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ABSTRACT 

 
 

Supervising Professor:  Jiyong Lee, PhD 
 

 
 
Gold nanoparticles have been studied extensively because their size- and shape-dependent 

chemical, physical, and optical characteristics, as well as, their surface chemistry that makes them 

a more powerful tool in a variety of fields. In this dissertation, two studies were carried out to 

design new gold nanoparticles by selecting the appropriate size, shape, and surface ligands for 

cancer therapy and metal ion sensing.  

In the first project, I developed a novel gold nanorod that selectively targets and ablates cancer 

stem cells (CSCs) via photothermal therapy. CSCs have been identified as a new target for cancer 

therapy due to their unique characteristics of tumor initiation, recurrence, metastasis, and drug 

resistance. Despite extensive research that has provided new targets, technologies, and tools for 

CSC treatment, the practical use of these is limited. Herein, I report that gold nanorods by 

functionalized with the CL-1-19-1 ligand selectively binds to CSCs versus non-CSCs, and they 

can decrease CSC populations via laser-induced photothermal therapy. I demonstrated that gold 

nanorods bound to an Aldehyde dehydrogenase (ALDH) positive subpopulation rather than 

Aldehyde dehydrogenase negative subpopulation. Breast cancer cells treated with gold nanorods 
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following laser irradiation (the nanosecond pulsed laser at 532 nm) showed decreased number of 

ALDH positive cells (>50% compared to control group) and diminished expressions of CSC-

associated transcription factors. Thus, these results suggested an effective platform to eradicate 

CSCs.  

In the second project, I took advantage of the reduction capability of tyrosine at alkaline conditions 

to develop peptide-templated fluorescent gold nanoclusters (AuNCs). In order to better understand 

the role of tyrosine in forming fluorescent AuNC, tripeptides, tyrosine-cysteine-tyrosine (YCY) 

and serine-cysteine-tyrosine (SCY), were designed and prepared. Then under a pH of 10 and 70 

°C, we obtained AuNCs of blue and red fluorescence from YCY peptide and the AuNC of blue 

fluorescence from SCY peptide. Transmission electron microscopy (TEM) and dynamic light 

scattering (DLS) revealed that peptide-templated AuNCs possessed a spherical shape and narrow 

particle size distribution in aqueous solution. Furthermore, I found that the fluorescence of blue-

emitting YCY- and SCY-AuNCs is quenched with Fe3+ and Cu2+ in a wide liner range, while the 

fluorescence of the red-emitting YCY-AuNC are stable in 13 different metal ion solutions. 

Interestingly, blue-YCY-AuNC was more than doubly responsive to Fe3+ compared to SCY-AuNC 

presumably due to the presence of two tyrosine residues, causing enhanced aggregation propensity 

under the presence of Fe3+ in DLS measurement. These results thus suggest the chelation effect 

between the peptide on the AuNC surface and the target ion resulted in aggregation, which was 

found to cause fluorescence quenching. In addition, the DLS data demonstrates that the 

aggregation propensity is closely related to the sensitivity of the sensing system to the target metal 

ion.  

 



 
 
 

ix 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS ............................................................................................................... v 

ABSTRACT ................................................................................................................................. vii 

LIST OF FIGURES ...................................................................................................................... xii 

LIST OF SCHEMES .................................................................................................................... xiv 

LIST OF TABLES ......................................................................................................................... xv 

LIST OF ABBREVIATIONS ...................................................................................................... xvi 

CHAPTER 1 INTRODUCTION ................................................................................................... 1 
1.1 Gold nanoparticles ................................................................................................... 1 
1.2 Opto-physical properties of gold nanoparticles at different size and shape ............ 1 

1.2.1 Size .............................................................................................................. 1 
1.2.2 Shape and structure ...................................................................................... 4 

1.3 References ............................................................................................................... 5 

CHAPTER 2 SELECTIVE ELIMINATION OF CANCER STEM CELLS BY GOLD 
NANOROD-MEDIATED HYPERTHERMIA ............................................................................. 10 

2.1      Introduction ............................................................................................................ 10 
2.2      Experimental section ............................................................................................. 15 

2.2.1 Reagents and materials ............................................................................... 15 
2.2.2 Synthesis of ligands .................................................................................... 16 
2.2.3 Preparation and characterization of the ligand-modified AuNRs .............. 17 
2.2.4 Cell lines ..................................................................................................... 17 
2.2.5 Silver staining ............................................................................................. 18 
2.2.6 Cell viability assay ..................................................................................... 18 
2.2.7 In situ ALDEFLUOR assay ....................................................................... 19 
2.2.8 Isolation of breast CSCs using FACS ........................................................ 20 
2.2.9 Western blot analysis ................................................................................. 21 
2.2.10 Two-photon luminescence imaging ........................................................... 22 

2.3 Result and discussion ............................................................................................. 22 



 

x 

2.3.1 Preparation and characterization of AuNRs ............................................... 22 
2.3.2 Cell binding study ...................................................................................... 26 
2.3.3 Cytotoxicity of AuNR-mediated hyperthermia .......................................... 27 
2.3.4 Targeting ability of #1-AuNR to CSCs ...................................................... 30 
2.3.5 Effect of the AuNR-mediated hyperthermia on CSC ................................ 33 

2.4 Conclusions ............................................................................................................ 34 
2.5 Supplementary information .................................................................................... 36 
2.6 References .............................................................................................................. 38 

CHAPTER 3 TYROSINE-ASSISTED GOLD NANOCLUSTER FOR SENSING FERRIC AND 
COOPER IONS ............................................................................................................................. 51 

3.1       Introduction ........................................................................................................... 51 
3.2 Experimental section .............................................................................................. 53 

3.2.1 Reagents and materials ............................................................................... 53 
3.2.2 Synthesis of tripeptides .............................................................................. 54 
3.2.3 Preparation of YCY- and SCY-templated fluorescent AuNCs .................. 55 
3.2.4 Characterization of AuNCs ........................................................................ 56 
3.2.5 The influence of pH and NaCl on fluorescence intensity .......................... 56 
3.2.6 Fluorescent detections of metal ions .......................................................... 57 
3.2.7 Quantum yield (QY) measurement of AuNCs ........................................... 57 

3.3 Results and discussion ........................................................................................... 58 
3.3.1 Preparation of AuNCs ................................................................................ 58 
3.3.2 The optical and physical characteristics of AuNCs ................................... 61 
3.3.3 Metal ion selectivity and sensitivity of AuNCs ......................................... 66 
3.3.4 Sensing mechanism .................................................................................... 69 

3.4 Conclusion ............................................................................................................. 71 
3.5 Supplementary information .................................................................................... 73 

3.5.1 Cell viability test ........................................................................................ 76 
3.6 References .............................................................................................................. 77 

CHAPTER 4  SUMMARY AND FUTURE RESEARCH DIRECTION ..................................... 83 
4.1 Summary ................................................................................................................ 83 



 

xi 

4.2 Future research direction ........................................................................................ 84 
4.2.1 Cancer stem cell targeted nanomaterials .................................................... 84 
4.2.2 Gold nanocluster for metal ions sensing and bioimaging .......................... 85 

4.3 References .............................................................................................................. 86 

BIOGRAPHICAL SKETCH ......................................................................................................... 89 
CURRICULUM VITAE ................................................................................................................ 91 
 

 



 
 
 

xii 

LIST OF FIGURES 

Figure 2.1 Optimization of ligand concentrations and stability of AuNRs in high salt solution.24 

Figure 2.2 Characterization of AuNRs. ...................................................................................... 25 

Figure 2.3 Binding distribution of AuNRs in breast cancer cells ............................................... 27 

Figure 2.4 Intact cell binding distribution of AuNRs in MCF-7 ................................................ 28 

Figure 2.5 Effect of the AuNR-mediated hyperthermia on cell viability. .................................. 29 

Figure 2.6 FACS analysis of ALDH+ subpopulation in MCF-7 cells using the ALDEFLUORTM 
assay .................................................................................................................... 31 

Figure 2.7 Examination of selectivity of #1-AuNR toward CSCs. ............................................ 32 

Figure 2.8 Analysis of CSC subpopulation in MCF-7 under the AuNR-mediated hyperthermia 
via in situ ALDELFUOR assay .......................................................................... 33 

Figure 2.9 Effect of AuNR-mediated hyperthermia on expression of stemness-associated 
transcription factors ............................................................................................ 35 

Figure S.2.1 Characterization of the #1 ligand ........................................................................... 36 

Figure S.2.2 Characterization of the #1 ligand ........................................................................... 37 

Figure 3.1 Effect of different pH on synthesis of tyrosine-assisted AuNCs .............................. 60 

Figure 3.2 UV-Vis and fluorescence spectra of AuNCs ............................................................ 62 

Figure 3.3 Size analysis of AuNCs using TEM and DLS .......................................................... 63 

Figure 3.4 Stability of AuNCs in high salt solution and different pH buffer ............................. 65 

Figure 3.5 Effect of metal ions on fluorescence intensities of AuNCs ...................................... 66 

Figure 3.6 Fluorescence responses of Blue-YCY- and SCY-AuNCs to Fe3+ and Cu2+ ............. 67 

Figure 3.7 Hydrodynamic diameter analysis of AuNCs in the presence of metal ions .............. 70 



 

xiii 

Figure S.3.1 Characterization of YCY peptide ........................................................................... 73 

Figure S.3.2 Characterization of SCY peptide ........................................................................... 74 

Figure S.3.3 Purification of AuNCs via size exclusion column ................................................. 75 

Figure S.3.3 Cytotoxicity of AuNCs .......................................................................................... 76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xiv 

LIST OF SCHEMES 

Scheme 1.1 The size effect on optical and physical properties on gold nanoparticles .................... 2 

Scheme 1.2 Illustration of surface plasmon resonance in gold nanoparticles ................................. 3 

Scheme 1.3 Illustration of surface plasmon resonance in gold nanorod ......................................... 4 

Scheme 2.1 Schematic illustration of the ligand-conjugated AuNRs preparation procedure ....... 23 

Scheme 3.1 Schematic illustration of the preparation of fluorescent AuNC via tyrosine-assisted 
reduction ................................................................................................................... 59 

 
 

 



 
 
 

 xv 

LIST OF TABLES 

Table 2.1 Summary of wavelength at maximum OD and ζ-potential with different surface ligands

 ....................................................................................................................................... 26 

Table 3.1 Comparison sensing activity of Blue-YCY-AuNC and Blue-SCY-AuNC for Fe3+ and 
Cu2+ ............................................................................................................................... 68 

  



 

xvi 

LIST OF ABBREVIATIONS 

ADC Antibody drug conjugate 

ABC ATP-binding cassette  

ALDH Aldehyde dehydrogenase 

ATP Adenosine triphosphate 

AuNC Gold nanocluster 

AuNP Gold nanoparticle 

AuNS Gold nanoshell 

BCA Bicinchoninic acid 

CD271 Nerve growth factor receptor 

CSC Cancer stem cell 

Ctrl Control 

DCM Dichloromethane 

DEAB N,N-diethylaminobenzaldehyde 

DHLA Dihydrolipoic acid 

DLL-3 Delta like 3 

DLL-4 Delta like 4 

DLS Dynamic light scattering 

DMEM Dulbecco’s modified Eagle medium 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

DPBS Dulbecco’s Phosphate-Buffered Saline 

EMT Epithelial-mesenchymal transition 

FACS Fluorescence-activated cell sorting 

FAK Focal adhesion kinase 

FBS Fetal bovine serum 

FL Fluorescence 

Fmoc Fluorenylmethyloxycarbonyl protecting group 



 

xvii 

GSH Glutathione 

HBTU 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

HOBt Hydroxybenzotriazole 

HPLC High-performance liquid chromatography 

LC Liquid chromatography 

LGR5 Leucine-rich repeat-containing G-protein coupled receptor 5  

MeOH Methanol 

mPEG-SH Methoxypolyethylene glycol thiol 

MALDI-TOF  Matrix-assisted laser desorption/ionization 

MS/MS Tandem mass spectrometry 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide  
NMP N-Methyl-2-pyrrolidone 

PAGE Polyacrylamide gel electrophoresis 

PBS Phosphate buffered saline 

PEI Polyethylenimine 

PVDF Polyvinylidene fluoride 

RP Reverse-phase 

RT Room temperature 

SCY Serine-Cysteine-Tyrosine  

SDS Sodium dodecyl sulfate 

SPR Surface plasmon resonance 

STAT3 Signal transducer and activator of transcription 3 

TBS-T Tris-buffered saline with Tween 20 

tBu Tert-butyl 

TEM Transmission electron microscopy 

TFA Trifluoracetic acid 

TIS Triisopropylsilane 

Trt Trityl 



 

xviii 

YCY Tyrosine-Cysteine-Tyrosine  

  



 
 
 

1 

 

INTRODUCTION 

1.1 Gold nanomaterials  

In the last two decades, gold nanomaterials have been considered attractive research 

subjects due to their distinctive features such as exceptional chemical and physical stability,  

surface modification with ligands, and size-dependent electrical and optical characteristics.1-4 

Among these, the optical and physical behaviors of gold nanomaterials with different size and 

structure have expanded their biomedical use as therapeutic tools, imaging, and sensing tools.5-7 

In this chapter, we will briefly review the concepts of the optical and physical properties of gold 

nanomaterials with different sizes and structures and also introduce some representative 

applications. 

