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1-1. Optical properties of gold nanoparticles 

Compared to bulk one, nanoparticles with smaller sizes (1~100 nm) show larger 

surface to volume ratio increasing their chemical reactivity, catalytic activity, stability in 

suspension.1 Gold nanoparticles (AuNPs) is a widely used nanoparticles that show 

biocompatible,2 and optical properties such as localized surface plasmon resonance 

(LSPR) under visible light irradiation. LSPR is a phenomenon that the free electrons of 

the AuNP oscillate coherently with the oscillating electromagnetic field of the incident 

light, enhancing the electromagnetic field at the AuNP surface and accompanying the 

maximum optical absorption at this plasmon resonant frequency (Figure 1-1A, B).3,4 

Electromagnetic field enhanced by LSPR provides the enhancement of the Raman 

scattered light of molecules near the AuNPs, called a surface-enhanced Raman scattering 

(SERS),5–7 and it is used for applications to target tumors and provide detection in vivo.8 

Optical absorption causes the heat generation from the AuNPs by photothermal 

conversion, and it is expected to be applied for thermophotovoltaics.9 

The shape and the size of AuNP have a great effect on optical properties. Tuning 

of AuNP’s size provide the direct control of the maximum optical absorption by LSPR.10 

On the other hand, the anisotropic AuNPs with various morphologies (nanorod,11–13 

triangular nanoplate,14–16 nanocube,17,18 and so on) also show different plasmon 

absorption.19 The well-known rod-shaped gold nanoparticles (AuNRs) perform two kinds 

of LSPR corresponding to a transverse and longitudinal LSPR (Figure 1-1C).20 The peak 

of longitudinal LSPR can be tuned from the visible to the near infrared (NIR) region by 

control of the aspect ratio.21,22 Since NIR light transmits readily through human skin and 

tissue, AuNRs are promising to be used for the photothermal cancer therapy, which kills 

tumor cells via heat produced by NIR light photothermal conversion.23–25 Nevertheless, 
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this therapy damages not only tumor tissues but also normal tissues and supposed to cause 

the new health problems (Figure 1-1D). In addition, the size of AuNRs exceeding the 

renal excretion threshold is also a problem.26,27 To improve the selectivity and 

biocompatibility of this treatment, control of assembly of gold particles at some time in 

someplace is a research direction.   

 

 

Figure 1-1. (A) An illustration of localized surface plasmon resonance (LSPR); Plasmon 

absorption by LSPR: (B) Gold nanoparticles (AuNPs); (C) Gold nanorods (AuNRs). (D) 

Photothermal cancer therapy using AuNRs 
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1-2. Assembly of gold nanoparticles 

Individual nanoparticles automatically form an organized pattern or structure 

without human intervention is called “self-assembly”. Assembly of nanoparticles can 

express novel functions that are different from those displayed by individual nanoparticles 

and the bulk state. Precise and ordered nanostructures such as vesicles28–31 fabricated via 

self-assembly of AuNPs show the functions of drug delivery carriers.32,33 Importantly, the 

new optical properties also generate due to this self-assembly. For instance, it causes the 

adjacent nanoparticles approaching to each other, resulting in the plasmon peak shift to 

the near-infrared area due to interparticle plasmon coupling corresponding to hybrids of 

the LSPR of individual particles (Figure 1-2A). 34,35 The absorption of NIR light suggest 

assemblies of AuNPs can be applied to photothermal cancer therapy. Furthermore, the 

differences in properties before and after assembly are supposed to perform the properties 

selectively by control of the assembly of nanoparticles. Different from non-selective 

AuNRs, assemblies of AuNPs in tumor tissues and individual dispersed AuNPs in normal 

should be a good method to targeted photothermal cancer therapy. As well-known, the 

body temperature of tumor tissues are higher than normal tissues.36 Thermo-responsive 

assemblies of AuNPs only in tumor tissue is expected to achieve a desired therapeutic 

effect at target site and reduce the damage to normal tissues. To control this thermo-

responsive assembly, introducing the interaction to the adjacent particles is necessary. 

Surface modification with ligand molecules is an effective method to provide such 

interaction.   
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Figure 1-2. (B) Plasmon absorption before (blue) and after (red) assembly of AuNPs;  

(B) Photothermal cancer therapy using assemblies of AuNPs 
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1-3. Surface modification 

Surface modification plays an important role to provide the desired surface 

properties to AuNPs. For instance, ethylene glycol-connected molecules and oligo and 

poly(-ethylene glycol) (OEG and PEG), which show good water-solubility and 

biocompatibility, are attached to nanoparticles to improve their dispersibility and 

retentivity in blood during medical and therapeutic applications.37–39 Importantly, surface 

modification with stimuli-responsive ligand molecules induce self-assembly/disassembly 

of gold nanoparticles in response to various stimulus, such as temperature.40–45 These 

thermo-responsiveness are based on the fact that the AuNPs disperse at a certain 

temperature due to hydration of ligand molecules and assemble at other certain 

temperature due to dehydration resulting in the hydrophobic interaction between adjacent 

ligand molecules. 

