytometry, cells were 

stained using Annexin V AlexaFluor488 and Propidium Iodide in order to determine the 

proportion of apoptotic and necrotic events within a cell population that had underwent 
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nanoparticle-mediated photothermal therapy. Cells that were Annexin V AlexaFluor488 

positive but PI negative were considered to have undergone apoptosis. Cells which were 

positive for both Annexin V AlexaFluor488 and PI were considered to have undergone 

necrosis. Cell cultures were plated overnight and nanoparticles were introduced the 

following day and allowed to incubate for their designated time period. Following PTT, 

the samples were incubated for an additional 30 minutes. Briefly, the cells were washed, 

trypsinized, and centrifuged at 62 RCF for 5 minutes in microcentrifuge tubes. The 

supernatant was discarded and the cell pellets were resuspended in 100 µL of Annexin 

Binding Buffer containing 3 µL Annexin V AlexaFluor488 and 1 µL PI. Each sample 

was mixed by gentle pipetting and incubated for 15 minutes at room temperature in the 

dark. As a control, live cells that were not exposed to NPs or irradiation were stained 

(negative control), as well as cells exposed to 1 hour of UV radiation (apoptotic positive 

control) and cells exposed to 10 minutes of methanol (necrotic positive control). Samples 

were placed on ice until analysis using a BD Accuri C6 Flow Cytometer with bandpass 

filters at 533±15 for Annexin V AlexaFluor488 and >670 for PI. A total of 20,000 events 

were collected for each sample. FlowJo software was used to analyze and process flow 

cytometry data into log-log pseudocolor density plots. Gating, or the selection of 

fluorescence levels that separate live, apoptotic, and necrotic cells, was determined based 

on the distinct populations and relative fluorescence demonstrated by the live, apoptotic, 

and necrotic control samples. Upon gating, the relative percentage of cell population in 

each treated sample that was live, apoptotic, or necrotic was determined.  
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2.12 Statistical Analysis  

 Unpaired t-tests were used to determine statistical significance between the means 

of independent sample conditions. Values of P < 0.05 were utilized to categorize 

statistical significance.  
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Chapter III 

RESULTS 

 

3.1 PEDOT and PEDOT/NR NP Characterization 

 The oxidative emulsion polymerization process yielded a dark green PEDOT NP 

suspension after the addition of the oxidizer FeCl3, as seen in Figure 5A. Despite using 

the same protocol for the synthesis of the PEDOT/NR NPs, the color of both the 

emulsion and the suspension differed from that of the PEDOT NPs lacking the Nile Red 

dye, and yielded a lighter green suspension (Figure 5D). UV/VIS/NIR spectroscopy 

displayed a strong absorbance in the NIR region (700–1000nm) for the PEDOT NPs, 

with a peak absorbance at 790 nm (Figure 6A). NIR radiation is able to penetrate deep 

within tissue without being absorbed by biological chromophores such as hemoglobin,  

FeCl3 FeCl3

A DCB

PEDOT NP Synthesis PEDOT/NR NP Synthesis

Figure 5. PEDOT and PEDOT/NR NP Synthesis. (A) Oil-in-water emulsion 
before addition of the oxidizer FeCl3. (B) PEDOT NP suspension after addition of 
FeCl3. (C) Oil-in-water emulsion in the presence of Nile Red before addition of 
the oxidizer FeCl3. (D) PEDOT/NR NP suspension after addition of FeCl3.
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which makes the PEDOT NPs a prime candidate for photothermal therapy. PEDOT NPs 

exhibited a spherical morphology as displayed in the SEM images, with an average 

diameter of 71.49 nm confirmed by dynamic light scattering and a polydispersity index 

(PDI) of 0.261. PDI refers to the size heterogeneity of the particles in suspension and is 

calculated by dividing the mean size of the NPs by the standard deviation. A more 

polydispersed suspension generally has a PDI > 0.6, while a monodispersed suspension 

has a PDI close to 0. Zeta potential analysis revealed that the NPs are roughly -30 mV 

(Figure 6). Table 2 summarizes the sizes and zeta potentials for the particles. The <100 

nm agents are within the optimal size range for utilization within a living organism, 

where they should be small enough to evade the security of the immune system, but large 

enough to not be easily cleared by the renal system.  