 

1.2 Opto-physical properties of gold nanoparticles at different size and shape 

1.2.1 Size 

The size of gold nanoparticles is a crucial factor to determine the physical, electrical, and 

chemical properties of gold (Scheme 1.1). While the free electrons in bulk gold thoroughly move 

through the entire system, all interactions in a system having a smaller size than 100 nm are 

happened with the surface.8 As depicted in Scheme 1.2, when the nanoparticle is exposed to the 

light that has a larger wavelength of electromagnetic radiation than the size of the particle, the light 

in resonance induces the electron density in the nanoparticle to be polarized to one side, resulting 

in a collective coherent oscillation of the electrons on the surface of the nanoparticle, called surface 

plasmon resonance (SPR).3 A strong light absorption caused by the SPR can be measured using a 
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UV-Vis spectrometer. The factors associated with the density of the electron charge, such as the 

particle size, shape, surface components, and structure affect the absorption intensity and 

wavelength of the SPR band.9,10 Decreasing the particle size gradually decreases the intensity of 

SPR intensity and induces a blueshift.11 When the size is smaller than 10 nm, the band of AuNP is 

Scheme 1.1. The size effect on optical and physical properties on gold nanoparticles. 
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mostly damped because of higher rate of electron-surface collisions than in larger particles. Large 

AuNPs (>100 nm) have broad absorption peaks due to the higher level of electron oscillations.8 

These unique optical and electrical properties of gold nanomaterials lead to biosensing and 

bioimaging applications. The Mirkin group has pioneered the use of AuNP-oligonucleotide 

conjugations in detection of their target.12,13  

Eventually, when the size of a AuNP is close to the Fermi wavelength of an electron, the 

particle is comprised of several number of gold atoms, called gold nanocluster (AuNC), and it has 

completely different optical and electronical properties from plasmonic AuNP (> 10 nm). In this 

size range, the continuous energy bands break into discrete energy levels, resulting in “single 

molecule like fluorescence”.14-16 Unlike a single molecule fluorophore, AuNC possesses large 

Stoke-shift, low toxicity in biological system, tunable emission wavelength, excellent 

photostability and high quantum yield.17-19 These distinctive properties enable AuNCs to be 

potential nanomaterials for applications in bioimaging, sensing tools, and biomedicine.20-22  

Scheme 1.2. Illustration of surface plasmon resonance in gold nanoparticles. 
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1.2.2 Shape and structure 

In addition to the size, SPR bands can be tuned by changing their shapes. With advanced 

nanoparticle preparation, synthesis methods for gold nanorod (AuNR) and gold nanoshell (AuNS) 

have been established.23-25 AuNRs have two split bands: a strong peak in NIR region originated 

from electron oscillations of the longitudinal axis and a weak band in the visible region originated 

from transverse axis (Scheme 1.3). With the increasing ratio of length and width in AuNR, the 

wavelength at longitudinal SPR peak increases up towards the red and above, resulting in color 

changes of AuNR. The SPR peak of AuNS composing of silica core and thin gold shell can be 

tuned by modifying the shell thickness. With decrease of the shell thickness from 20 to 5 nm, the 

SPR peak increases about 300 nm, because of more plasmonic coupling between the outer and 

inner shell.26 In addition to SPR characteristic, AuNPs has a capacity to convert light energy to 

heat energy.27 Thus, AuNPs have been utilized as mediators of photothermal therapy, in which the 

generated heat is sufficient to kill or damage the cells via hyperthermia.28,29 Furthermore, by using 

Scheme 1.3. Illustration of surface plasmon resonance in gold nanorod. (a) Longitudinal 
surface plasmon resonance. (b) Transverse surface plasmon resonance. 
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different type of laser, such as pulsed and continuous wave visible laser, treatment region can be 

controlled.1 For instance, a nanosecond pulsed laser is usually applied to achieve “selective 

photothermolysis” and an ablation of single cell, whereas a continuous wave laser can be utilized 

for extensive cell death.30-34 In summary, these studies suggest that gold nanomaterials can be 

potential tools for biomedical and chemical applications. 
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CHAPTER 2 

SELECTIVE ELIMINATION OF CANCER STEM CELLS BY GOLD NANOROD 
MEDIATED HYPERTHERMIA 

2.1 Introduction 

Despite advances in cancer treatment, cancer recurrence, metastasis, and therapy resistance 

lead to cancer remaining as one of the most fatal diseases. Several studies for a few decades have 

identified that a small population of cancer cells, which are called cancer stem cells (CSCs), are 

implicated with a poor prognosis of cancer. 1 Recent studies have strongly supported the CSC 

hypothesis, which demonstrates that a minor population of CSCs are capable of self-renewal, 

differentiation, proliferation and immune regulation, thereby playing important roles in tumor 

initiation, recurrence, metastasis, and therapy resistance.2-4 The first experimental evidence for the 

CSC hypothesis was reported in 1997 from Dick’s group.5 They provided the evidence that human 

leukemias were driven from a small population of leukemic stem cells. This hypothesis has been 

extended by providing specific CSC surface markers CD44+/CD24-/lin- in human breast cancers.6-

8 Afterward, in many cancers including melanoma, prostate cancer, brain cancer, colon, pancreatic, 

and head and neck cancers, the biomarkers to identify CSCs have been validated in vitro and in 

mouse models.9-14 In recent studies, distinct properties of CSCs compared to non-CSCs have been 

discovered, such as improvement of DNA damage repair, epithelial-mesenchymal transition, 

enhanced resistance to physiologic oxidative stress, metabolic reprogramming, and immune 

invasion and suppression.4,15-23 Therefore, successful targeting of CSC is an ultimate goal to 

overcome challenges of current cancer treatments. 

CSCs have been identified as therapeutic targets to overcome the limitations of current 

cancer drugs and they have inspired the innovative designs of drugs and treatment strategies. 
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Identifying signaling pathways and functional regulators of CSCs in human cancers have 

contributed to the development of CSC targeted drug design and therapeutic strategies. Direct 

targeting of CSCs is one of the strategies to eliminate CSC populations. Advanced techniques, 

such as fluorescence-activated cell sorting (FACS)-based transplantation, barcode-tagging and 

tracing, lineage tracing, and other biological assays, have identified markers of CSCs.1,4,24 For 

instances, nerve growth factor receptor (CD271) was identified a specific marker of human 

melanoma.25 Pascual et al. found CD36, the fatty acid receptor, as a target of melanoma and breast 

cancer.26 As mentioned above, heterogeneous CSC markers, CD44+/CD24-, are closely associated 

with breast cancer stem cells. Based on CSC markers, antibody-drug conjugate (ADC) targeting 

markers of CSCs have been emerged as one of the most promising therapeutic strategies to 

eliminate CSCs, and many anti-CSC ADCs have been studied and some of these are currently 

being in clinical trials.27,28 For example, cell surface leucine-rich repeat-containing G protein-

coupled receptor 5 (LGR5) is a well characterized CSC marker in colon cancer.29 Junttila et al. 

conjugated monomethyl auristatin E (MMAE; a potent microtubule inhibitor) or NMS818 

(topoisomerase-inhibiting anthracycline PNU159682) to human LGR5 antibody. The anti-LGR5 

ADC efficiently shrank tumor size and extended the survival of an aggressive APCmin;KrasG12D 

model due to the decrease of the CSC populations.29 Besides, inhibition of mitochondrial oxidative 

phosphorylation (OxPhos) diminished CSC populations and overcame multidrug resistance in 

melanoma and pancreatic cancer.1,30,31  

Identified signaling pathways of CSCs have been facilitated for the development of CSC 

therapeutic strategies. The well-known CSC pathways are Notch, DLL-3, DDL-4, Wnt, STAT3, 

Hedgehog, FAK and Nanog.2,32,33 Some CSC signaling pathway-targeted therapies are currently 
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being evaluated in clinical trials. Among them, Hedgehog pathway inhibitor, Vismodegib, has 

received FDA approval and is in Phase II clinical trials for treating basal cell carcinoma (BCC).34  

Although tremendous research has been devoted to developing therapeutic tools targeting 

CSC regulators or signaling pathways, several concerns have surfaced concerning safety, efficacy, 

mutational process, and clinical impact. In the case of CSC-directed therapies, even the same type 

of cancer can display variability in CSC markers and signaling pathways. In other words, there is 

a lack of universal CSC-specific markers. Therefore, targeting every CSC in all patients is 

limited.35 In addition, because expression of genes and signaling pathways of CSCs overlap with 

normal stem cells, these approaches may damage normal stem cells and induce mis-regulation of 

gene expression.3,36  

Since elimination of CSCs is still a challenging goal in conventional therapies, extensive 

research has been carried out to develop novel therapeutic strategies. The clinical field of 

hyperthermia therapy has been a focus due to its potency of direct cancer cell killing, 

radiosensitizer, and promotion of tumor reoxygenation.37-39 Increasing the temperature 

approximately greater than 41-50 °C halts cellular functions and causes cell death.40 Hyperthermia 

therapy has shown advances in several cancers. Recently, clinical trials have clearly demonstrated 

that combined hyperthermia and radiation therapy and/or chemotherapy for treatment of recurrent 

melanoma, breast cancer, prostate cancer, cervix, head and neck cancer.38,41-54  

The efficiency of hyperthermia may also have a great potential to eliminate CSCs and 

sensitize them to conventional therapies, such as radiotherapy and chemotherapy. Activated heat 

shock protein by hyperthermia can trigger protein unfolding, thereby inducing cell death.55 Stein 

et al. reported that the combination of hyperthermia and drug treatment abrogated drug resistance 
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of colon cancer by inactivation of ATP-driven efflux transporters, which are overexpressed in  

CSCs.56 It has been studied that hyperthermia treatment can impede DNA damage repair pathway 

so that under the hyperthermia treatment, DNA damaging agent and/or radiotherapy can induce 

excessive DNA damage and can kill CSCs.57,58 Furthermore, hyperthermia can stimulate blood 

flow, resulting in a decrease of hypoxia. This re-oxygenation changes the microenvironment and 

decreases the number of quiescent CSCs.59  Despite conventional hyperthermia therapy has been 

showing promising results to treat cancer and eradicate CSCs, there are only a few case of 

hyperthermia therapy in clinical practice possibly due to inadequate hyperthermia applicator tips 

and delivery systems. Thus, improved technology is necessary for making hyperthermia therapy 

possible to achieve therapeutic gain. 

Comprehensive research of nanotechnologies has progressed and has identified 

nanoparticles, such as gold nanomaterials, iron oxide nanoparticles, and carbon-based 

nanomaterials, possessing unique capabilities to enable generation of heat in a desired site.60-63 

Plasmonic gold nanomaterials have attracted more attention because they have shown a unique 

combination of thermal and optical properties. Plasmonic gold nanomaterials convert absorb light 

into heat, called the photothermal effect. With this consideration, gold nanomaterials with various 

shapes, such as gold nanorods, gold nanoshells, gold nanoprism, gold nanocages have been studied 

in the field of photothermal CSCs therapy.64-68 Atkinson et al. reported that gold nanoshell-

mediated hyperthermia therapy can sensitize breast cancer stem cells to radiation therapy.69  

However, there exists limitation in CSC targeted nanomaterials-mediated photothermal 

therapies. This could be the lack of absolute biomarkers and the need for a combination of multiple 

markers to target the CSCs. For this reason, many studies have tried to deliver their nanomaterials 
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thorough an enhanced permeability and retention (EPR) effect, but this can also lead to side effects 

through non-specific targeting.65,69 In 2018, our research group have reported a synthetic ligand 

that selectively binds to CSC subpopulation over non-CSC subpopulation.70 Through cell-based 

screening using on bead one compound library we identified the ligand. The ligand showed that it 

can selectively bind to CD24-/CD44+/ALDH+ CSC population of breast cancer cells, MCF-7 and 

MDA-MB-231. It is noteworthy that the ligand alone is sufficient to identify the CSC population, 

whereas the combination of multiple markers was required for it.70 

In this dissertation, CL-1-19-1 was employed to develop the novel strategy for CSC 

elimination. The AuNR conjugated with CL-1-19-1 and mPEG was explored its capacity in vitro. 