To date, synthetic polymers, such as poly(N-isopropylacrylamide) (pNIPAM), are 

widely used as thermo-responsive ligands due to phase transition over lower critical 

solution temperature (LCST),46–52 resulting in assembly of gold nanoparticles. 

Furthermore, to ensure ligands binding with AuNPs firmly, the functional group-thiol is 

attached to the ligand to provide the robust Au-S bond and its binding energy is ~40 

kJ/mol.53,54 Nevertheless, there are still some issues in control of this thermo-responsive 

assembly. Firstly, polydisperse in synthetic polymers are supposed to cause a variety of 

conformation and configuration on AuNP surface, probably resulting in broadening 

surface properties. Secondly, the large molecular sizes of polymers determine the 

thickness of surface coating, leading to the large interparticle gaps on nanoparticle 

assembly. The large gaps will weaken the intensity of plasmon coupling of gold 

nanoparticles. In addition, it has been reported that nanoparticles modified with polymer 
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show constant assembly temperature (TA) independent ligand density, which is considered 

as an important factor in determining the thermo-responsive property since local ligand 

density influence dehydration.52 Although the stable TA is a merit in some applications, it 

is poor to program the thermo-responsiveness using control of ligand density. On the other 

hand, alkanethiol ligands have attracted much attention due to their uniform structure and 

size. Compared to polymer, alkanethiols can form highly packed and ordered self-

assembled monolayer leading to their uniform conformation (Figure 1-3A). 55 The small 

molecule of alkanethiols result in the thin thickness. Furthermore, OEG-attached 

alkanethiols show the bio-compatible and thermo-responsive properties.56 AuNPs 

modified with OEG-alkanethiol showed assembly/disassembly due to 

dehydration/hydration of OEG portion in ligands at a certain temperature (TA) (Figure 1-

3B).57 Our group have reported that the TA drastically changed along with the change in 

hydrophobic terminus in OEG-alkanethiols and the core size of gold nanoparticles 

corresponding to the local density of OEG-alkanethiols, suggesting the controllable 

thermo-responsiveness on local ligand density and terminal hydrophobicity.58 For bio-

application, precise control of thermo-responsiveness is required.   
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Figure 1-3. (A) An illustration of immobilize ligand molecules on AuNPs forming a self-

assembled monolayer (SAM); (B) Disassembly/assembly of AuNPs due to hydration/dehydration 

of OEG-alkanethiols 
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1-4. Precise control of thermo-responsiveness  

For instance, to realize tumor-targeted photothermal cancer therapy, the gold 

nanoparticles only assemble at the body temperature in tumor tissues which is 1~2 ºC 

higher than that in normal tissues, suggesting the assembly temperature should be tuned 

around body temperature of tumor tissues accurate to less than 1 ºC. In other words, the 

precise control of thermo-responsiveness is necessary in bio-application. However, it is 

not so easy. Although the OEG-alkanethiol modified AuNPs show the controllable 

thermo-responsiveness, tiny change in hydrophobic terminus of alkanethiol ligands and 

core size of AuNPs corresponding to the local OEG density result in drastic change in TA 

(Figure 1-4),58 which is not suitable for bio-application. It can be explained that these are 

the slight changes in structure and local density of ligands, but the accumulation of these 

changes from this kind of ligand in highly packed and ordered SAMs lead to the change 

in local environment and configuration of ligands, resulting in the drastic change in TA. 

Additionally, there are some reports that surface modification with mixed ligand 

molecules resulted in AuNPs obtain the hybrid surface properties and structure from these 

ligands.59–62 That is expected to tune TA at between two kinds of OEG-alkanethiol ligands 

by surface modification with these mixed ligands. Furthermore, now that AuNPs are 

modified with a mixture of two kinds of ligands, the bias in surface modification has to 

be considered for precise control of thermo-responsiveness.  
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Figure 1-4. Assembly temperature of AuNPs changed along with the changes in hydrophobic 

terminus in alkanethiol ligands and core sizes of AuNPs 
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1-5. Objective 

Gold nanoparticles (AuNPs) show localize surface plasmon resonance (LSPR), 

which accompanies with light absorption and heat production. The anisotropic gold 

nanorods (AuNRs) show a strong plasmon absorption in near infrared (NIR) region and 

are expected to be applied to photothermal cancer therapy. However, the damages to 

normal tissues and size exceeding the renal excretion threshold are still problems. On the 

other hand, assemblies of AuNPs also show the plasmon absorption of NIR light. 

Importantly, thermo-responsive assembly of AuNPs selectively in tumor tissues with 

higher body temperature should be a good method to tumor-targeted therapy. OEG-

alkanethiols ligands were used to surface modify the AuNPs to provide the thermo-

responsiveness. The assembly temperature (TA) drastically changed along with the 

changes in hydrophobic terminus of alkanethiols and core size of AuNPs. For bio-

application, precise control of thermo-responsiveness is required. Thus, in this study, I 

focused on the surface modification to precisely control thermo-responsiveness. (Figure 

1-5). 