 The characterization of the PEDOT/NR NPs yielded very similar results, with an 

average size of 62.64 nm, a PDI of 0.274, and a zeta potential of -40.8 mV. Since we are 

assuming the PEDOT NPs are being internalized by the cells in a similar fashion as the 

PEDOT/NR NPs, it is crucial that the encapsulation of the Nile Red dye does not have a 

significant impact on the conductive properties, size, or zeta potential of the nanoparticles 

and the data confirms this.  
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Figure 6. PEDOT NP Characterization. (A) Absorbance spectrum of PEDOT NPs in 
the NIR region; peak absorbance at 790 nm. (B) Dynamic light scattering displayed 
average PEDOT NP size to be 74 nm. (C) Zeta potential analysis indicated PEDOT 
NPs to have an average zeta potential of -30.9 mV. (D) Scanning electron microscopy 
(SEM) confirms NP size is <100 nm. 

Table 2. Size, PDI, and Zeta Potential of PEDOT and PEDOT/NR NPs. Standard 
deviations were calculated from

Size (nm) PDI Zeta Potential (mV)

PEDOT NPs 71.49 ± 7.29 0.261 ± 0.029 -30.9 ± 5.9

PEDOT/NR NPs 62.64 ± 8.73 0.274 ± 0.027 -40.8 ± 6.3

Table 2. Size, PDI, and Zeta Potential of PEDOT and PEDOT/NR NPs. Standard 
deviations were calculated from 3 different batches of NPs. 
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NPs to have an average zeta potential of -30.9 mV. (D) Scanning electron microscopy 
(SEM) confirms NP size is <100 nm. 

Table 2. Size, PDI, and Zeta Potential of PEDOT and PEDOT/NR NPs. Standard 
deviations were calculated from

Size (nm) PDI Zeta Potential (mV)

PEDOT NPs 71.49 ± 7.29 0.261 ± 0.029 -30.9 ± 5.9

PEDOT/NR NPs 62.64 ± 8.73 0.274 ± 0.027 -40.8 ± 6.3
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Figure 6. PEDOT NP Characterization. (A) Absorbance spectrum of PEDOT NPs in 
the NIR region; peak absorbance at 790 nm. (B) Dynamic light scattering displayed 
average PEDOT NP size to be 71.49 nm. (C) Zeta potential analysis indicated PEDOT 
NPs to have an average zeta potential of -30.9 mV. (D) Scanning electron microscopy 
(SEM) confirmed NP size was <100 nm. 

Size (nm) PDI Zeta Potential (mV)

PEDOT NPs 71.49 ± 7.29 0.261 ± 0.029 -30.9 ± 5.9

PEDOT/NR NPs 62.64 ± 8.73 0.274 ± 0.027 -40.8 ± 6.3

P-value 0.2490 0.6002 0.1179

Table 2. Size, PDI, and Zeta Potential of PEDOT and PEDOT/NR NPs. Standard 
deviations were calculated from 3 different batches of NPs. P-values were calculated 
using an unpaired t-test (*P > 0.05) by comparing the PEDOT and PEDOT/NR NPs 
based on size, PDI, and zeta potential. 

* **
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3.2 Photothermal Effect of PEDOT NPs 

 The change in temperature upon laser irradiation as a function of PEDOT NP 

concentrations is displayed in Figure 7. The temperature increase of 500 μg/ml NP 

suspensions after 1, 5, and 15 minutes of irradiation using a NIR laser at 3.0 W/cm2 was 

16.9, 26.5, and 30.8 ℃, respectively. Measuring the increase in temperature from the 

physiological temperature of 37℃, the maximum increase in temperature for the 500 

μg/ml concentration after 15 minutes of irradiation was almost 70℃. As previously 

observed in our published work, the change in temperature with respect to laser 

irradiation time stops increasing after approximately 5 to 6 minutes of irradiation, where 

the heat input of the system equals the heat output of the surrounding, reaching steady 

state, and accounting for the very minimal change in temperature between the 5 and 15- 

minute NP irradiation periods seen in Figure 7. Regression indicated a linear relationship 

between NP concentration and temperature change as demonstrated with R2 values 

greater than 0.97 for the best-fit trendline of all nanoparticle concentrations when 

irradiated for the same time period, (Table 3), as expected. When samples lacked 

NPs, there was no change in temperature after 15 minutes of irradiation as measured 

with the thermocouple.  
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3.3 Cellular Internalization of PEDOT NPs 