This AuNR exhibited high selectively toward to ALDH+ subpopulation, considered CSCs. Under 

the nanosecond laser irradiation (532 nm), MCF cells showed more than 50% decreased number 

of ALDH+ cell populations versus control groups, suggesting that the #1-AuNR can selectively 

eliminate CSC subpopulation from pool of cancer cells.  

 

2.2 Experimental section 

2.2.1 Reagents and materials 

We purchased citrated-coated gold nanorod (Peak l 800 nm, 55 nm x 15 nm) from 

nanoComposix. N,N-Dimethylformamide (DMF), methanol (MeOH), acetonitrile (ACN), 

dimethyl sulfoxide (DMSO), N-Methyl-2-pyrrolidone (NMP), ethyl ether and dichloromethane 

(DCM) were all HPLC grade, and were purchased from Thermo Fisher Scientific. 

ALDEFLUORTM assay kit was purchased from STEMCELL Technologies. Citrate-stabilized gold 

nanorod was purchased from nanoComposix. Hoechst 33342 solution was purchased from BD 



 

15 

PharmingenTM. DMEM (Dulbecco’s modified Eagle’s medium), streptomycin-penicillin and L-

glutamine were purchased from GE Healthcare HyClone. Methoxypolyethylene glycol thiol 

(mPEG-SH) (MW 1000) was purchased from Laysan Bio, Inc. 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT), Trifluoroacetic acid (TFA), N,N-diisopropylethylamine 

(DIPEA), and piperidine were obtained from Sigma-Aldrich. Fmoc-Cys(trt)-OH, Fmoc-Ser(tBu)-

OH, Rink Amide MBHA resin (100-200 mesh) and 2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexfluorophosphate (HBTU) were purchased from Novabiochem. 1-

hydroxybenzotriazole hydrate (HOBt×H2O) was obtained from Creosalus. Biotech RC Dialysis 

tubing (20 KDa cutoff) was obtained from Spectrum Laboratories, Inc. Fetal bovine serum (FBS) 

was purchased from Atlas Biologicals. BCA assay kit was purchased from Thermo Fisher 

Scientific. We purchased primary antibodies of C-Myc, KFL4, Nanog, and Sox2 (Rabbit mAB) 

from Cell Signaling Technology. Ultrapure water (18.2 MWcm, Millipore Co.) was use in all 

experiments. 

 

2.2.2 Synthesis of ligands  

CL-1-19-1 (#1) and control ligands were synthesized using Rink Amide MBHA resin 

(loading level 0.59 mmol/g). 1 g of RINK amide MBHA resin was swelled in 5 mL of DMF for 1 

h and followed by deprotection with 20% piperidine (20% in DMF v/v). After a full wash 5 times 

with DMF, 2 times with MeOH, 2 times with DCM, and 3 times DMF, pre-mixed 5 equivalents 

of Fmoc-Cys(Trt)-OH, HOBt×H2O, HBTU, and 10 equivalents of DIPEA in dry DMF were added 

in the resin and shaken at RT for 3 h. Resins were fully washed after each reaction and Fmoc 

deprotection step. Resins were deprotected with 20% piperidine and were shaken with pre-mixed 
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cocktail solution of Fmoc-6-Ahx-OH (6-(Fmoc-amino)caproic acid), HOBt×H2O, HBTU, and 

DIPEA for 3 h. After the full wash, reactions of Fmoc-6-Ahx-OH and Fmoc deprotection were 

repeated twice. For peptoid sub-monomer addition, 2.84 mL of 0.4 M chloroacetic acid in dry 

DMF and 0.67 mL of 2 M N,N’-diisopropylcarbodiimide in dry DMF were added into resins, and 

resins were shaken at 35 °C for 6 min. Resins were washed with 3 times with DMF, 2 times MeOH, 

2 times, DCM, and 3 times with NMP. 4 mL of 2 M Boc-1,4-diaminobutane in dry NMP was 

added to the beads and the beads were shaken at 35 °C for 3 h. After full wash, the resins were 

divided equally into 2 fritted cartridges. Afterward, peptoids were synthesized using the sub-

monomer approach. The appropriate amine was added to resins (2 mL of a 2.0 M in NMP), and 

the reaction was performed at 35 °C for 1.5 h. After 7th amine addition, the peptoids were cleaved 

and deprotected in TFA solution (95% TFA, 2.5% TIS, 2.5% H2O) for 2 h and additional 20 min 

with the fresh TFA cocktail solution. The resulting products were dissolved in acetonitrile and 

water with 0.1% TFA, and structures were analyzed by MALDI-TOF mass spectroscopy. Crude 

peptoids were purified by preparative HPLC (using C18 reverse phase column) and characterized 

by analytical HPLC and MALDI-TOF mass spectroscopy.  

 

2.2.3 Preparation and characterization of the ligand-modified AuNRs 

For the mPEG conjguation, 100 µL of 0.2 mg/mL of mPEG-SH in water was added to 1 

mL of citrate-coated AuNRs (0.17 nM) with an average size of 55 nm x 15 nm (length x width), 

and the mixture was reacted for 6 h at RT. To remove unbound mPEG-SH, the solution was 

dialyzed in H2O using a 20 kDa cutoff membrane by following the manufacturer’s instructions. 

For the conjugation of peptoids on mPEGylated AuNRs, 10 µL of 5 mM peptoids (in DMSO) was 
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added to 1 mL of the purified mEPGylated AuNRs and mixed at RT for 24 h. After the conjugation, 

extra peptoids were removed by centrifuge at 4 °C with 4,500g for 30 min, and the AuNR pellet 

was resuspended in water. 

Transmission electron microscopy (120 kV, JEOL, JEM-1400) was used to examine AuNR 

size and shape. A drop of the AuNR solution (0.2 nM) was deposited on a carbon-coated Cu grid 

and analyzed. Dynamic light scattering and ζ-potential (DLS, Nano-ZS, Malvern Instrument) were 

used to examine AuNR size and homogeneity. 0.2 nM of each AuNR in waster was analyzed. UV-

Vis spectra were measured using microplate reader (Synergy HTX, Biotek).  

 

2.2.4 Cell lines 

Human breast cancer cells, MCF-7 and MDA-MB-231 (from American Type Culture 

Collection) were cultured in a complete medium (DMEM (Dulbecco’s modified Eagle’s medium) 

with 10% fetal bovine serum (FBS), 1% streptomycin-penicillin, and 1% L-glutamine) at 37 °C 

with 5% CO2.   

 

2.2.5 Silver staining 

12,000 cells MCF-7 and MDA-MB-231 were seeded in a 96-well plate. 24 h later cells 

were treated with AuNRs for 30 min at 37 °C with 5% CO2. After 3 times washing with PBS (pH 

7.4 1 mM MgCl2 and 1mM CuCl2), cells were fixed by adding 100 µL of 4% formaldehyde 

solution and were incubated 10 min at RT. After removing the solution, the formaldehyde was 

quenched by incubating with 50 mM glycine solution in PBS (pH 7.4) for 5 min. The cells were 

rinsed with H2O before LI silver enhancement reagents are applied. 
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To prepare the developer, we mixed equal amounts of the enhancer and initiator 

immediately before use. Silver precipitate was developed during 20 min and washed with H2O 2 

times. The stained AuNRs on cells were visualized a optical microscope.  

 

2.2.6 Cell viability assay 

To determine the effect of the AuNR-mediated hyperthermia on breast cancer cell viability, 

a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed. For 

MTT assay, 15,000/well MCF-7 cells were seeded on 96 well plate and cultured for 24 h. The cells 

were treated with varying concentration (0.025 – 0.4 nM) of the AuNRs for 30 min at 37 °C with 

5% CO2. After 3 times washing with PBS (pH 7.4, 1 mM MgCl2, and 1mM CuCl2), the cells in 

PBS were irradiated by a nanosecond laser pulses, which is operated at 532 nm from a ND:YAG 

laser (Quantel Q-smart). The duration of single laser pulse is 6 ns laser pulse with a Gaussian 

profile (100 mJ cm-2) and the repetition rate is 10 Hz. After 10 laser pulses exposure, PBS was 

exchanged with 100 µL of phenol red-free complete medium then cultured the cells 24 h. 10 µL 

of MTT reagent (5 mg/mL) was added to each well, including controls and placed the plate in cell 

culture incubator for 3 h. Afterward, 100 µL of 10% SDS in 0.01 M HCl (solubilization solution) 

was added to each well to dissolve formazan. The plate was incubated in cell culture incubator for 

4 h to allow the purple formazan crystals to be dissolved in the solution. The absorbances of 

product were read at 590 nm using microplate reader. 
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2.2.7 In situ ALDEFLUOR assay 

To assess the effect of the AuNR-mediated hyperthermia on elimination of breast cancer 

stem cell population, the ALDEFLUORTM assay was performed. placed 70 µL of MCF-7 cell 

suspension (15,000 cells) on middle of glass bottom dishes (35 mm). Following the incubation for 

90 min in cell culture incubator to allow the cells to seed on the plate, 1 mL of the complete 

medium was added to the dishes. After the cell growth reached 70% confluence, the culture 

medium was replaced with fresh medium containing 0.2 nM #1-AuNR or Ctrl-AuNR. After 

incubation in cell culture incubator for 30 min, unbound AuNRs were washed out using PBS (pH 

= 7.4, 1 mM CuCl2 and 1 mM MgCl2) 3 times. The cells were irradiated by nanosecond laser and 

subsequently the PBS was replaced by fresh medium. The cells were maintained for 3 h at 37 °C 

with 5% CO2. We stained the cell nucleus with Hoechst 33342 for 30 min, in the meantime, 

ALDEFLUORTM substrate (BAAA) was prepared. 800 µL of ALDEFLUORTM assay buffer was 

added to the microtube where 4 µL of ALDELFUORTM substrate was placed on. 200 µL of the 

mixed solution was immediately transferred to another microtube containing 1 µL of 

diethylaminobenzaldehyde (DEAB) reagent, which is a commonly used as selective inhibitor of 

aldehyde dehydrogenase isoenzymes. After staining of cell nucleus, the cells were washed with 

PBS 2 times and incubated with 70 µL of ALDEFLUORTM substrate solution or the substrate 

solution including DEAB for 45 min at 37 °C. The stained cells were then washed with cold 

ALDEFLUORTM assay buffer 2 times and kept dishes on the ice with 1 mL of ALDELFUORTM 

assay buffer until obtaining laser scanning confocal fluorescence images. 
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2.2.8 Isolation of breast CSCs using FACS 

A single cell suspension was prepared for the ALDEFLUORTM assay by following 

manufacturer’s protocol with minor modifications. Briefly, when the MCF-7 cells growth reached 

80% confluence in T75 flask, the cells were detached using trypsin. After washing the cells with 

Dulbecco’s phosphate-buffered saline (DPBS) 2 times, the cells were suspended in 

ALDEFLUORTM assay buffer. To obtain a uniform single cell suspension, the cells were passed 

through a cell strainer (40 µm) 4 times. After determining the cell density, 1 mL of suspension 

(106 cells/mL) in ALDEFLUORTM assay buffer was prepared. For preparation of negative control, 

5 µL of ALDEFLUORTM substrate was added to the suspension and 0.5 mL of cell suspension was 

immediately transferred to another tube containing 5 µL of DEAB, which was used to determine 

the baseline of fluorescence to distinguish the ALDH+ and ALDH- population. The tubes were 

incubated at 37 °C for 45 min, following washing with cold ALDEFLUORTM assay buffer. ALDH+ 

population and ALDH- population were sorted using FACS. 

 

2.2.9 Western blot analysis 

After incubation with each AuNR for 30 min, the MCF-7 cells on 35 mm glass bottom dish 

were exposed to nanosecond laser, which was identical with the condition for MTT assay and in 

situ ALDEFLUOR assay. Subsequently, PBS was replaced by the fresh complete medium, and the 

cells were maintained in cell culture incubator for 24 h. Following washing the cells with DPBS 2 

times, cell lysates were prepared by directly adding the Triton X-100 lysis buffer (50 mM Tris. 