Chapter 2, I precisely tuned the TA of AuNPs by surface modification with mixed 

OEG-alkanethiol ligands based on the local environmental control not only by the 

hydrophobic terminus of alkanethiol ligands but also by core size of AuNPs influencing 

the thermo-responsiveness. Firstly, I modified AuNPs using the mixed ligands of two 

kinds of thermo-responsive OEG-alkanethiol with different hydrophobic terminus to 

control the surface hydrophobicity, resulting in tuning TA at between these two ligands. 

Further, although precise size control is difficult, I tuned the TA by the ligand mixing with 

a non-thermo-responsive ligand with a shorter OEG length to control the local OEG 

density to reach the core size effect.   
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Chapter 3, I investigated the factors leading to the biased surface modification and 

supported the precise control of thermo-responsiveness by fair surface modification. In 

this study, ligand exchange can be the one of the reasons of bias surface modification. 

Therefore, firstly, I confirmed the ligand exchange by addition of the free alkanethiols 

ligand to alkanethiols modified AuNPs to observe the change in thermo-responsiveness. 

Next, kinetic analyses of ligand exchange on time course experiment was performed to 

investigate how ligand exchange proceed and give the effect on the surface modification. 

Finally, based on the investigation of ligand exchange, I preformed the surface 

modification carefully and tried to restrain the bias in surface modification.   

Chapter 4, I summarize the thesis and afford the significance and prospects.  
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Figure 1-5. Schematic illustration of my doctoral thesis. 

 

  

Chapter 2 
Precise Control of Thermo-responsiveness of AuNPs 

by Surface Modification with Mixed Ligand 

Chapter 3 Well-control of Ligand Exchange for Fair 

Surface Modification 
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Abstract: 

Thermo-responsive assembly of gold nanoparticles selectively occurring in body 

temperature of tumor tissues is a promising method to tumor-targeted photothermal 

cancer therapy as NIR absorption on assemblies. Our group have prepared OEG-

alkanethiol modified AuNPs show the controllable thermo-responsiveness. For bio-

application, precise control of thermo-responsiveness is required. Herein, I reported 

precise tuning of thermo-responsive properties of gold nanoparticles by surface 

modification with mixed OEG-attached alkanethiols. Importantly, the assembly 

temperature of OEG-alkanethiols modified AuNPs depend on both the hydrophobicity at 

the terminus and the core size of nanoparticles. Therefore, firstly, I precisely tune the 

terminal hydrophobicity by mixing two kinds of thermo-responsive OEG-alkanethiol 

with different hydrophobic terminus. Further, since precise core size control is difficult, 

I used a non-thermo-responsive ligand with a shorter OEG length to tune the local OEG 

density to reach the core size effect. Although the changes in local environment and 

configuration of ligands on dynamics remain unclear, experiment results support precise 

control of thermo-responsiveness by tuning of terminal hydrophobicity and local OEG 

density of alkanethiol ligands on surface. 

KEYWORDS: oligo (ethylene glycol), thermo-responsiveness, gold nanoparticles, mixed 

ligands, precise control 
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2.1. Introduction  

Molecules expand their functionalities as polymers and/or supra-molecules through 

connecting, concatenating, or assembling them. For example, in nature, enzymes, which 

are proteins produced by self-organization of amino acids and exhibit high catalytic 

activities which are not found in amino acids as monomers.1–3 On the other hand, the 

control of assembly of chemical components support the creation of new materials which 

show functions close to even beyond natural ones.4–6  

OEG and PEG, produced by self- organization of ethylene glycol, are one of the 

most important synthetic molecules for medical and therapeutic applications due to their 

properties, such as neutral charge, water-solubility, and biocompatibility.7–11 PEG/OEG 

possesses not only bio-compatibility properties but also thermo-responsiveness on 

hydration/dehydration states.12 On the other hand, OEG-derivative-grafted polymers13,14 

and OEG-derivative-attached detergent assemblies (micelles)15,16 also show thermo-

responsiveness as hydration/dehydration phenomena at lower critical solution 

temperature (LCST). Further, the copolymerization of two OEG macromonomers of 

different chain-lengths with different hydrophilicity leads to the formation of 

thermosensitive copolymers with a tunable LCST).17,18 These kinds of thermo-responsive 

polymers with tunable LCST are now under the spotlight for therapeutic applications.19 

Recently, gold nanoparticles (AuNPs) have attract much attention for therapeutic 

applications due to their plasmonic properties.20–22 However, when using AuNPs, surface 

modification remains an issue for the provision of  stable dispersibility in solution.. To 

this end, hydrophilic biocompatible polymers, such as PEG or OEG, are attached to their 

surfaces. Here, in terms of the surface modification of  nanoparticles, there is one 

unmistakable fact: nanoparticle curvature controls the molecular conformation and 
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chemical properties of the attached molecules by changing their local density or distances 