 Although conductive polymers are known to naturally fluoresce, our PEDOT NPs 

did not display adequate fluorescence at any point in the spectrum when tested at various 

excitation wavelengths (Appendix Figure A1), where the NPs were excited in 10 nm 

increments ranging from 300-450 nm. A peak fluorescence of ~70 RFU was seen at 400 

nm after exciting at 360 nm. However, the fluorescence intensity of the NPs was not high 

enough to be detected with an EVOS microscope using the DAPI filter (Ex: 357/44, Em: 

447/60). The encapsulation of Nile Red within the PEDOT NPs provided a much higher 

fluorescence intensity that could be easily detected with an EVOS microscope using the 

RFP filter (Ex: 531/40, Em: 593/40). As shown in Appendix Figure 2, a peak 

fluorescence value of ~1200 RFU was observed at 650 nm for the PEDOT/NR NPs 
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Figure 7. Temperature change (℃) as a function of NP 
concentration ("g/ml) after 1, 5, and 15 minutes of 
irradiation using an 808-nm laser at 3.0 W/cm2. Experiments 
were performed in triplicate. P-values were calculated using 
an unpaired t-test (**P < 0.0025, *P < 0.025) by comparing 
the 1 and 5 min irradiation times to the 15 min irradiation 
time.

Irradiation 

Time (min) 

R2 value

1 0.9989

5 0.9762

15 0.9989

Table 3. R2 values for each 
irradiation time period. All 
R2 values are > 0.95,
indicating there is a direct
and linear relationship 
between NP concentration 
(10, 50, 100, and 500 
"g/ml) and temperature 
change (℃). 

**

* **
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synthesized with toluene after being excited at 530 nm, while the PEDOT NPs displayed 

no fluorescence when excited at this same wavelength. Therefore, the high fluorescence 

intensity exhibited by the encapsulated Nile Red was utilized to study the internalization 

of the PEDOT NPs within the breast cancer cells.  

 The cellular uptake and distribution of Nile Red-loaded PEDOT NPs in breast 

cancer cells was observed with a confocal microscope after 1.5 and 24-hour co-

incubation time periods (Figure 8). After 1.5 hours, the NPs (red fluorescence in Figures 

8 C and D) appeared to enter the cells through endocytosis at the plasma membrane as a 

result of our observation of the red fluorescent vesicles which appeared to be endosomes. 

As expected, there seemed to be little to no penetration of the NPs into the nucleus. After 

24 hours of co-incubation, the NPs had travelled from the plasma membrane to the 

perinuclear region, with still no penetration into the nucleus (Figure 8D). There was a 

much larger accumulation of NPs within the cytoplasm and an increase in number of NPs 

surrounding the nuclei of the cells. The nature of the NPs to travel to the perinuclear 

region and accumulate around the nucleus demonstrates their potential, not only as 

photothermal agents, but also as a drug delivery agent that could transport and deliver 

chemotherapeutic drugs to the nuclei of target tumor cells, where they can carry out their 

desired therapeutic effect.  
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3.4 Qualitative Analysis of Cell Death by Fluorescence Microscopy 

 Using the fluorescently labeled biochemical indicators explained in Figure 4, cell 

death was qualitatively analyzed as a function of nanoparticle concentration, laser 

irradiation time, and NP-cell incubation time using fluorescence microscopy. Figure 9 

displays the results of the fluorescence microscopy control studies. The negative control 

containing live cells without any treatment fluoresced blue from the Calcein Blue AM, as 

well as the irradiated control that was exposed to 15 minutes of irradiation without NPs. 

The blue fluorescence from the irradiated control suggests that the NIR radiation is not 

harmful to the cells by itself at the tested irradiation time. Additionally, the positive 

necrotic control that was exposed to 10 minutes of MeOH displayed bright red 

fluorescence from PI. The positive apoptotic control that was exposed to 1 hour of UV 
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Figure 8. Confocal microscopy images of MDA-MB-231 cells co-incubated with 500 
μg/ml concentrations of PEDOT/NR NPs for 1.5 and 24-hour time periods. (A) 
Nucleus stain DAPI, (B) Tubulin, (C) Nile Red, (D) Overlay. 
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radiation showed mostly green fluorescence as an indicator of apoptosis from Annexin V 

AlexaFluor488.  