150 mM NaCl, pH 8.0, 1% Triton X-100, protease inhibitor mixture) to the cells. After 30 min 

incubation on the ice, lysates were vortexed for 1 min and centrifuged at 12,000 g for 10 min at 4 
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°C. Bicinchoninic acid (BCA) assay was conducted to measure the protein concentration, and 

equal concentration of samples was prepared. After boiling the lysate with sample buffer at 100 

°C for 5 min, equal volume of samples was loaded on a 10% sodium dodecyl 

sulfate/polyacrylamide gel electrophoresis (SDS/PAGE) gel. After the protein separation, the gel 

was transferred to polyvinylidene fluoride (PVDF) membrane for 1 h. Subsequently, the 

membrane was blocked with 5% milk in tris-buffered saline with TweenÒ 20 (TBS-T) for 1 h. The 

primary antibodies (1:1000 dilution in TBS-T including 5% bovine serum albumin (BSA)) were 

incubated with the membranes overnight at 4 °C. After 3 times washing with TBS-T, secondary 

antibody (1:1500 dilution) in 5% milk was incubated for 1 h at RT. Following washing unbound 

secondary antibodies with TBS-T 3 times, the proteins were then detected for chemiluminescent 

signal using 1:1 mixture of SuperSignalTM West Femto Maximum Sensitivity Substrate and ECL 

Western Blotting Substrate (Thermo Scientific). 

 

2.2.10 Two-photon luminescence imaging 

16,000 MCF-7 cells were seeded on 35 mm glass bottom dish and were grown in cell 

culture incubator to 75% confluency. The medium was replaced with a pre-prepared fresh 

complete medium containing #1-AuNR and incubated for 30 min in cell culture incubator. 

Unbound AuNRs were washed using PBS (pH = 7.4, 1 mM CaCl2 and 1 mM MgCl2) 3 times. The 

imaging was performed using Olympus MPE-RS TWIN microscope with a femtosecond Ti-

sapphire laser (InSight DS-OL) with a 40x water immersion objective lens with excitation at 850 

nm wavelength. 0.65 mW of excitation power was used for obtaining images. Luminescence signal 

was detected in red and green channel. X and Y dimensions of images are 318.2 µm for each.  
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2.3 Result and discussion 

2.3.1 Preparation and characterization of AuNRs 

Because citrate is known to be less toxic to cells and animals than CTAB, citrate-coated AuNR 

having maximum localized surface plasmon resonance at 808 nm was employed as the starting 

AuNR. 71 The procedure for the preparation of ligand-conjugated AuNRs is showed in Scheme 

2.1. To improve biocompatibility, we conjugated mPEG on the AuNR surface by ligand exchange. 

According to the calculation of ligand coverage per gold nanoparticle’s surface,72 0.02 mg/mL of 

mPEG could occupy 30% of 2,590 nm2 AuNR’s surface. AuNRs modified with varying 

concentrations of mPEG (from 0.01 to 0.2 mg/mL) were mixed with 0.2 M NaCl to find the optimal 

concentration for dual conjugations on the surface. Although all AuNRs with different 

concentrations of mPEG exhibited excellent stability in high salt solution, we have selected 0.02 

mg/mL of mPEG to save the space for #1-ligand conjugation (Figure 2.1 a). Afterward, we 

conjugated them with CSC targeting #1-ligand. In this study, we synthesized #1 ligand containing 

thiol in cysteine at N-terminal, allowing a strong interaction with the surface of AuNR. 

Additionally, the #1 ligand contains spacers between the cysteine and the binding ligand. The  

presence of spacers could allow for an increase in the accessibility to a binding site. To find optimal 

concentration of #1-ligand, we added varying amount of #1-ligand to mPEGylated AuNRs. After 

#1-ligand modification, ζ-potential were change from negative to positive due to the existence of 

primary amine in #1-ligand (Figure 2.1 b). Since we obtained highest positive charge from 0.05 

mM #1 ligand, we chose this concentration as an optimal condition. We applied this condition to 

the synthesis of control ligand-conjugated AuNR (Ctrl-AuNR). We observed that resulting AuNRs 

maintained their stability in high salt solution (Figure 2.1 c and d). 
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The longitudinal surface plasmon resonance red shifed in UV-Vis spectra (Figure 2.2 a and Table 

2.1), because the ligand conjugation changed the dielectric constant of the surrounding 

environment of AuNRs. 73 Compared to #1-ligand, Ctrl-ligand has less number of primary amine,  

Figure 2.1. Optimization of ligand concentrations and stability of AuNRs in high salt 
solution. (a) Stability of AuNRs with different concentration of mPEG in 0.2 M NaCl solution. 
(b) ζ-potential values after/before conjugation and mPEGylated #1-AuNRs with different 
concentration of #1 ligand. Stability of #1- (c) and Ctrl-AuNRs (d) in 0.2 M NaCl solution, 
respectivsely.  
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Figure 2.2. Characterization of AuNRs. (a) UV-Vis spectra of AuNRs with different ligand 
conjugations. Each absorption peak was normalized to the maximum absorbance value. (b) 
Hydrodynamic diameter distribution of AuNRs before and after conjugation with #1 and Ctrl 
ligands. (c) and (d) TEM images of #1- and Ctrl-AuNRs, respectively. 
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resulting in a neutral ζ-potential (Table 2.1). As-prepared AuNRs sustained good stability in 

aqueous condition (Figure 2.2 b) and consistent physical shape after modification (Figure 2.2 c 

and d).  

 

2.3.2 Cell binding study 

 The binding ability of #1-AuNR was then evaluated in breast cancer cells. Silver 

enhancement reagent was employed to visualize AuNR in cells. The identical conditions of silver 

staining were applied to MDA-MB-231 and MCF-7 cell lines. In Figures 2.3 b and e, the blue dots 

indicate positions where the AuNRs are present. It observed that MDA-MB-231 and MCF-7 cells 

treated by #1-AuNR showed blue dots under the microscope. On the contrary, only negligible 

number of blue dots was observed in the cell treated with the Ctrl-AuNRs. In addition to silver 

staining, we also conducted two-photon luminescence microscope in MCF-7 by utilizing intrinsic 

two-photon-induced photoluminescence of AuNR to investigate intact binding distribution of 

AuNRs. The strong luminescence of AuNR wasobserved at a power as low as 0.65 mW without 

Table 2.1. Summary of wavelength at maximum OD and ζ-potential with different surface 

ligands 
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autofluorescence, which can be detected above 0.6 mW (Data not shown). In accordance with the 

result of silver enhancement staining, the cells treated by #1-AuNR showed high density of AuNR 

but not in Ctrl-AuNR (Figure 2.4).  

 

2.3.3 Cytotoxicity of AuNR mediated hyperthermia 

To examine the photothermal effect of AuNRs on the elimination of CSCs, we employed 

a nanosecond pulse laser because pulsed radiation generates high heat bubble formation and 

following cavitation within nano- and microscale causing single cell ablation. According to  

Ungureanu et al. a laser illumination at longitudinal plasmon absorption peak between 650 and 

950 nm did not result in lethal damage to the cells because the thermal reshaping of AuNRs is  

Figure 2.3. Binding distribution of AuNRs in breast cancer cells. MDA-MB-231 (a, b, and 
c) and MCF-7 (d, e, and f). Images of cells treated with 0.25 nM Ctrl-AuNR (a and d) and #1-
AuNR (b and e). Red box is zoom-in images of cells treated with #1-AuNR (c and f). Blue dot 
is corresponding the position of AuNR.     
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occurred in 100 ps resulting in which laser pulse will no longer be absorbed by the AuNRs. 74 On 

the contrary, green laser, the transverse peak (532 nm), caused the cell-death with moderate change 

of shape. Based on these results, we decided to utilize a nanosecond pulsed laser at 532 nm at 100 

mJ cm-2 per pulse to investigate the photothermal treatment of the CSCs mediated by AuNRs.  

We performed MTT assay to examine whether the laser irradiation condition is sufficient to kill 

the cells. For this, the MCF-7 cells after incubation with different concentrations of #1-AuNR or 

Ctrl-AuNR (equal to 0.025, 0.05, 0.1, 0.2, and 0.4 nM) were irradiated by nanosecond laser. We 

also contained non-irradiation control groups to examine the cytotoxicity of AuNRs. Irradiated 

and non-irradiated cells were maintained with fresh medium for 24 hr. We observed that the cells 

Figure 2.5. Effect of the AuNR-mediated hyperthermia on cell viability. MCF-7 cells after 
24 h of laser irradiation or non-irradiation. The cells incubated with increasing concentration of 
AuNRs (0-0.4 nM). Error bars indicate standard deviation of three samples. 
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treated by only higher concentrations of #1-AuNRs (0.2 and 0.4 nM) with laser irradiation 

decreased viable cells by 8.7% and 37.8% respectively, whereas other groups did not show any 

cell death (Figure 2.5). These results are indicating that the condition of laser irradiation is suitable 

to kill cells and AuNRs themselves do not have a cytotoxicity. Thus, considering that the 

population of cancer stem cells in MCF-7 cells is around 2%, the cell death of 8% from treatment 

of 0.2 nM #1-AuNR was determined to be the optimal concentration for the elimination of cancer 

stem cells with minimized non-specific cell death. 

 

2.3.4 Targeting ability of #1-AuNR to CSCs 

Next, we designed the experiment to validate that #1 ligand still maintains CSC targeting 

activity even on the surface of AuNR. If it does, the AuNRs will be able to bind selectively to the 

CSC subpopulation than non-CSC subpopulation. For this, we isolated ALDH+ (aldehyde 

dehydrogenase) subpopulation, which has been identified as cancer stem cells, being capable of 

self-renewal and of initiating tumor growth.8 For isolating ALDH+ subpopulation, MCF-7 cells 

were stained using ALDELFUORTM assay, and ALDH+ subpopulation was sorted via FACS. As 

shown in Figure 2.6 b, population of ALDH+ was 1.8 % in MCF-7 cells, which is consistent with 

previous studies.65,75 To confirm whether sorted subpopulation is cancer stem cell population, we 

conducted Western blot analysis to see the expression of cancer stem cell markers (Figure 2.6 b). 

Levels of KLF4 and Nanog were much higher in ALDH+ subpopulation than whole MCF-7 

population and ADLH- subpopulation, which is also consistent with previous studies.75 After 

sorting the ALDH+ and ALDH- subpopulations, each populations including whole MCF-7 cells 

(16,000 cell per dishes) were seeded on 35 mm glass bottom dishes and incubated for 12 h at 37 
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°C. Afterward, the cells were incubated with 0.2 nM AuNR for 30 min, and two photon 

luminescence images of each sample were obtained. The highest density of #1-AuNRs was 

observed in the ALDH+ cells. In contrast, the ALDH- cells and whole MCF-7 cells showed very 

few luminescence signal (Figure 2.7 a). To quantify the fluorescence signal of each sample, the 

area occupied with AuNRs was divided by cell surface area in each image using imageJ software, 

and the values were normalized to the value of whole MCF-7. The ALDH+ cells had more than 9 

Figure 2.6. FACS analysis of ALDH+ subpopulation in MCF-7 cells using the 
ALDEFLUORTM assay. (a) FACS analysis MCF-7 cells treated by DEAB, aldehyde 
dehydrogenase inhibitor (negative control). This sample was used to establish the baseline of 
FITC fluorescence to determine the region for ALDH+ subpopulation. (b) FACS analysis of 
MCF-7 cells treated by ALDELFUOR substrate (BAAA). (c) Western blotting analysis of 
expressions of stemness transcription factors in MCF-7 whole population, sorted ALDH+ and 
ALDH-. 
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times the AuNRs than the ALDH- cells. In the case of whole MCF-7 cells, 2 times more AuNRs 

were detected than ALDH- cells, and 5 times less AuNRs were observed than the ALDH+ cells 

(Figure 2.7 b). Thus, it is noteworthy that this noble of AuNR can be suitable mediator for 

photothermal therapy of CSCs.  

 

Figure 2.7. Examination of selectivity of #1-AuNR toward CSCs. (a) Two-photon 
luminescence images of whole-MCF-7, ALDH+ and ALDH- subpopulation after incubation with 
0.2 nM #1-AuNRs. (b) Quantification of the AuNR on cell surface. Error bars indicate standard 
deviation from 8 different locations is two samples. Statistical significance was evaluated using 
ANOVA. ns = not significant. 
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2.3.5 Effect of the AuNR-mediated hyperthermia on CSC 

To evaluate the hyperthermia effect of AuNR on CSCs, we conducted in situ 

ALDELFUORTM assay for visualizing CSCs in six different groups (cells only, cells-laser, Ctrl-

AuNR, Ctrl-AuNR-laser, #1-AuNR, #1-AuNR-laser). As shown in Figure 2.8 a, the validity of 

Figure 2.8. Analysis of CSC subpopulation in MCF-7 under the AuNR-mediated 
hyperthermia via in situ ALDELFUOR assay. (a) Laser scanning confocal microscope images 
of MCF-7 cells treated with Ctrl- and #1-AuNR with or without laser irradiation. (b) 
Quantification of ALDH+ subpopulation in each group (**P = 0.001, ***P < 0.001, ns = not 
significant.  
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CSCs labeling by ALDEFLUORTM assay kit was confirmed by observing diminished green 

fluorescence upon treatment of DEAB. Fluorescence images in Figure 2.8 a demonstrated that 

Ctrl-AuNR or laser irradiation itself does not affect the fate of CSCs, whereas following treatment 

of #1-AuNRs and laser irradiation, the CSCs population in the cells was dramatically decreased 

versus the control groups. To quantify the number of ALDH+ cells, we counted ALDH+ cells and 

DAPI-stained cells, and then we divided ADLH+ cell by total number of cells in each image. The 

ALDH+ cell population is around 4% in the control group, which are higher than the result from 

FACS analysis because FACS excludes small particles that cannot pass the threshold such as cell 

debris, cell doublets, and dead cells. We observed that the ALDH+ cells were decreased by > 50% 

in #1-AuNR-laser group versus control group (Figure 2.8 b). We also carried out Western blot 

analysis to assess CSC associated transcription factors, KLF4, c-Myc, Nanog and Sox2 after 

treatments. The results showing in Figure 2.9 are very correlated with the result of 

ALDEFLUORTM assay. Taken together, the results indicate that #1-AuNR-mediated photo-

induced hyperthermia affects the fate of CSCs.  