(in a range between 4–20 nm of AuNP diameter).23–25  

Our group previously reported that AuNPs covered with OEG-attached 

alkanethiols show thermo-responsive assembly caused by hydrophobic interactions from 

dehydration of OEG portions.26 Importantly, their thermo-responsiveness significantly 

depends on the hydrophobic terminus of alkanethiols like 56, 26, and 19 °C of terminus 

as ethyl, isopropyl, and propyl, respectively. For bio-application, precise control of 

thermo-responsiveness is required. On the other hand, Iida et al. demonstrated the 

hierarchical self-assembly of rod-shaped gold nanoparticles based on curvature-

dependent thermoresponsiveness.27 It seems useful that nanoparticle size-based tuning of 

TA, as it shows drastic changes like 67, 56, and 39 °C in 3, 5, and 10 nm in diameter, 

respectively.26 However, as the exact control in NP sizes or curvature remains difficult, 

they could not precisely tune their TA, missing potential applications. According to the 

copolymers with a tunable LCST and core size dependent local OEG density, surface 

modification with mixed ligands is supposed to be effective to tuning of terminal 

hydrophobicity and local OEG density to reach the core size effect. Therefore, in this 

study, I report a novel TA tuning approach for AuNPs coated with OEG-derivatives by 

the hydrophobic terminus and local OEG density control of thermo-responsive OEG-

derivatives (C2-EG6-C11-SH) via mixing with another thermo-responsive OEG-

derivatives (C1-EG6-C11-SH) and non-thermo-responsive short ligands (HO-EG2-C11-

SH) (Scheme 2-1).  
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Scheme 2-1. (A) Chemical structures of the surface ligands used in this study and (B) an 

illustration of surface ligands attached on the AuNPs.  
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2-2. Experimental section 

2-2-1 Materials and instruments 

Citrate-protected AuNPs in aqueous solution (10, 15, and 20 nm in diameter) were 

purchased from BBI Solutions (UK). Surface ligands with a methyl, ethyl, and hydroxyl 

head, referred to as C1-EG6-C11-SH, C2-EG6-C11-SH, HO-EG6-C11-SH, and HO-

EG2-C11-SH, respectively, were synthesized according to our previous paper (Scheme 

2).28,29 The other solvents were purchased from Wako Pure Chemical Industries Ltd. 

(Japan). All commercially available reagents were used without further purification. 

Thin-layer chromatography (TLC) was performed on glass-backed precoated silica gel 

plates (60F254, Merck & Co., Inc., USA). Cerium molybdate (10% Cerium (IV) Sulphate, 

15%H2SO4 aqueous solution) was used as a coloring agent. Organic solvents were 

evaporated with an evaporator (TOKYO RIKAKIKAI Co., Ltd). Products were isolated 

by column chromatography on silica-gel (Kanto Chemical, neutral 60N, 40−50 μm). 

NMR spectra were recorded on a 400 MHz JEOL spectrometer. High-resolution ESI-MS 

spectra were measured with an Exactive LCMS Mass Spectrometer (Thermo Fisher 

Scientific Inc., Japan) by the Instrumental Analysis Division, Equipment Management 

Center Creative Research Institution, Hokkaido University. AuNPs were analyzed by 

UV-Vis/NIR spectrophotometer (V-770, JASCO corp.) and dynamic light scatting (DLS) 

(Zetasizer Nano ZS, Malvern Panalytical). 
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2-2-2 Synthesis of HO-EG2-C11-SH 

Scheme 2-2. Chemical synthesis of HO-EG2-C11-SH ligands 

 

 

Synthesis of 3,6-Dioxa-16-heptadecen-1-ol; (1) 

Diethylene glycol (14.9g, 140 mmol) was dissolved in THF (55 ml). The solution was 

cooled on ice and added sodium hydride (60% in oil, 4.26 g, 106.4 mmol) and 11-bromo-

1-undecene (6.53 ml, 28 mmol). The mixture was stirred at room temperature for 16 h, 

and then refluxed at 80℃ for 16 h. After removal of the solvent, the residue was dissolved 

in solution (EtOAc/Hexane (1:1), 200 ml) and washed twice with a saturated NaCl 

solution. The organic layer was dried over anhydrous Na2SO4. The crude product was 

concentrated in vacuo and purified by flash chromatography on silica gel (Hexane/EtOAc 

(2:1)) to yield compound 1 (1.85g, 25%). 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.25-1.32 (m, 12H, alkyl chain), 1.56-1.60 (m, 

2H, alkyl chain), 1.98-2.03 (q, 2H, -CH2-CH2-CH=), 2.48 (s, 1H, HO-), 3.42-3.72 (m, 

10H, -CH2-O-), 4.88-4.99 (m, 2H, -CH=CH2), 5.74-5.84 (m, 1H, -CH=CH2).   