 

 As seen in Figures 10-13, MDA-MB-231 breast cancer cells exposed to NPs at 10 

μg/ml and 50 μg/ml displayed fluorescence by mostly Calcein Blue, indicating that they 

were alive and metabolically active regardless of the NP-cell incubation period and/or 

irradiation time. However, complete cell death was seen for the 500 μg/ml concentration 

at every NP-cell incubation time period after 5 and 15 minutes of irradiation, indicated by 

the complete lack of blue fluorescence. After 1.5 hours of NP incubation and 15 minutes 

of irradiation, the 50 μg/ml NP concentration began to initiate an observable cellular 

response by the Annexin V AlexaFluor488 green fluorescence, which was the more 

prominent fluorescent biochemical marker for the indication of apoptosis (Figure 10). 

The 100 and 500 μg/ml NP concentrations after the 1.5-hour incubation period continued 

to activate this cell death pathway, with a significant increase in cell death by apoptosis 

as indicated by the Annexin V marker as the irradiation time increased. Breast cancer 

cells that were not irradiated with the NIR laser (0 minutes) but exposed to 10, 50, 100, 

A DCB

Figure 9. Fluorescence microscopy images of control samples (A) Live cells without 
any treatment (negative control). (B) Cells treated with MeOH for 10 minutes (positive 
necrotic control). (C) Cells exposed to UV radiation for 1 hour (positive apoptotic 
control). (D) Cells exposed to NIR radiation for 15 minutes without the presence of 
NPs (irradiated control). Scale bar = 200 μm.

Figure 9. Fluorescence Microscopy Images of Control Samples. (A) Live cells without 
any treatment (negative control). (B) Cells treated with MeOH for 10 minutes (positive 
necrotic control). (C) Cells Exposed to UV radiation for 1 hour (positive apoptotic 
control). (D) Cells exposed to NIR radiation for 15 minutes Without the presence of 
NPs (irradiated control). Scale bar = 200 !m. 
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and 500 μg/ml NP concentrations displayed blue fluorescence, indicating that the cells 

were alive and the NPs were not toxic at the tested concentrations/ NP exposure times. 

After 6 hours of incubation with the NPs, the red fluorescence indicative of PI was much 

more visible in the 100 and 500 μg/ml concentration after 15 minutes of irradiation, 

signifying higher levels of cellular ablation leading to cell necrosis (Figure 11). Total cell 

death appeared to occur after only 1 minute of irradiation at the 500 μg/ml concentration. 

The results from the 12-hour incubation period appeared visually similar to the 6-hour 

incubation, with the red fluorescence from the PI being the more distinct biomarker at all 

irradiation times for the 500 μg/ml concentration (Figure 12). Furthermore, the 24-hour 

incubation period conveyed cellular necrosis as the favored cell death pathway by the 

almost complete lack of green and blue fluorescence, even after just 1 minute of 

irradiation (Figure 13). After 24 hours of NP exposure without irradiation, the cells still 

displayed prominent blue fluorescence at every concentration, indicating their potential 

as cytocompatible, photothermal agents.  
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Figure 10. Fluorescence Microscopy of Cells Exposed to NPs for 1.5 Hours and 
Irradiation with an 808-nm Laser. Cells were exposed to 10, 50, 100, and 500 μg/mL NP 
concentrations for 0, 1, 5, and 15 minute irradiation time periods. 
Scale bar = 200 μm. 
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Figure 11. Fluorescence Microscopy of Cells Exposed to NPs for 6 Hours and Irradiation 
with an 808-nm Laser. Cells were exposed to 10, 50, 100, and 500 μg/mL NP 
concentrations for 0, 1, 5, and 15 minute irradiation time periods. 
Scale bar = 200 μm. 
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Figure 12. Fluorescence Microscopy of Cells Exposed to NPs for 12 Hours and 
Irradiation with an 808-nm Laser. Cells were exposed to 10, 50, 100, and 500 μg/mL 
NP concentrations for 0, 1, 5, and 15 minute irradiation time periods. 
Scale bar = 200 μm. 
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Figure 13. Fluorescence Microscopy of Cells Exposed to NPs for 24 Hours and 
Irradiation with an 808-nm Laser. Cells were exposed to 10, 50, 100, and 500 μg/mL NP 
concentrations for 0, 1, 5, and 15 minute irradiation time periods. 
Scale bar = 200 μm. 
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3.5 Quantitative Analysis of Cell Death by Flow Cytometry 