 

2.4 Conclusions 

In summary, we have successfully designed and fabricated cancer stem cell-targeting AuNR by 

conjugating the #1 ligand identified from high-throughput screening. The resulting AuNR possess 

high selectivity toward CSCs population and the capacity to serve as mediator photothermal 

treatment upon irradiation of nanosecond laser. Our results demonstrate that the #1-AuNR 

selectively binds to ALDH+ subpopulation, which is considered as CSCs population and upon the 

laser irradiation the heat generated from the AuNR diminished CSC population. Furthermore, 
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levels of proteins that closely related with stemness of cancer were significantly decreased after 

#1-AuNR mediated heat treatment. Taken together, this study introduced a novel therapeutic 

potential of the AuNR-mediated hyperthermia treatment in elimination of breast CSCs. We 

believed that in combination with conventional chemo- or radio-therapy, this novel 

nanotherapeutic system could lead to significant reduction of metastasis, recurrence, and resistance 

of cancer. 

 

 

 

 

 

 

Figure 2.9. Effect of AuNR-mediated hyperthermia on expression of stemness-associated 
transcription factors. Western blot analysis of CSC-associated transcription factors in MCF-
7 cells treated with or without AuNRs and with or without laser irradiation. 
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2.5 Supplementary information 

Figure S.2.1. Characterization of the #1 ligand. (a) MALDI-TOF data of the #1 ligand. (b) 
Analytical HPLC chromatogram of the #1 ligand. (c) Sequence analysis of the #1 ligand. 
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Figure S.2.2. Characterization of the Ctrl ligand. (a) MALDI-TOF data of the Ctrl ligand. (b) 
Analytical HPLC chromatogram of the Ctrl ligand. (c) Sequence analysis of the Ctrl ligand. 
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CHAPTER 3 

TYROSINE-ASSISTED GOLD NANOCLUSTER FOR SENING  
FERRIC AND COPPER IONS 

3.1 Introduction 

Ultrasmall gold nanoclusters (AuNCs) comprising of several gold atoms have been gained 

wide popularity in the field of catalysis, bioimaging, optical sensing, and biomedicine due to their 

unique physical and optoelectronic properties, such as ultrasmall sizes, large Stokes shift, longer 

fluorescence lifetimes, photostability, biocompatibility, and feasibility of surface 

functionalization.1-7 When the size of AuNC approaches the Fermi wavelength (~ 1 nm) of the 

electrons, the continuous band of energy breaks into discrete electron transition energy levels, 

exhibiting the single molecule-like fluorescence.8-11 The electrons filled in 5d10 of the valence band 

are excited to 6sp1 of the conduction band, thereby possessing a strong fluorescence emission from 

the visible to the near-infrared region.10  

There are two common strategies, bottom-up and top-down, for preparation of fluorescent 

AuNCs. The bottom-up approach is to reduce the Au ions to the Au atom through chemical, 

biological, optical, and electrochemical reduction of the Au ions. However, due to the aggregation 

propensity of as-prepared AuNCs, suitable surface ligands acting as stabilizers, such as small thiol 

molecules, polymers, peptides, and proteins are essential for the preparation of stable AuNCs. In 

the top-down approach, on the other hand, larger gold nanoparticles (~ 100 nm) are etched by 

adding excess etching agents, such as polyethylenimine (PEI), dihydrolipoic acid (DHLA), or 

glutathione (GSH).12-14  

Several synthetic methods for generating fluorescent AuNCs have been developed through 

the use of ligands acting as both reducing agents and stabilizers. Such ligands include proteins, 
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peptides, polymers, and DNA.15-19 For example, AuNCs accommodating proteins including 

tyrosine and cysteine residues have been found to form fluorescent AuNCs. The thiol group in 

cysteine residue binds to Au precursor (Au3+) via strong Au-S bonds. Afterwards, the phenolic 

group of tyrosine reduces the Au3+ into Au0 under alkaline condition. By electron transfer, the 

phenolic group of tyrosine is transformed to a quinone.20-23  

AuNCs have become known as promising tools for the development of chemical sensors. 

The straightforward detection, high responsiveness, minimum sample requirement, and real time 

monitoring with fast response time capabilities enable them to make excellent sensing systems for 

detecting highly mutagenic metal ions such as Hg2+, Fe3+, Cu2+, Pb2+, and Cr3+.24-29 Most of the 

detections were based on the fluorescence quenching of AuNCs in presence of target metal ions. 

24,30,31 In sensing mechanisms known to date, an electron transfer phenomenon is commonly found 

in the Hg2+ sensing system. Because Hg2+ strongly binds to Au0, the core of AuNC, energy transfer 

takes place as the excited electron of Au is transferred to Hg2+.31 Besides Hg2+ sensing, the 

fluorescence quenching can occur via the aggregation of AuNCs. Under the existence of metal 

ions such as Fe3+, Cu2+, and Pb2+, metal ions are strongly coordinated with the ligand on the 

adjacent AuNCs, inducing aggregation, thereby attenuating the fluorescence.24-26,28 

In this chapter, we introduce fluorescent AuNCs composing of tyrosine containing two 

different tripeptides – tyrosine-cysteine-tyrosine (YCY) and serine-cysteine-tyrosine (SCY). A 

cysteine residue was employed to utilize thiol group for S-Au bonding, and tyrosine residues were 

located at C-terminal and N-terminal. In addition, tyrosine residue at N-terminal was replaced 

with serine to examine the reduction capability in terms of the number of tyrosine. Blue- and red-

emission AuNC from the YCY peptide and blue-emission SCY-AuNC were obtained. 
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Subsequently, we investigated the metal ions sensing ability of these AuNCs, and observed that 

only Blue-YCY-AuNC and Blue-SCY-AuNC sensitively lost their fluorescence signals in the 

presence of Fe3+ and Cu2+. Interestingly, two tyrosine-residues containing Blue-YCY-AuNC 

exhibited higher sensitive sensing of Fe3+ and Cu2+ than the Blue-SCY-AuNC. Moreover, we 

found that fluorescence quenching under the presence of target metal ion occurred due to the 

aggregation of AuNC, so that we investigated the chelation behavior of surface ligands and their 

effects on the AuNC aggregation under the presence of their target. Corresponding with the 

sensitivity of AuNCs, Blue-YCY-AuNC formed larger complexes than complexes of Blue-SCY-

AuNC.  

 

3.2 Experimental section 

3.2.1 Reagents and materials  

N,N-Dimethylformamide (DMF), methanol (MeOH), acetonitrile (ACN), dimethyl 

sulfoxide (DMSO), ethyl ether and dichloromethane (DCM) were all HPLC grade, and were 

purchased from Thermo Fisher Scientific. Trifluoroacetic acid (TFA), glutathione (GSH), N,N-

diisopropylethylamine (DIPEA), and piperidine were obtained from Sigma-Aldrich. Nitrate salts 

of metal ions (AgNO3, Al(NO3)3, Ba(NO3)2, Ca(NO3)2, Co(NO3)2. Cu(NO3)2, Fe(NO3)3, KNO3, 

Mg(NO3)2, NaNO3, Ni(NO3)2, Pb(NO3)2, and Zn(NO3)2) were purchased from Sigma-Aldrich. 

Auric chloride (HAuCl4�3H2O) was obtained from Aldrich. Fmoc-Tyr(tBu)-OH, Fmoc-Cys(trt)-

OH, Fmoc-Ser(tBu)-OH, Rink Amide MBHA resin (100-200 mesh) and 2-(1H-benzotriazol-1-yl)-

1,1,3,3-tetramethyluronium hexfluorophosphate (HBTU) were purchased from Novabiochem. 1-

hydroxybenzotriazole hydrate (HOBt×H2O) was obtained from Creosalus. SephadexTM G-25 was 
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purchased from GE Healthcare. Dialysis membrane kit (Slide-A-LyzerⓇDialysis Cassette G2; 3.5 

KDa cutoff) was obtained from Thermo Scientific. Ultrapure water (18.2 MWcm, Millipore Co.) 

was used in all experiments. 

 

3.2.2 Synthesis of tripeptides  

Tyrosine-cysteine-tyrosine (YCY) and serine-cysteine-tyrosine (SCY) peptides were 

synthesized using Rink Amide MBHA resin. 600 mg of Rink Amide MBHA was swelled in 3 mL 

of DMF for 1 h and followed by deprotection with 20% piperidine (20% in DMF v/v). After a full 

wash with 5 times with DMF, 2 times with MeOH, 2 times with DCM, and 3 times with DMF, 

pre-mixed 5 equivalents of Fmoc-Try(tBU)-OH, HOBt×H2O, HBTU, and 10 equivalents of DIPEA 

in dry DMF were added in the resins and mixed at room temperature for 3h. All the beads were 

fully washed after each reaction step. The beads were deprotected with 20% piperidine and were 

mixed with cocktail solution of Fmoc-Cys(Trt)-OH for 3 h. Followed by the addition of 20% 

piperidine, the beads were divided equally into 2 fritted cartridges. Two individual cartridges were 

mixed with the cocktail solution of Fmoc-Try(tBu)-OH and Fmoc-Ser(tBu)-OH. After the peptide 

coupling reaction, the Fmoc protecting group was removed using 20% piperidine. The peptides 

were cleaved and deprotected in TFA solution (95% TFA, 2.5% TIS, 2.5% H2O) for 2 h and 

additional 20 min with the fresh TFA solution. The solution was collected and evaporated using 

argon gas. When the solution left 10% out of initial volume, chilled ethyl ether was added to 

remove the protecting groups. The precipitation was centrifuged down at 4,000g and discard the 

supernatant. This step was repeated two times more. After removing protecting groups, the 

peptides were dried under vacuum. The resulting powders were dissolved in water with 0.1% TFA 



 

55 

and purified by preparative RP-HPLC. Pure fractions were identified by HPLC-MS/MS (HPLC: 

Agilent, 1100 Series, MS/MS:  Sciex, 4000 Q Trap) and collected in tubes. After purification, pure 

tripeptides were validated by analytical HPLC-MS/MS. The resulting solutions were lyophilized 

and kept in -20 °C before using. 

 

3.2.3 Preparation of YCY- and SCY-templated fluorescent AuNCs. 

The exact concentration of the YCY and SCY aqueous solutions was determined by 

Ellman’s reagent (DTNB). Glutathione was used as a standard reagent. The glass vial was cleaned 

using Aqua regia (HCl:HNO3, 3:1 v/v) and thoroughly rinsed with H2O prior to use. In the typical 

method for the synthesis of peptide-templated AuNCs, 0.5 mL of peptide solution (25 mM in H2O) 

was slowly added to 0.5 mL of HAuCl4∙3H2O (25 mM in H2O) under stirring. After mixing the 

solution for 15 min at 70 °C, the pH of the solution was adjusted to pH 10 by addition of NaOH 

(1 M). The mixed solution was then kept stirring at 70 °C for 8 h. The solution was cooled to room 

temperature, and it was transferred to 1.5 mL individual microtube following by centrifugation at 

16,000 g for 10 min to remove the sediment and other impurities. The blue-emitting YCY- and 

SCY-AuNCs were in the supernatant and the red-emitting YCY-AuNCs were trapped inside of 

the precipitation after centrifugation. The red-emitting YCY-AuNCs were extracted by 1:1 of 

DMSO and 10% acetic acid aqueous solution. After 10 min sonication, the solution was 

centrifugated down at 16,000g for 30 min to remove the precipitation. The yellow clear 

supernatants were transferred in the new tubes. Afterward, each of AuNC solutions was purified 

via a SephadexTM G-25 column equilibrated and eluted with H2O (1 mL/min). 0.5 mL fractions 

were collected and analyzed by a UV-Vis absorption and fluorescence using a microplate reader. 
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Fractions containing fluorescent AuNC were collected and dialyzed in H2O using a 3.5 kDa cutoff 

membrane kit to separate the AuNCs from any unreacted species and to adjust pH to be a neutral. 