 

Synthesis of Ethanethioic acid, S-[11-[2-(2-hydroxyethoxy) ethoxy] undecyl] ester; (2) 

Compound 1 (1.00 g, 3.87 mmol), thioacetic acid (1.52 g, 20.0 mmol), and 2,2'-

azobisisobutyronitrile (0.636 g, 3.87 mmol) were dissolved in stabilizer free dry THF (30 

mL). The mixture was stirred for 3 h at 80 °C under N2 atmosphere. The mixture was  
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evaporated under vacuum. The crude product was concentrated in vacuo and purified by 

flash chromatography on silica gel (Hexane/EtOAc (1:1)) to yield compound 2 (0.65 g, 

50 %) as a clear syrup. 

  1H NMR (400 MHz, CDCl3): δ /ppm = 1.26-1.32 (m, 14H, alkyl chain), 1.57-1.60 

(m, 4H, alkyl chain), 2.30-2.32 (s, 3H, -S-CO-CH3), 2.84-2.87 (t, 2H, -CH2-CH2-S-), 

3.44-3.49 (t, 2H, HO-CH2-), 3.58-3.73 (m, 8H, -CH2-O-). 

 

Synthesis of 2-[2-[(11-Mercaptoundecyl) oxy] ethoxy] ethanol; (3) HO-EG2-C11-SH 

Compound 2 (0.65 g, 1.94 mmol) and sodium methoxide (powder, 0.52g, 9.7 mmol) 

were dissolved in 20 mL MeOH, and the mixture was stirred over night at 30 °C. After 

adding HCl aq. until the solution pH<7, the solvent was removed under vacuum. The 

residue was dissolved in EtOAc and washed twice with sat. NaCl solution. The organic 

layer was dried over anhydrous Na2SO4. The crude product was concentrated in vacuo 

and purified by flash chromatography on silica gel (Hexane/Acetone (2:3)) to yield 

compound 3 (0.07g 12.5%) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.26-1.38 (m, 14H, alkyl chain), 1.55-1.62 (m, 

4H, alkyl chain), 2.49-2.54 (q, 2H, -CH2-SH), 3.44-3.48 (t, 2H, HO-CH2-), 3.57-3.73 (m, 

8H, -CH2-O-).  

HR-MS (ESI): calcd for C15H32O3SNa [M+Na]+ 315.19644, found 315.19615.  

 

2-2-3. Surface modification of AuNPs 

AuNPs coated with oligo (ethylene glycol) derivatives were prepared via a ligand 

exchange reaction. Briefly, 1 mL of citrate-coated AuNPs (10, 15, and 20 nm) were 

concentrated by centrifugation (12,000 g for 45 min) and the following removal of the  
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supernatant (900 µL).  The concentrated citrate-protected 10 nm-AuNPs (94 µM, 100 

µL), 15 nm-AuNPs (23 µM, 100 µL), and 20 nm-AuNPs (12 µM, 100 µL) were mixed 

with the thiolate ligand molecules including tris (2-carboxyethl) phosphine (TCEP) as a 

reductant. In this exchange reaction, the total ligand concentration was adjusted to 10 

equivalents for the surface atoms on a AuNP.30 In the case of 10 nm AuNPs, the number 

of surface Au atoms was 4192/particle and the concentration of the ligand solution was 

4.0 mM. In the case of 15 nm and 20 nm AuNPs, the number of surface Au atoms was 

9585 and 17178/particle, respectively, and both of the ligand concentration was 2.0 mM. 

After the addition of ultrapure water up to 500 µL, the AuNPs were incubated for 48 h at 

4 °C. Then, the surface modified AuNPs were washed 3 times by centrifugation (12,000 

g for 45 min), the removal of the supernatant (470 µL), and addition of 10 mM HEPES 

buffer (pH 8.0) up to 500 µL to remove the free thiol ligands. 

 

2-2-4. UV–vis–NIR spectroscopy  

The UV–vis–NIR spectra of the AuNPs were measured using a V-770 UV-Visible/NIR 

Spectrophotometer with PAC-743R automatic 6 position Peltier cell changer (JASCO 

corp, Japan). The temperature-change measurements of the AuNP spectra were 

performed at each temperature changed by the rate of 1℃/min followed by 5 min waiting 

time.  

 

2-2-5. Dynamic light scattering (DLS) and zeta-potential measurement 

The size and zeta-potential of AuNPs were measured using a Zetasizer Nano ZS 

(Malvern Panalytical Ltd, UK). The temperature-change measurements of the AuNPs 

sizes were performed at each temperature after 2 min-waiting time. The assembly  
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temperature was defined as the middle temperature between the temperature at which the 

size of AuNPs shows a significant change and the highest temperature for AuNPs 

remaining dispersed. 
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2-3. Results and discussion  