 The cellular response to PEDOT NP-mediated photothermal therapy was 

quantitatively analyzed using flow cytometry to obtain log-log pseudocolor density plots 

with the apoptotic fluorescence intensity on the x-axis and the necrotic fluorescence 

intensity on the y-axis. The pseudocolor plots display the relative population density of 

the cell populations, denoting areas of high and low population density. Each dot 

displayed on the plots represents a single cell of the population, while the colors 

presented in the plots refer to the density of the cells relative to one another and is not an 

indicator of the spectra that the cells emit. Blue and green correspond to areas of lower 

cell density, red and orange are areas of high cell density, and yellow is mid-level. Gating 

of the negative and positive controls established three distinct regions within the plot: the 

live, apoptotic, and necrotic cells in parts A, B, and C, respectively, of Figure 14. Gating 

was determined by selecting the distinct population in the forward scatter vs. side scatter 

plots, and then re-analyzing that population as a function of the fluorophores. Gates were 

placed to closely surround the cell population and adequately separate it from the other 

control populations.  
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 After region determination, samples were analyzed after PEDOT NP-mediated 

photothermal therapy. Figure 15 presents the log-log plots collected from cell samples 

that were exposed to 500 μg/ml NP suspensions and irradiated for 15 minutes with the 

NIR laser after all incubation time periods. After 1.5 hours of co-incubation with 500 

μg/ml NPs, ~75% of the cell population was apoptotic and ~13% was necrotic after 15 

minutes of irradiation. The fluorescence microscopy images complemented these results 

by the primarily green fluorescence observed at this time point. At the same NP 

concentration and irradiation time, the percentage of apoptotic cells decreased as the 
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Figure 14. Flow Cytometry region 
determination. Log-log plot of fluorescence 
intensity, apoptosis stain (Annexin V-
AlexaFluor488) on the x-axis and necrosis 
stain (PI) on y-axis. A. Negative control 
with only live cells stained. B. The 
apoptosis positive control used to determine 
the apoptotic region. Apoptotic cell 
population displays an increase in only 
Annexin V-AlexaFluor488 fluorescence. C. 
The necrosis positive control to determine 
the necrotic region. Necrotic cell population 
shows both an increase in PI and Annexin
V-AlexaFluor488 fluorescence. 
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incubation time increased; concurrently, an increase in necrotic cell death was seen. At 

the 6-hour time point, ~66% of the cells had undergone an apoptotic cell death and ~15% 

had undergone necrosis, while at the 12-hour time point ~50% of the cells were apoptotic 

and ~35% were necrotic. After 24 hours of incubation, necrotic cell death became the 

dominant cell death pathway with greater than 50% of the cell population undergoing 

necrosis and ~35% undergoing apoptosis. The fluorescence images at this time point also 

predominantly displayed red fluorescence from the PI, supporting the quantitative data 

from the flow cytometry. Figure 16 displays the percentage of live, apoptotic, and 

necrotic cells within a cell population for every parameter quantitatively tested.  



 49 

  A 

 
Figure 15. Quantitative Analysis of Cell Death Pathways by Flow Cytometry. Log-log 
plot of fluorescence intensity, apoptosis stain (Annexin V-AlexaFluor488) on the x-axis 
and necrosis stain (PI) on y-axis. All samples were treated with 500 μg/ml of 
nanoparticles and irradiated for 15 minutes using a NIR laser. Cells co-incubated with 
nanoparticles for A. 1.5 hours, B. 6 hours, C. 12 hours, D. and 24 hours.  
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Figure 16. Flow Cytometry Data After NP Incubation Period and Irradiation with an 
808-nm Laser. Blue indicates the percentage if live cells within the population, green 
indicates the percentage of apoptotic cells, and red indicates the percentage of necrotic 
cells. Apoptotic and necrotic cells were determined by their overall level of 
fluorescence by either Annexin V AlexaFluor488 or PI. Live cells were determined by 
their lack of fluorescence from these two biochemical markers. (A) 1.5, (B) 6, (C) 12, 
(D) and 24-hour incubation time periods. 
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3.6 Caspase Expression in Cell Death 