The AuNC solutions were stored at 4 °C in dark for further the characterization and experiment. 

 

3.2.4 Characterization of AuNCs 

UV-Vis spectra of the AuNC solution were measured with a microplate reader (Spark 20M; 

Tecan). Fluorescence spectra were obtained with Horiba Fluorolog fluorometer (Horiba Scientific). 

The measurement was conducted with 1 cm quartz cuvette at room temperature. The slit for the 

excitation and the emission was set to 5 nm.  TEM images were taken using the JEM-2100F 

(JEOL). A drop of the AuNC solution (0.1 mg/mL) was deposited on a carbon-coated Cu grid and 

analyzed. Dynamic light scattering (DLS) and zeta-potential were measured by Nano-ZS (Malvern 

Instrument).  

 

3.2.5 The influence of pH and NaCl on fluorescence intensity 

The pH and the salt sensitivity of the AuNCs were characterized by mixing 100 µL of each 

AuNC solutions (Blue-YCY-AuNC and Blue-SCY-AuNC: 0.5 mg/mL, Red-YCY-AuNC: 0.15 

mg/mL) with 400 µL of the different buffer solutions and NaCl solutions. The fluorescence spectra 

were achieved by 325 nm excitation and 400 nm excitation for blue-emitting and red-emitting 

AuNC, respectively.  
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3.2.6 Fluorescent detections of metal ions 

The following metal salts were used: Ag+, Al3+, Ba2+, Ca2+, Co2+, Cu2+, Fe3+, K+, Mg2+, 

Na+, Ni2+, Pb2+, and Zn2+. These metal salts were dissolved in H2O. 300 µL of each AuNC solution 

(Blue-YCY-AuNC and Blue-SCY-AuNC: 0.2 mg/mL, Red-YCY-AuNC: 0.06 mg/mL) and 300 

uL of particular metal ion solutions (100 µM) were mixed and the mixture was left to be 

equilibrated at room temperature for 2 min. 500 µL of the solution was placed on the cuvette and 

the fluorescence quenching spectra were measured from appropriate excitation wavelength (Blue-

YCY-AuNC and Blue-SCY-AuNC: 325 nm, Red-YCY-AuNC: 400 nm). Serial dilutions of Fe3+ 

and Cu2+ solutions were also mixed with each AuNC solution and incubated for 2 min before the 

measurement. 

 

3.2.7 Quantum yield (QY) measurement of AuNCs 

Quantum yields of each AuNC were calculated using the formula, 

Φ"=	Φ$% & '()*+'()*,-
. / 0

1
+

01,-
2,  

where the subscripts ST and X denote standard and sample respectively, Φ  is the 

fluorescence quantum yield, Grad the gradient from the plot of integrated fluorescence intensity 

versus absorbance, and 3 is the refractive index of the solvent. We hired quinine sulfate (QY: 0.54) 

in 0.1 M H2SO4 (3: 1.33) as a fluorescence standard for the calculation of the QY of Blue-YCY- 

and Blue-SCY-AuNCs. For the measurement of the QY of Red-YCY-AuNC, 9,10-diphenyl 

anthracene (QY: 0.90) in cyclohexane (3: 1.44) was used as a reference fluorophore. We recorded 

the UV-vis absorbance spectrum of five serial solutions of each sample including solvent 
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background for the chosen references. Afterward, the fluorescence spectra of the same solution in 

the 1 cm fluorescence cuvette were measured. Graphs of integrated fluorescence intensity versus 

absorbance were plotted.  

 

3.3 Results and discussion 

3.3.1 Preparation of AuNCs 

In this study, we synthesized fluorescent AuNCs by employing tyrosine-containing 

tripeptides as both a reducing and capping agent. The phenolic OH group in tyrosine reduced Au3+ 

to Au0 through electron oxidation resulting in forming of the o-hydroquinone derivative (Scheme 

3.1).25,32 We increased the temperature to accelerate the reduction of Au3+ ions. The key to utilizing 

the reduction capability of tyrosine for synthesis of AuNC is pH.15,33 In order to optimize a pH 

condition for synthesizing peptide-templated AuNCs, we added different amounts of 1 M NaOH 

to the mixture of HAuCl4 and the pure peptide (the purity of as-synthesized peptides was shown 

in Figures S.3.1 and S.3.2). Glutathione, natural tripeptide, was used as a control peptide, due to 

the absence of the tyrosine and the feasibility of synthesizing the fluorescent AuNC.28,34 After 8 h 

reaction at 70 °C, the strong emission peak at 415 nm for both of YCY- and SCY-AuNCs appeared 

with 325 nm excitation when the pH of the mixture was greater than 7 (Figures 3.1 a and c). The 

strongest emission peak of YCY- and SCY-AuNCs was achieved at pH 10. Interestingly, an 

additional emission peak of YCY-AuNC was observed at 670 nm from 400 nm excitation (Figure 

3.1 d), but not in the SCY-AuNC. Under the acidic and neutral pH conditions, on the other hand, 

the GSH-AuNC gave fluorescence spectra with two distinct peaks at 390 nm and 800 nm from 325 

nm excitation and with one obvious peak at 800 nm from 400 nm excitation (Figures 3.1 e and f).  
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From this result, we found that the optimal pH condition for the synthesis of fluorescent AuNCs 

was pH 10, in which the tyrosine further facilitated the formation of AuNCs.  

Figure 3.1. Effect of pH on the ynthesis of tyrosine-assisted AuNCs. Fluorescence 
emission spectra of the crude AuNC solutions prepared by mixing with different peptides at 
the different pH condition with 325 nm and 400 nm excitations. (a) and (b) SCY peptide. 
(c) and (d) YCY peptide. (e) and (f) glutathione.  
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Under optimal condition, the color of YCY solution changed from clear to red, and the 

color of SCY solution changed from clear to brown during the reaction. Solutions of YCY- and 

SCY-AuNC ere centrifuged down to remove the sediment and agglomerated particles. The strong 

blue emitting light was observed under the 365 nm UV lamp in supernatants of YCY- and SCY-

AuNC solutions. Interestingly, the precipitate of the centrifuged YCY-AuNC solution emitted 

deep-red fluorescence under the 365 nm UV lamp. We obtained red-emitting YCY-AuNCs from 

the precipitate using 10% acetic acid and DMSO (1:1 v/v). Afterward, we purified AuNCs using 

a size exclusion column to remove unreacted peptides, gold ions, and non-fluorescent gold 

nanoparticles, which are not removed by the centrifugation (Figure S.3.2 c). After the dialysis, the 

AuNC solutions exhibited neutral pH (~ pH 7).  

 

3.3.2 The optical and physical characteristics of AuNCs.  

Photo images in Figure 3.2 are Blue-YCY-AuNC, Blue-SCY-AuNC, and Red-YCY-

AuNC under 365nm UV lamp showing uniform dispersity of the AuNCs in aqueous solution with 

slight yellow under visible light. In UV-vis spectra (Figure 3.2 blue curve), the absence of surface 

plasmon resonance peak (520-530 nm) indicated that the as-synthesized AuNCs had a smaller 

diameter than 2.5 nm.35 A distinct peak at 325 nm appeared in the UV-Vis absorption spectra of 

Blue-YCY-AuNC and Blue-SCY-AuNC. However, the absorption spectra of YCY and SCY 

peptides appeared at 278 nm (data not shown). Maxima excitation peaks of Blue-YCY-AuNC and 

Blue-SCY-AuNC were exhibited the same wavelength, 325 nm, with no overlap with the 

absorption of o-quinone (285 nm).32 Minor peaks of Blue-YCY-AuNC and Blue-SCY-AuNC were 

observed at 350 nm and 380 nm, respectively. The strongest blue emission wavelength (415 nm)  
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Figure 3.2. UV-Vis and fluorescence spectra of AuNCs. The UV-Vis, fluorescence emission 
and excitation spectra of (a) Red-YCY-AuNC, (b) Blue-YCY-AuNC, and (c) Blue-SCY-AuNC 
[Photographs: AuNC solutions under visible light (left) 365 nm UV lamp (right)] 
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of Blue-YCY-AuNC and Blue-SCY-AuNC was achieved when excited by 325 nm (Figure 3.2 b 

and c). The Red-YCY-AuNC showed broad absorption peak, suspecting that this broad absorption 

is resulted from the multiple absorption of the AuNCs. However, a single strong excitation peak 

was detected at 400 nm. The emission peak of Red-YCY-AuNC appeared at 670 nm (Figure 3.2 

Figure 3.3. Size analysis of AuNCs using TEM and DLS. Red-YCY-AuNC: (a) TEM image, 
(b) size distribution histrogram and (c) DLS histogram. Blue-YCY-AuNC: (d) TEM image, (e) 
size distribution histrogram and (f) DLS histogram. Blue-SCY-AuNC: (g) TEM image, (h) size 
distribution histrogram and (i) DLS histogram. 
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a). Fluorescence quantum yields of Red-YCY-AuNC, Blue-YCY-AuNC, and Blue-SCY-AuNC 

are 0.8%, 1.2%, and 1.5%, respectively. 

As shown in Figure 3.3, high resolution TEM images indicated that all peptide-templated 

AuNCs were monodispersed with uniformity in size and spherical shape. Size distribution 

histograms of each peptide-templated AuNCs were constructed by measuring diameters of 100 

individual AuNCs. The average size of the Blue-SCY-AuNC was found to be 1.72 ± 0.25 nm. 

Interestingly, Blue- and Red-YCY-AuNCs exhibited almost identical size, 1.82 ± 0.47 nm and 

1.81 ± 0.26 nm, respectively. According to DLS results, hydrodynamic diameters of all peptide-

templated AuNCs were larger than those obtained from TEM analysis (Figure 3.3 c, f and i). This 

discrepancy can be explained by the external immobilization and the hydration of peptides on 

nanoclusters. Taken together, these experimental results demonstrate that we successfully prepared 

fluorescent peptide-templated AuNCs without requiring any chemical reducing agent. 

As shown in Figure 3.4 a, all AuNCs were stable under high ionic strength conditions. To 

investigate the fluorescent response of the AuNCs to pH value, we measured fluorescence 

intensities of the AuNCs after mixing with different pH buffer solution. As shown in Figure 3.4 b 

red circle and blue triangle, fluorescence intensities of blue-YCY- and SCY-AuNCs decreased 

from pH 7 to pH 3. On the contrary, in the alkaline condition the fluorescence of the AuNCs 

showed the enhanced signals. Interestingly, Red-YCY-AuNCs exhibited the complete opposite 

trend of blue-emitting AuNCs (Figure 3.4 b black square). These results speculate that the YCY 

and SCY peptides on the surface of Blue-YCY-AuNC and Blue-YCY-AuNC may have the same 

surface configurations to Au atoms while the configuration of Red-YCY-AuNC is different. This 

notion can be supported by the results of zeta potential of each AuNC. Blue-YCY- and SCY-
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AuNCs exhibited -13.0 mV and -11.8 mV in H2O at room temperature, while Red-YCY-AuNC 

exhibited +45.6 mV. The possible explanation is that the Red-YCY-AuNC can have the different 

coordination bonding with Blue-emitting AuNC between the O- group of the unoxidized tyrosine 

and Au atoms.36 Conversely, in the case of blue-emitting AuNCs, the coordination bonding is 

between -SH at cysteine and Au atoms. With these observations, it is assumed that Blue-emitting 

AuNCs shows weak negative charge, while Red-YCY-AuNC shows strong positive charge in zeta 

potential measurement. Overall, the AuNCs in H2O (labeled as blank) were relatively stable when 

compared to the fluorescence intensity in different pH conditions. Furthermore, to scrutinize the 

change of the fluorescence of the AuNCs without interference, such as ions and chemicals, we 

chose H2O to conduct further experiment. 