2-3-1. Thermo-responsive properties of AuNPs coated with C1- or C2-

EG6-C11-SH ligands 

First, I prepared thermo-responsive AuNPs by surface modification with a C1- or 

C2-EG6-C11-SH ligand. The AuNP (diameter of 10, 15, and 20 nm) surfaces were 

modified with alkane thiol ligands via replacing with citrate in water according to Iida et 

al.’s paper.26 Citric acid and excess ligands were removed, and their solvent was replaced 

to 10 mM HEPES buffer (pH 8.0) via repetitive centrifugal purifications. Results for 

dynamic light scattering (DLS), zeta-potential, and extinction spectral analyses support 

successful surface modifications (Table 2-1 and Figure 2-1). Briefly, DLS measurements 

showed an increase of several nm in hydrodynamic diameters of AuNPs by the surface 

modification with OEG-derivatives. The zeta-potential of the AuNPs changed from 

negative (ca. -30 mV in citric acid solution) for the citrate-protected AuNPs to weak 

negative (-8.7 ± 4.9 and -10.6 ± 3.1 mV in buffer) for C1- and C2-EG6-C11-SH-coated 

AuNPs (d=15 nm), respectively. Extinction spectra show a slight red-shift of plasmonic 

absorption peak from 517, 520, and 532 nm for citrate-coated to 522, 523, and 532 nm 

for C2-EG6-C11-SH-coated of AuNPs (10, 15, 20 nm), respectively, due to the refractive 

index changes around AuNPs.  

The thermo-responsiveness was then investigated by spectral and DLS analyses. 

Spectral changes indicate that C2-EG6-C11-SH-coated AuNPs (15 nm) showed thermo-

responsive assembly between 30 and 35 °C (Figure 2-2A). Importantly, DLS 

measurements show clear changes in size distribution responding to temperature changes 

in the heating and cooling processes (Figure 2-2B). In the case of C2-EG6-C11-SH-

coated AuNPs (15 nm), assembly/disassembly transition was observed between 32 and 
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33°C. The assembly temperature of this experiment was, therefore, regarded as 32.5 °C. 

The temperature for their thermo-responsive assembly (TA) was determined as 32.5 ± 

1.0 °C from three independent DLS analyses on heating. Similarly, TA of C2-EG6-C11-

SH-coated AuNPs of different diameter (10 nm and 20 nm) were determined to be 43.5 

± 3.5 °C and 24.2 ± 1.5 °C, respectively (Table 2-2 and Figure 2-3 and 4 blue). The TA 

values of C1-EG6-C11-SH-coated AuNPs were also determined (Table 2-2 and Figure 2-

4 red). Figure 2-4 clearly shows the C2-EG6-C11-SH ligand provided a lower TA 

compared to the C1-EG6-C11-SH ligand due to the hydrophobicity at its terminus, while 

the higher curvature from the smaller particle size provided a higher TA, findings which 

correspond to those reported by Iida et al.26 

 

Table 2-1. Hydrodynamic diameter and zeta-potential of AuNPs before and after surface 

modifications with a C1- or C2-EG6-C11-SH ligand. 

 

*1 Size was determined as a main peak size in DLS size distribution by volume.  

Large size AuNPs (20 nm) could result from a partial aggregation due to their hydrophobicity.  
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Table 2-2. Assembly temperature of AuNPs of different diameter (10 nm, 15 nm and 20 nm) 

modified with mixed ligands: (A) C2-EG6-C11-SH; (B) C1-EG-6C11-SH. 

 

*1 TA was from three independent DLS analysis. 

 

 

  

Figure 2-1. Extinction spectra of AuNPs with 10 nm (i), 15 nm (ii), and 20 nm in a diameter 

(iii) before (blue) and after surface modification with C2-EG6 ligands (red). The numbers 

indicate their peak wavelength. 
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Figure 2-2. Thermo-responsive phenomena of AuNPs coated with C2-EG6-C11-SH ligands. 

(A) Extinction spectra of C2-EG6-C11-SH -coated AuNPs (15 nm) on a heating process. (B) 

Size distribution of C2-EG6-C11-SH -coated AuNPs (15 nm) measured by DLS. Colored 

numbers in (A) and (B) mean solution temperature. 

 

 

 
 

Figure 2-3. Thermo-responsive phenomena of AuNPs coated with C2-EG6-C11-SH ligands: 

Extinction spectra (A)(C) and size distribution (B)(D) of C2-EG6 ligand-modified AuNPs which 

have 10 nm (A)(B) and 20 nm in a diameter (C)(D).  
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Figure 2-4. Assembly temperatures of 10, 15, and 20 nm AuNPs coated with C1-EG6 (red) and 

C2-EG6 ligands (blue). Error bars in y-axis represent a standard deviation determined from three 

independent experiments. Error bars in x-axis represent a coefficient of variation determined by 

BBI solutions. Dotted lines are shown as a guide. 
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2.3-2. Tuning of assembly temperature by hydrophobicity control via 

mixing of X-EG6 ligands 

Precise tuning of the assembly temperature is an important issue for bio -related 

applications, particular turning around 37 °C. Fig. 2-4 shows 2 °C decrease in TA with a 