 
 Caspase-3/7 expression was analyzed in the breast cancer cells after NP-mediated 

PTT in order to confirm cell apoptosis (Figures 17 and 18). No fluorescence was 

observed at the 10-50 μg/ml concentrations for all incubation times, which closely 

matches the previous data on the cell viability seen at these concentrations. The 1.5-hour 

NP-cell exposure time displayed a visually higher level of fluorescence for both the 100 

and 500 μg/ml concentrations as compared to the 24-hour NP-cell exposure time 

(compare bottom two rows in Figure 17 to bottom two rows in Figure 18). The quantified 

data from the fluorescence images presents a 6-fold decrease in fluorescence intensity 

density from the 1.5-hour time point to the 24-hour time point at all irradiation time 

periods after exposure to 500 μg/ml NPs (Figure 19). Since caspase-3/7 is an indication 

of apoptotic cell death activation, the data verifies that the peak of apoptotic cell death 

occurs after exposure to 500 μg/ml NPs and 1.5 hours of NP-cell incubation.  
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Figure 17. Fluorescence Microscopy Images of Caspase-3/7 Expression in Cell 
Populations After 1.5 Hours of Co-Incubation with NPs and Irradiation with an 808-nm 
Laser. Caspase expression was analyzed by using CellEventTM Caspase-3/7 Green 
Detection Reagent in order to confirm apoptotic cell death.  
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Figure 18. Fluorescence Microscopy Images of Caspase-3/7 Expression in Cell 
Populations After 24 Hours of Co-Incubation with NPs and Irradiation with an 808-nm 
Laser. Caspase expression was analyzed by using CellEventTM Caspase-3/7 Green 
Detection Reagent in order to confirm apoptotic cell death. 
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Figure 19. Fluorescence Density Indicative of Caspase-3/7 Expression. Standard 
deviations were calculated from 3 separate images of each variable as a function of the 
NP exposure time (hours). Fluorescence intensity quantification of microscopy images 
was performed using ImageJ software. 
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Chapter IV 

DISCUSSION AND CONCLUSION 

4.1 Discussion  

 In this study, we reported the preparation of PEDOT NPs by oxidative-emulsion 

polymerization, which yielded spherical NPs less than 100 nm. The use of DBSA and 

PSS-co-MA as anionic surfactants in conjunction with the positively charged polymer 

contributed to the relatively negative zeta potential of the NPs. In fact, the negative zeta 

potential displayed by these NPs aided in their overall high colloidal stability by 

interparticle charge repulsion.15 The surfactants also acted as dopants, which stabilized 

the NPs in the oxidized state by becoming part of the polymer backbone.16 The polymer 

being in the oxidized state is absolutely critical for their absorbance in the NIR region; in 

the reduced state, the polymer’s absorbance blueshifts to the visible range (data gathered 

by previous students in the Betancourt lab). 

 The decision to use Nile Red as a fluorescent indicator to study the cellular 

internalization of the PEDOT NPs came from the fact that it is a hydrophobic dye that is 

readily miscible in many organic solvents. Nile Red’s solubility in toluene allowed for it 

to be easily incorporated into the organic phase of the NP preparation. Upon addition of 

the organic phase to the aqueous phase, the Nile Red dye would shy away from the 

surrounding aqueous environment and settle within the hydrophobic core of the NPs. 

Additionally, an ideal characteristic of the dye is that it is almost nonfluorescent in polar 

solvents but undergoes fluorescence enhancement and large absorption and emission blue 

shifts in non-polar environments.65 This characteristic was the determining factor over the 
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use of other fluorescent dyes, such as rhodamine and FITC, since there would be no 

question on whether the fluorescence was coming from the encapsulated dye inside of the 

NPs or from the released dye outside of the NPs.  