Figure 3.4. Stability of AuNCs in high salt solution and different pH buffer. (a) Fluorescence 
intensity of Blue-YCY-AuNC, Blue-SCY-AuNC (lex: 325 nm, lem: 415 nm) and Red-YCY-
AuNC (lex: 400 nm, lem: 675 nm) after mixing with increasing concentration of NaCl. (b) 
Fluorescence intensity of Blue-YCY-AuNC, Blue-SCY-AuNC (lex: 325 nm, lem: 415 nm) and 
Red-YCY-AuNC (lex: 400 nm, lem: 675 nm) at different pH values. 
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3.3.3 Metal ion selectivity and sensitivity of AuNCs 

Tyrosine residue in the peptide side chain has shown strong interaction with the transition 

metal ion by forming a square planar complex in which the C-terminal carboxylate, amide 

nitrogens, and N-terminal amine bound to metal ions.36,37 In addition, studies have shown that o-

quinone, the oxidized form of tyrosine resulting from the reduction of Au3+ to Au0, can form 

complexes with Fe3+ and Cu2+.38,39 Therefore, we explored the sensing capability of as-synthesized 

Figure 3.5. Effect of metal ions on fluorescence intensities of AuNCs. Fluorescence spectra of 
(a) the Blue-YCY-AuNC, (b) the Blue-SCY-AuNC, and (c) the Red-YCY-AuNC after mixing 
with 13 different metal ions. (c) Histogram plot of fluorescence quenching of each AuNC caused 
by 13 different metal ions (50 µM) (excitation at 325 nm and 400 nm for blue-emitting AuNCs 
and red-emitting AuNC repspectivle; incubation time was 2 min. The error bars represent 
standard deviations obtained from three independent measurements.). 
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AuNCs to various metal ions. To pursue this, we incubated the same volume of the AuNC solution 

and 13 different metal ion solutions (100 µM) and measured fluorescence intensities. In Figure 3.5 

a, a significant fluorescence quenching (~85%) of Blue-YCY-AuNC was found in the presence of 

50 µM Fe3+, and also 75% fluorescence quenching of Blue-SCY-AuNC was observed by 

comparing the blank sample (Figure 3.5 b). Furthermore, Blue-YCY- and SCY-AuNCs responded 

to Cu2+ and Al3+ with ~75% and ~45% quenching efficiency, respectively (Figure 3.5 a and b). On 

the other hand, Ag+, Ba2+, Ca2+, Co2+, K+, Mg2+, Na+, Ni+, Pb2+, and Zn2+ ions did not significantly 

affect fluorescence signals of Blue-YCY- and SCY-AuNCs. Interestingly, the fluorescence signals 

of Red-YCY-AuNCs are stable for all 13 different metal ions (Figure 3.5 d). Figure 3.5 d displays 

the corresponding histogram plot of fluorescence quenching caused by individual metal ions. We 

Figure 3.6. Fluorescence responses of Blue-YCY- and SCY-AuNCs upon addition of 
increasing concentration of Fe3+ and Cu2+. (a) Plot of the values of F0/F-1 at 415 nm versus 
the concentrations of Fe3+ and Cu2+ (b) Stern-Volmer plot of Blue-YCY-AuNC and Blue-SCY-
AuNC against Fe3+ (Blue-YCY-AuNC: 0.25-100 µM, Blue-SCY-AuNC: 0.25-37.5 µM)  and 
Cu2+ (Blue-YCY-AuNC: 0.25-25 µM, Blue-SCY-AuNC: 0.25-25 µM) (excitation at 325 nm; 
incubation time was 2 min. The error bars represent standard deviations obtained from three 
independent measurements.).        



 

68 

observed that both Blue-emitting AuNCs exhibit selective quenching toward Fe3+, Cu2+, and Al3+, 

but the Red-YCY-AuNC sustained the fluorescence signal for all 13 individual metal ions. Since 

both of blue-emitting AuNCs are more sensitive to Fe3+ and Cu2+, we further evaluated the 

interaction between blue-emitting AuNCs and two metal ions. We monitored changes in 

fluorescence under various concentrations of Fe3+ and Cu2+. The fluorescence quenching data was 

fitted to the Stern-Volmer equation:21,40 

F0/F = 1 + Ksv[Q],  

where Ksv is the Stern-Volmer quenching constant, [Q] is the analyte quenchers (Fe3+ or 

Cu2+), and F0 and F are the fluorescence intensities of the AuNCs at 415 nm in the absence and 

presence of metal ions. As observed in Figure 3.6 a, the intensities of the fluorescence emission at 

415 nm gradually decreased as the concentrations of Fe3+ and Cu2+ increased, until approximately 

40 µM when the emission begins to plateau (summarized in Table 3.1). Blue-YCY-AuNC for Fe3+ 

sensing, on the other hands, did not exhibit this plateautrend. Instead, fluorescence intensity 

ontinued to increase with Fe3+ and Cu2+ concentration, with a strong linear correlation R2 of 0.995 

and 0.997 at concentrations ranging from 0.25 µM to 100 µM and from 0.25 µM to 25 µM, 

Table 3.1. Comparison sensing activity of Blue-YCY-AuNC and Blue-SCY-AuNC for 
Fe3+ and Cu2+ 
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respectively (Figure 3.6 b). In addition, the Blue-YCY-AuNC also has a strong linear relationship 

with Fe3+ (R2=0.965) and Cu2+ (R2=0.993) from 0.25 µM to 37.5 µM and from 0.25 µM to 25 µM. 

Furthermore, Blue-YCY-AuNC exhibits higher sensitivity to Fe3+ and Cu2+ than the Blue-SCY-

AuNC (Table 1), possibly due to the additional tyrosine residue in Blue-YCY-AuNC. The limit of 

detection (LOD) was calculated from the slope of the plot of the Stern-Volmer equation versus 

concentrations of Fe3+ and Cu2+. The LOD value was calculated according to the assumption of 

LOD equal to 3SD/S, where SD represents standard deviation of intercept and S represents the 

slope of linear curve.28 We obtained 3.2 µM and 0.77 µM of LOD values for Blue-YCY-AuNC 

on sensing for Fe3+ and Cu2+, respectively. The LODs for Blue-SCY-AuNC are 4.1 µM and 1.3 

µM for sensing of Fe3+ and Cu2+ (Table 3.1). Therefore, two-tyrosine containing peptide (YCY)-

templated AuNC has better optical sensor ability toward to Fe3+. 

 

3.3.4 Sensing mechanism 

According to previous papers,36,38,39 ligands containing o-quinone can chelate Fe3+ and Cu2+ 

ions so that we examined the sensing mechanism by monitoring the hydrodynamic diameter of 

AuNCs after adding the Fe3+ and Cu2+ to AuNC solutions. In addition to Fe3+ and Cu2+, we also 

tested Ni2+ as a control to validate that the aggregation of AuNCs would be occurred in presence 

of some specific target ions. The size-distribution histogram of each AuNC with Fe3+ and Cu2+ in 

Figure 3.7 revealed that the Blue-YCY-AuNC exceptionally tended to aggregate in the presence 

of Fe3+ ions, resulting in the formation of huge agglomerates (hydrodynamic diameter ~1,200 nm). 

Similarly, when the Blue-YCY-AuNC was mixed with Cu2+, they formulated ~25 nm complexes,  
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Figure 3.7. Hydrodynamic diameter 
analysis of AuNCs in the presence of 
metal ions. (a) the Blue-YCY-AuNC, (b) 
the Blue-SCY-AuNC, and (c) the Red-
YCY-AuNC before and after adding of 
Ni2+, Fe3+ and Cu2+. 
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smaller than the complexes form from the Blue-YCY-AuNC and Fe3+ (Figure 3.7 a). The results 

strongly correlate with the tendency of the quenching efficiency of the Blue-YCY-AuNC towards 

Fe3+ and Cu2+ (Figure 3.5 d). With the identical circumstance, Fe3+ and Cu2+ induced the 

aggregation of Blue-SCY-AuNC forming ~33 nm and ~12 nm complexes, respectively (Figure 3.7 

b). Whereas, there is no aggregation in the presence of Ni2+ in both of Blue-YCY- and SCY-AuNCs. 

In addition to these results, the DLS histogram of the Red-YCY-AuNC exhibits no aggregation 

even in the presence of Fe3+ and Cu2+ (Figure 3.7 c). The results of DLS measurement further 

provide evidence that the peptides on blue-emitting AuNCs and Red-YCY-AuNC have different 

binding configuration to Au atoms. Because of the absence of side chain groups, phenol group of 

tyrosine and -COOH at C-terminal in YCY peptide on the Red-YCY-AuNC, the AuNC cannot 

form complexes with metal ions. In contrast, o-quinone of tyrosine residue and -NH2 at N-terminal  

of YCY and SCY peptides on Blue-YCY- and SCY-AuNC may form complexes with Fe3+ and 

Cu2+, resulting in aggregation-induced fluorescence quenching.25,41,42 Therefore, these findings 

indicate that o-quinones on the surface of AuNCs creates aggregation by forming complexes with 

the other ligands of adjacent AuNCs . In addition, based on the DLS results, the aggregation 

propensity and the sensing capacity of AuNC strongly correlate with the number of o-quinones of 

AuNCs. 

 

3.4 Conclusion 

In summary, by employing tyrosine-containing tripeptides with different number of 

tyrosine residue, we successfully synthesized fluorescent AuNCs with emission wavelength 415 

nm and 670 nm in the absence of strong reducing agents. The as-prepared AuNCs displayed 
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ultrasmall size (< 2.5 nm), mono-dispersity, and uniform sphere shape in TEM images and DLS 

results. When the Blue-YCY-AuNC and Blue-SCY-AuNC were used to probe 13 kinds of 

common metal ions, only Fe3+ and Cu2+ ions could share a significant fluorescence quenching of 

AuNCs. On the contrary, Red-YCY-AuNC displayed stable fluorescence signal under the presence 

of 13 different metal ions. The Blue-YCY-AuNC showed more sensitive and wide sensing range 

of Fe3+ and Cu2+ than the Blue-SCY-AuNC with a lower detection limit of 3.2 µM and 0.77 µM, 

respectively. The interaction mechanism and sensing performance of AuNCs were systematically 

investigated by fluorescence spectra and DLS. Corresponding to the fluorescence response of 

AuNCs to metal ions, the Fe3+ induced the aggregation of Blue-YCY-AuNC and formed larger 

complexes compared to complexes formed with Cu2+. Furthermore, the Blue-SCY-AuNC induced 

aggregation under the presence of Fe3+ and Cu2+, though these complexes are smaller than those 

of Blue-YCY-AuNC. Overall, although the number of tyrosine residue may not be considered to have a 

significant impact on the formation of AuNCs, the number of o-quinones, an oxidized form of tyrosine, on 

the surface of AuNC plays a critical role in the detection of target metal ions. These results not only 

provide a simple synthesis method of fluorescent AuNC with tyrosine containing peptides, but 

they also provide key design principles for understanding the coordination of peptide-templated 

AuNCs with metal ions. We strongly believe that this study will be helpful for the design of small 

molecule targeting metal ions as well as small biomolecules.  
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3.6 Supplementary information 

 

 

 

 

 

Figure S.3.1. Characterization of YCY peptide. (a) Structure of YCY peptide. (b) HPL
C-MS/MS of YCY. (c) HPLC chromatogram of YCY peptide. The LC gradient for YCY 
was run at 0% to 30% solvent B (acetonitrile) over 20 min, then from 30% to 100% over
 5 min, followed by 100% over 5 min, finally from 100% to 0% over 5min. 
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Figure S.3.2. Characterization of SCY peptide. (a) Structure of SCY peptide. (b) HPL
C-MS/MS of SCY. (c) HPLC chromatogram of SCY peptide. The LC gradient for SCY 
was run at 0% solvent B (acetonitrile) onver 20 min, then from 0% to 100% over 5 min, 
followed by 100% over 5 min, finally from 100% to 0% over 5 min.  
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Figure S.3.3. Purification of the 
AuNCs vis size exclusion colum.  
UV-vis absorption and fluorescence 
intensity of individual fractions from 
size exclusion chromatography 
(SephadexTM G-25): (a) Red-YCY-
AuNC, (b) Blue-YCY-AuNC, and (c) 
Blue-SCY-AuNC. 
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3.6.1 Cell viability test 

To determine a cytotoxicity of the AuNCs, WST-1 assay was performed. For WST-1 assay, 

we seeded 12,000 cells MCF-7 on 96 well plate and cultured for 24 h. The culture medium was 

change with the fresh medium containing varying concentration (10 – 1000 µg/mL) of the AuNCs 

After 21 h, we added 10 µL WST-1 into each well and incubated for 3.5 h in cell incubator. The 

absorbances of product were read at 480 nm using microplate reader. 

 

 

 

 

 

Figure S.3.4. Cytotoxicity of AuNCs. Cytotoxicity results of the AuNCs on MCF-7 cells in 24 
h. Error bars indicate standard deviation of three samples. 
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CHAPTER 4 

SUMMARY AND FUTURE RESEARCH DIRECTIONS 

4.1. Summary 

Rapid advances in nanotechnology have led to such applications; nanomedicine, 

therapeutic mediation, imaging tool and sensing tools. Among various nanomaterials, the 

dissertation research presented herein focused on gold nanoparticles. The preceding chapters have 

detailed new designs in the gold nanorod for cancer stem cell treatment and have introduced the 

noble synthetic method for gold nanoclusters and their application in metal ions sensing. First, in 

Chapter 1, the concept of gold nanoparticle was described to provide better understating of unique 

optical, physical and chemical properties of gold nanoparticles in different size and shape.  