1 nm size increase in diameter, suggesting that extreme control of AuNP size or shape 

can provide precise tunability. Although preparation techniques for nanoparticles have 

greatly advanced recently, size control on a sub-nm scale remains quite difficult.31 For 

example, BBI solutions provides AuNPs of well-controlled sizes, which we used in this 

study, with a variation coefficient of within 8%. That is ca. 1 nm size distribution for 15 

nm AuNPs, resulting in a 2 °C variation in TA. Thus, we performed assembly temperature 

tuning using ligand mixing as another approach using 15 nm AuNPs. First, I focused on 

the tuning of hydrophobicity by mixing surface ligands with different termini. For the 

surface modification of 15 nm AuNPs, I applied thermo-responsive ligands of C1-EG6-

C11-SH and C2-EG6-C11-SH at various mixing ratios. These AuNPs showed obvious 

shifts in assembly temperature between 33 °C for 100% C2-EG6-C11-SH and 63 °C for 

100% C1-EG6-C11-SH (Table 2-3A and Figure 2-5 red). As it is well-known that the 

LCST of thermo-responsive polymers, such as pNIPAm, is shifted to a lower 

temperatures by the addition of hydrophobic moieties,32 this result is as expected. On the 

other hand, a great increase in assembly temperature observed on by mixing with a HO-

EG6-C11-SH ligand, which has neutral hydrophilic terminus, was impressive (Table 2-

3B and Figure 2-5 blue). In any case, it is possible to tune the assembly temperature by 

controlling the hydrophobicity at the terminus. Interestingly, the shape of C1-EG6-C11-

SH/C2-EG6-C11-SH curves showed an obvious convex, whereas the standard linear 

relationship, and the real TA is slightly higher than the theoretical value, suggesting the 
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bias modification existed, which C1-EG6-C11-SH attached to AuNPs much more than 

C21-EG6-C11-SH. Until now, control of surface modification proceeding as the 

additional ratios of mixed ligands remain an issue. Importantly, even though there is a 

little bias modification, as the ligand mixing ratio is easily and precisely tunable, this is 

an effective approach. 

 

Table 2-3. Assembly temperature of AuNPs (15 nm) modified with mixed ligands: (A) C1-

EG6-C11-SH and C2-EG6-C11-SH; (B) OH-EG-6C11-SH and C2-EG-6C11-SH.  

 

*1 TA was from three independent DLS analysis. 
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Figure 2-5. Assembly temperatures of 15 nm-sized AuNPs coated with a mixture of C1- and C2-

EG6-C11-SH ligands (red) and C2- and HO-EG6-C11-SH ligands (blue). Dotted lines are 

shown as a guide. 
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2-3-3. Tuning of assembly temperature by local OEG density control via 

mixing of OEG derivatives with a different OEG length 

Next, I focused on the effect of surface curvature (nanoparticle size) on the control 

their thermo-responsive assembly. It has been reported that the surface ligand density on 

AuNPs was determined to be ca. 5 molecules/nm2 by inductively coupled plasma atomic 

emission spectroscopy (ICP-AES) and was independent of their size and shapes.26,27 

Surface curvature induces a different local density of the OEG portion at the outer surface, 

although their molecular density at the AuNP surface remain the same. Thus, I 

hypothesized their local density, which is related to the molecular free volume, is one of 

the key factors in tuning their assembly temperature. To tune their local density, here, we 

mixed the thermo-responsive ligand, C2-EG6-C11-SH, with a non-thermo-responsive 

ligand with a shorter OEG chain-length, HO-EG2-C11-SH (Scheme 2-1). 

Assembly temperatures of 15 nm AuNPs coated with a mixture of C2-EG6-C11-

SH and HO-EG2-C11-SH ligands was investigated in the same manner as described 

above (Table 2-4). The plots of TA by the ligand mixing ratios of C2-EG6-C11-SH to 

HO-EG2-C11-SH clearly indicates that the local molecular density tuned by mixing with 

a short-chain OEG ligand a significantly linear effect on TA (Figure 2-6). This increase in 

TA by the replacement of C2-EG6-C11-SH with HO-EG2-C11-SH also include changes 

in the hydrophobicity at the terminus. To discuss the effects of the tuning of local 

molecular density by mixing with a short-chain OEG ligand, comparisons of these ligand 

replacements by C1-EG6-C11-SH, HO-EG6-C11-SH, and HO-EG2-C11-SH are 

important. As the hydrophobic effect from the HO-EG2-C11-SH portion is expected to 

be lower than that from C1-EG6-C11-SH portion and similar to the HO-EG6-C11-SH 

portion, this more moderate linear about C2-EG6-C11-SH /HO-EG2-C11-SH increase in 
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TA (Figure 2-6), which is compared to C2-EG6-C11-SH / HO-EG6-C11-SH (Figure 2-4), 

can be concluded to be mainly result from the tuning of local molecular density. Also, the 

difference in the correlation curves between the linear curve for C2-EG6/HO-EG2 (Fig. 