 The physical encapsulation of Nile Red by the PEDOT NPs is a strong indicator 

for the potential encapsulation of other organic compounds, such as chemotherapeutic 

agents. Hydrophobic drugs could be encapsulated in these conductive polymer 

nanoparticle photothermal agents by introducing the drug into the organic phase before 

creation of the emulsion. Furthermore, the cellular internalization data indicate that the 

NPs surround the nucleus once internalized by the cell, making them ideal candidates for 

the delivery of drugs that carry out their intended purpose in the nuclei of cells. The 

utilization of PEDOT NPs as both a drug delivery agent and a photothermal agent for 

combination therapy could potentially increase the efficacy of the nanoagent for the 

eradication of tumors.  

 MDA-MB-231 breast cancer cells were used as the in vitro model of cancer for all 

experimental cell studies. This cell line is a triple negative cell line that lacks expression 

of the estrogen, progesterone, and human epidermal growth factor 2 (HER2) receptors. 

Triple negative breast cancer tends to be the deadliest and most aggressive form of breast 

cancer, limiting therapeutic options to surgery and chemotherapy. Therefore, the work 

accomplished in this thesis demonstrating the effectiveness of PEDOT NPs with this cell 

line is significant.  

 A major goal of this study was to qualitatively and quantitatively analyze the role 

of the cell death response during nanoparticle-mediated PTT in order to better understand 
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and optimize this localized treatment of cancer. Our hypothesis that the interaction of 

PEDOT NPs within breast cancer cells would activate distinct cell death pathways as a 

result of photothermal ablation was shown to be accurate based on the experimental 

variables tested. NP-cell incubation time proved to be a vital factor in the activation of 

different cell death pathways, with the lower incubation times showing prominent 

apoptotic cell death, while the higher incubation times displayed more necrotic cell death. 

This difference in cell death activation could be due to an increase in NP uptake and 

internalization by the cells as well as by the differences in intracellular nanoparticle 

distribution at the higher incubation times, as displayed by the NP internalization 

confocal images. After the 24-hour incubation, there was an observable increase in the 

overall uptake of NPs, as well as an increase in NP accumulation around the nucleus. The 

aggregation of NPs surrounding the perinuclear region could contribute to necrosis 

becoming the dominant pathway at this time point. Conversely, the 1.5-hour time point 

saw an increase in the apoptotic pathway when the NPs were predominantly surrounding 

the plasma membrane. Variation in NP concentration and irradiation time for cells that 

had similar NP exposure time seemed to have little effect on the stimulation of different 

cell deaths. However, the live cell population did decrease consistently as NP 

concentration and irradiation time increased, despite NP-cell incubation time.   

 This work has demonstrated our ability to control the mechanisms of cell death by 

changing the parameters of PEDOT NP exposure and NIR radiation time. Being able to 

tune the mode of cell death between apoptosis and necrosis provides the opportunity to 

gear this cancer therapeutic towards the field of immunotherapy. Up until very recently, 

apoptosis was believed to not provoke any kind of inflammatory immune response.44 
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However, many publications have supported the conclusion that apoptotic cells can also 

produce and secrete immunostimulatory proteins, or damage-associated molecular 

patterns (DAMPs).66-68 DAMPs, such as heat shock proteins, calreticulin, high mobility 

group B1, and extracellularly secreted ATP, generate an antigen-specific immune 

response that acts on both the innate and adaptive immune systems.66 This novel form of 

cell death is termed “immunogenic cell death” (ICD), and is usually used in the context 

of anti-tumor therapeutics for their vaccine-like implications.44 ICD inducers may include 

chemotherapeutic drugs and irradiation.68 Therefore, the ability to elicit an apoptotic cell 

death using nanoparticle-mediated PTT displays its potential for immunotherapy by 

possibly being able to evoke an ICD.  

 Pattani et al. reported similar cellular internalization results using gold nanorods 

(GNRs).58 After 1.5 hours of GNR incubation with colon cancer cells, the GNRs were 

membrane bound and starting to be internalized by lysosomes. At the 24-hour time point, 

the GNRs were localized to the perinuclear space and hypothesized to be in closer 

proximity to organelles. The internalization of these GNRs closely matches the PEDOT 

NP internalization process reported in this thesis. However, the GNR zeta potential was 

observed to be 50.6 mV due to a cationic surfactant present on the surface. Pattani et al. 

claimed the positive nature of the GNRs aided in the internalization process at the 

negatively charged plasma membrane, but the PEDOT NPs presented in this work had an 

observed zeta potential of -30.9 mV, which directly contradicts this claim. Furthermore, 

the authors observed their highest apoptotic percentage (~18.5%) after the 24-hour 

incubation period, when the GNRs had localized in the perinuclear space.58 This data is 

also conflicting with the reported ~75% apoptotic cell death seen in this study after only 
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1.5 hours of incubation.   