In Chapter 2, the new design of gold nanorod that selectively binds to cancer stem cells 

and its application in hyperthermia therapy were described. Prior to this research, our group 

identified the synthetic ligand that specifically binds to cancer stem cells. The AuNR modified by 

this ligand on its surface selectively bound to cancer stem cells in MCF-7 cells. The AuNR showed 

better binding toward cancer stem cells over non-cancer stem cells by 5 times. Under the 

hyperthermia treatment, CSC population in MCF-7 cells treated by the AuNR was reduced by 

>50%, proved by in situ ALDEFLUOR assay. Also, we provided Western blot analysis data to 

support the notion decrease CSC population by seeing CSC-associated transcription factors, KLF4, 

C-myc, Nanog and Sox2. 

In Chapter 3, the noble synthetic method for gold nanocluster using tyrosine as catalyst 

was demonstrated. We designed two tripeptides, tyrosine-cysteine-tyrosine (YCY) and serine-

cysteine-tyrosine (SCY) to understand the role of tyrosine in forming fluorescent AuNC. By 
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adjusting pH to be basic, the mixture of gold ion and peptides formed fluorescent gold nanoclusters. 

The YCY peptide formed gold nanocluster emitting strong blue and red fluorescence and strong 

blue fluorescence was generated from the SCY peptide-templated gold nanocluster. Gold 

nanoclusters exhibited monodispersed with outstanding uniformity in size and spherical shape. 

These gold nanoclusters exhibited potential metal ions sensing tools because in the presence of 

Fe3+ and Cu2+, fluorescence of gold nanoclusters was efficiently quenched and showed linear 

quenching response in a wide linear range. The results of hydrodynamic diameter distribution of 

gold nanoclusters after mixing with metal ions suggested that the fluorescence quenching was 

caused aggregation resulted from chelation between the peptide on the nanocluster and the target 

ion. The sensing capability of gold nanocluster is probably associated with the number of tyrosine 

residue in peptide. 

 

4.2. Future research directions 

4.2.1 Cancer stem cell targeted nanomedicine 

Although we have demonstrated that our noble gold nanorod specifically targeted and 

efficiently reduced cancer stem cell population, there are remained things we must address and 

understand. First, we need to examine the capacity of cancer stemness after treatment. 

Mammosphere formation assay, which has been broadly used for the quantification of cancer stem 

cell activity can be used for assess the stemness of the cancer cells treated by gold nanorod and 

hyperthermia.1-5 Restore of sensitivity to conventional therapies such as radiotherapy and 

chemotherapy may also provide an evidence that can support our hypothesis.5-8 Transplantation of 

cancer cells has been used to examine the tumor-initiating ability of cancer stem cells.5,9 By 
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utilizing transplantation, we will be able to give the answer of efficiency of our treatment. Second, 

we need to optimize the condition of laser irradiation. As mentioned in Chapter 1, different type 

of laser resulted in different result. For instance, continuous laser would be efficient to eliminate 

not only cancer stem cell population but also ablate to normal cancer cells.2,4,10,11 Expanding this 

research, different gold nanoparticle, such as nanoshell or nanocage would be able to be employed 

not only to improve an efficiency of cancer stem cell ablation but also to achieve synergistic effect 

by loading drugs inside of nanoparticles.4,12 

 

4.2.2 Gold nanocluster for metal ion sensor and bioimaging 

Although we have demonstrated that our noble method is utilized to synthesize fluorescent 

gold nanocluster, we may need to discover the better method to achieve gold nanocluster 

possessing improved quantum yield.13,14 As one of methods, we may design new peptides having 

more tyrosine or cysteine residue because rich number of these reside in ligand will improve 

reducing capability resulting in improvement of  brightness and quantum yield.15,16 

Fe3+ and Cu2+ play crucial role in not only environment but also regulation of biological 

process. For these reasons, several studies have reported the using of gold nanoclusters for 

detection of metal ions in biological system.14,17-20 Based on these results, we may utilize our gold 

nanoclusters to detect metal ion inside of cell.  
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BIOGRAPHICAL SKETCH 

When Jonghae was sophomore, he had a brain surgery due to a car accident. While in an 

intensive care unit, he encountered a number of patients who suffered from either serious injury, 

such as cancers, or cardiac disorders, and pondered what he could do for them using his knowledge 

and skills. Ever since, this unique motivation attracted him to biomedical science. After recovering 

from the surgery, he returned to college as a very mature student and became serious about his 

chemistry major and future as a scientist; his desire was to use his knowledge and abilities to 

ultimately improve human lives.  

Jonghae was interested in advanced diagnostic methods that aid in disease prevention and 

treatment. Thus, after his second year of undergraduate study, he joined a research lab well-known 

for its development of biomedical application. He had concentrated on a sol-gel chemistry to 

develop a biosensor to diagnose diseases while he was an undergraduate student. Jonghae 

continued his research by entering a graduate program at same university. He led three independent 

projects, which are preparation of superhydrophobic surfaces preventing bacterial adhesion, nitric 

oxide-releasing superhydrophobic coating and nitric oxide-storing and releasing electro-spun 

nanofiber.  

His past research experiences have trained him with the scientific knowledge and skills for 

biomedical application, sparking his curiosity and fascination to how his invented materials can 

be applied in a living organism. This curiosity led him to enroll into a PhD program at The 

University of Texas at Dallas, where he had the honor of working with Dr. Jiyong Lee, who has 

been acknowledged widely for his work in discovering small molecules for human disease 

treatment using a novel combinatorial chemical library. His project of 4 years focuses on 



 

90 

discovering novel inhibitors for the treatment of metastatic cancers, including breast, lung, and 

ovarian cancers. He partook in the discovery of a novel compound, LC129-8, that specifically 

targets and suppresses triple negative breast cancer. 

With his accumulated experience in material chemistry and chemical biology, he desires 

to combine these experiences that ultimately allow him to not only develop improved techniques 

for drug discovery, but also invent advanced therapeutic technologies. For this, he is collaborating 

with Dr. Zhenpeng Qin in the Department of Mechanical Engineering to utilize ligand conjugated 

gold nanorods to target and eliminate breast cancer stem cells via light-induced hyperthermia. 

In addition to research activities, he has devoted his time to the foundation of the Chemistry 

Graduate Student Association (CGSA).1 As founder and president of the CGSA, he made it his 

goal to increase outreach and focused on increasing minority participation within the STEM fields. 

One of his achievements was that he invited Dr. John Rogers from the University of Illinois 

Urbana-Champaign (current Northwestern University), who is renowned in the field of biomedical 

application, for a seminar in the department. In addition, Jonghae arranged and coordinated a 

special talk by Dr. Rogers in which he advised graduate students on career paths and advancement. 

Jonghae has been constantly exploring the biomedical sciences to provide any help to the 

improvement of human life. Despite the obstacles and challenges he faced with his research 

projects, his strong desire to discover and impact human lives keeps him from stopping, and he is 

constantly eager to challenge new research.   

1. Co-founder and co-president of Chemistry Graduate Student Association in the University of 
Texas at Dallas. 
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Research Experience 

2014– Present Graduate Research Assistant, Department of Chemistry and Biochemistry,  

 Lee lab of chemical biology, University of Texas at Dallas 

 (Advisor: Professor Jiyong Lee) 

� Identification of novel compound targeting triple negative breast cancer cells 
� Elimination of cancer stem cells by gold nanorods hyperthermia 
� Development of peptide-stabilized gold nanocluster for sensing Cu(II) and 

reactive oxygen species. 
 

2012–2014  Research Scientist, Department of Chemistry,  

  Chemical Sensor Research Group, Kwangwoon University (Advisor: Professor Jae 

Ho Shin) 

� Designed superhydrophobic coatings using hybrid organic-inorganic sol-gel 
materials based on epoxy-amine systems: enhancing mechanical durability  

 

2010 & 2012 Visiting Researcher, Department of Chemistry, Laboratory of Professor Mark 

H. Schoenfisch, University of North Carolina at Chapel Hill, Raleigh, NC, 

United States  

(Advisor: Professor Jae Ho Shin and Professor Mark H. Schoenfisch) 

� Succeeded in process development and preparation of simple and facile 
technique to prepare superhydrophobic surfaces with anti-bacterial properties 

� Introduced superhydrophobic nitric oxide-releasing xerogels  
 

2010–2012 Graduate Research Assistant, Department of Chemistry,  

Chemical Sensor Research Group, Kwangwoon University (Advisor: Professor Jae 

Ho Shin) 
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� Designed superhydrophobic coatings using silica-polymer hybrid 
nanocomposite. 

� Developed nitric oxide-storing and releasing electrospun-nanofiber. 
 

2008–2010 Undergraduate Researcher, Department of Chemistry,  

Chemical Sensor Research Group, Kwangwoon University (Advisor: Professor Jae 

Ho Shin) 

� Synthesized ferrocene-modified silica nanoparticles as an electrochemical 
probe for label-free electrochemical aptamer sensors  

 
Skills and Techniques 

� High throughput on-bead one-compound screening 

� Cell viability test: MTT and WST-1 

� Mammalian cell culture 

� Mass spectrometry: MALDI-TOF and LC-MS 

� Fluorescence microscopy 

� Confocal microscopy 

� Dynamic Light Scattering 

� Solid phase synthesis: peptides and peptoids 

� Protein analysis by Western Blot 

� ELISA-like binding assay 

 
Publications 

Complete list of published work: 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Jonghae+youn 

 

� Youn, J.; Kang, P.; Qin, Z.; Lee, J. “Selective elimination of breast cancer stem cells by 
gold nanorod hyperthermia” In preparation. 
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� Youn, J.; Kim, P.; Kang, P.; Qin, Z.; Lee, J. “Tyrosine-assisted fluorescent gold 
nanoclusters for sensing Fe3+ and Cu2+” In preparation. 
 

� Chen, L.; Long, C.; Youn, J.; Lee, J. “A phenotypic cell-binding screen identifies a novel 
compound targeting triple-negative breast cancer” ACS Combinatorial Science 2018, 20 
(6), 330-334. 
 

� Storm, W. L.*; Youn, J.*; Reighard, K. P.; Worley, B V. Lodaya, H. M.; Shin, J. H.;              
Schoenfisch, M. H. Superhydrophobic nitric oxide-releasing xerogels, Acta Biomaterialia, 
2014, 10(8), 3442-3448. *co-first authors 
 

� Privett, B. J.; Youn, J.; Hong, S. A.; Lee, J.; Han, J.; Shin, J. H.; and Schoenfisch, M. H.; 
Antibacterial Fluorinated Silica Colloid Superhydrophobic Surfaces.  Langmuir, 2011, 
27(15), 9597-9601. 

 

Patents 

� Jae Ho Shin, Woo-Young Jung, Mingoo Kim, and Jonghae Youn “Method for producing 
nanofibers capable of storing and transferring nitric oxide and nanofibers capable of storing 
and transferring nitric oxide produced thereby” US Patent US9879362B2 
 

� Benjamin Privett, Mark H. Schoenfisch, Jae Ho Shin, and Jonghae Youn 
“Superhydrophobic coatings and methods for their preparation,” US Patent US9675994B2  
 

� Jae Ho Shin, Woo-Young Jung, Mingoo Kim, and Jonghae Youn “a fabricating method of 
nanofibers as a nitric oxide storage and delivery scaffold and the nanofibers as a nitric oxide 
storage and delivery scaffold fabricated thereby” Korean Patent 10-1743124-0000 
 

� Jae Ho Shin, Seung-Un Shim, Jeong Bong Lee, Jonghae Youn “Biosensor for glycosylated 
hemoglobin using electrochemically active nanoparticles” Korean Patent 10-1721572-
0000 
 

� Jae Ho Shin, Jonghae Youn, Woo-Young Jung, Mingoo Kim, Eunji-Hwang, and Yu Bin 
Jung. “a Method of fabricating superhydrophobic surface coating” Korean Patent 10-
1468817-0000 
 

� Jiyeon Lee, Jonghae Youn, Jeongyeon Choi, Junhee Han, Sukkyu Kim, Ji Hoon Lee, 
Hakhyun Nam, Geun Sig Cha, and Jae Ho Shin “Label-Free electrochemical aptamer 
sensor using nanoparticles” Korean Patent 10-1321082-0000  
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Teaching Experience 

2014– 2019                Teaching Assistant, Department of Chemistry and Biochemistry  

University of Texas at Dallas, Richardson, United States 

� General Chemistry Laboratory I and II. 
 

2010–2012                 Teaching Assistant, Department of Chemistry  

Kwangwoon University, Seoul, South Korea 

� General Chemistry Experiments 
� Physical Analytical Chemistry Laboratory