 Future work that would aid in achieving our long-term goal involves investigation 

of dual chemotherapy/photothermal therapy using drug-loaded PEDOT NPs. 

Encapsulation of a chemotherapeutic agent, such as doxorubicin, within PEDOT NPs can 

be thoroughly investigated by analyzing drug encapsulation efficiency, cytotoxicity, 

adequate NIR absorption, drug release with and without NIR irradiation, and cell death 

mechanisms caused by PTT using these doxorubicin NPs. Additionally, analysis of 

immunostimulatory proteins expressed by cells undergoing immunogenic cell death 

could be explored.   

 

4.2 Conclusions 

 PEDOT NPs were confirmed to be cytocompatible, yet effective photothermal 

agents at the ablation of cancer. The NPs successfully absorbed light in the NIR region 

and exhibited the optimal size of <100 nm as confirmed by dynamic light scattering and 

SEM. PEDOT NPs displayed photothermal properties, being able to generate a maximum 

change in temperature of approximately 30°C at a 500 µg/ml concentration. This increase 

in temperature was sufficient to cause total cell death after 5-15 minutes of irradiation at 

this NP concentration. Despite having an overall negative zeta potential, the NPs were 

internalized within the cells through what appeared to be endosomes, even at the lowest 

incubation time of 1.5 hours. The location of the NPs within the cell also proved to be 

time dependent, with the majority of the NPs at the plasma membrane after 1.5 hours and 

then at the perinuclear region after 24 hours of incubation. The qualitative and 

quantitative data carried out by fluorescence microscopy and flow cytometry revealed 
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that 60-75% of MDA-MB-321 breast cancer cells died by primarily apoptosis after being 

exposed to 100-500 µg/ml PEDOT NPs for 1.5 hours and irradiated with a NIR laser for 

15 minutes. The 10-50 µg/ml concentration had little-to-no effect on cell viability for any 

of the NP incubation time periods, indicating that this range of PEDOT NP 

concentrations was too low to elicit any prominent kind of cell death. Apoptosis was also 

the preferred cell death pathway after being exposed to 100-500 µg/ml concentration for 

6 and 12-hour time periods. After 24 hours of exposure to the 100 and 500 µg/ml NPs, 

the primary cell death pathway observed was necrosis, with >50% of the cell population 

undergoing a necrotic cell death. As the NP exposure time with the cells increased, the 

amount of necrotic cell death seen also increased for the 100 and 500 µg/ml 

concentrations. Analysis of the role of caspase-3/7 expression in cell death confirmed 

these finding by displaying a higher degree of fluorescence in the 1.5-hour time point. 

The fluorescence intensity continuously decreased as the incubation time increased, 

indicating that caspase expression is also decreasing. Considering caspase-3/7 is a 

hallmark of apoptotic cell death activation, the maximum caspase expression observed at 

the 1.5-hour incubation time verifies the maximum apoptosis at this time point. The 

studies reported in this work clearly identify the cell death pathways as a function of the 

experimental parameters we set out to address for NP-mediated photothermal therapy. 

Therefore, understanding the mechanisms of cell death caused by NP-mediated 

photothermal therapy is crucial to predict and optimize the efficacy of this novel 

treatment against malignant tumor cells that are unresponsive to conventional cancer 

therapies.  
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APPENDIX 
 
  

 
 

  

 
Appendix Figure A1. PEDOT NP fluorescence spectrum after excitation at multiple 
wavelengths. NPs were excited in 10 nm increments ranging from 300-450 nm, with a 
peak fluorescence seen at 390 nm after exciting at 360 nm.   

 
Appendix Figure A2. Fluorescence spectrum of PEDOT NPs, PEDOT/NR NPs 
made with chloroform, and PEDOT/NR NPs made with toluene. Samples were 
excited at 530 nm.  
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