2-6) and the convex curve for C2-EG6/C1-EG6 or HO-EG6 (Fig. 2-5) implies variations 

in their origin. 

In these experimental results, the C2-EG6-C11-SH contents on the x-axis are 

shown as a ligand mixing ratio in the surface modification process as the real ligand 

content on the AuNP surfaces was unclear due to the experimental difficulties. 

Nevertheless, the convex shape curve of C1-EG6-C11-SH/ C2-EG6-C11-SH have simply 

showed the unfairness on surface modification. Next chapter, I will introduce the 

investigation on this unfairness. 

 

Table 2-4. Assembly temperature of AuNPs modified with mixed ligands: C2-EG2-C11-SH 

and C2-EG6-C11-SH.  

 

*1 TA was from three independent DLS analysis. 
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Figure 2-6. Assembly temperatures of 15 nm-sized AuNPs coated with a mixture of C2-

EG6 and HO-EG2 ligands. Dotted line is shown as a guide. 
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2-4. Conclusion 

In this study, thermo-responsive properties of oligo (ethylene glycol) (OEG) 

derivatives attached on the gold nanoparticles have been precisely tuned via the local 

environmental control not only by the hydrophobic moiety of their terminus but also by 

their local OEG density. OEG-attached alkane thiol-modified AuNPs showed thermo-

responsive assembly/disassembly through the hydration/dehydration of OEG portions 

depending on the hydrophobicity at the terminus. Therefore, tuning of terminal 

hydrophobicity using mixed ligands of two kinds of alkanethiols with different 

hydrophobic terminus successfully tuned the thermo-responsiveness. Further, the core 

size of nanoparticles changes their responsive temperatures. The larger size provides the 

higher local OEG density, suggesting more packed adjacent OEG portions which are 

supposed to cause the increasing interaction of molecules and accelerate dehydration of 

themselves, resulting in lower assembly temperature. Importantly, the assembly 

temperature (TA) was also tuned by the ligand mixing with a non-thermo-responsive 

ligand with a shorter OEG length to control the local density of OEG portion. Although 

the real motions of OEG portion remain unclear, experimental results on the core size 

dependence of TA and the ligand mixing with a different OEG length support the local 

OEG density take effect. It is expected that precise control of thermo-responsiveness by 

surface modification with mixed ligands promote a simple way for bio-application such 

as photothermal tumor-targeted photothermal cancer therapy. Additionally, our finding in 

this study provides a novel molecular design to the tuning of their functionality based on 

the ligand properties and composition, leading to opening a door for novel emergent 

functions.  
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Abstract: 

Control of composition of ligands on AuNP surface via modification with mixed 

ligand molecules at various ratio have been used for tuning of surface properties. 

Although these properties indeed changed by the control of mixing ligands ratio, it 

remains unclear whether surface modification proceeding as the mixing ratios. In 

chapter 2, biased surface modification was observed even though using the alkanethiols 

with similar structure. Ligand exchange between ligands attaching on surface and 

existing in solution is supposed to be one of the reasons of biased surface modification. 

Herein, I have confirmed that immobilized ligand in highly packed self-assembled 

monolayers (SAMs) are still replaced with the external ligands by ligand exchange 

through comparation of the assembly temperature (TA) before and after addition of free 

ligand. I performed kinetic analyses by time course experiments and found the ligand 

exchange almost proceed as the ratio of ligands in the reaction medium firstly and then 

showed the unfairness on ligand exchange over time. Then I confirmed this unfair 

ligand exchange and determined the good surface modification conditions. Finally, 

based on investigation ligand exchange, I preformed the surface modification carefully 

and tried to approach to the fairness.  

 

KEYWORDS: Biased surface modification, ligand exchange, SAMs, kinetic analysis, 

well control 
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3.1. Introduction  

Surface modification using functional ligand molecules is an effective method to 

determine the surface properties of a AuNP such as the dispersibility in solvent,1 and the 

stimuli-responsiveness like light,2–4 pH,5–7 temperature.8–15 As ligand molecules, small 

molecule alkanethiols have attracted much attention due to their uniform structures and 

small sizes compared to polymer ligands. This alkyl chain attached alkanethiols can 

self-assemble into highly packed and homogeneous monolayers (SAMs) providing 

sharp surface properties to AuNPs.16,17 Further, surface designing the SAMs with mixed 

ligand molecules resulted in AuNPs obtain the hybrid surface properties and structure 

from these ligands,18–21 which is supposed to be a novel and simple approach to tune 

surface properties by just changing the mixing ligand ratios. Nevertheless, whether 

surface modification proceeded as the mixing ligand ratios remain unclear.22  

Surface modification with one kind of ligand deservedly leads to 100 % coating. 

On the other hand, in case of mixing modification, it is hard to guarantee the real 

composition of different ligands is in accord with the mixing ligand ratio for 

modification owing to the different properties such as amount of charge or solubility, 

resulting in different attachment on surface.22 Examining the fairness/unfairness on 

surface modification is still an issue for researchers. Although some analytical 

instruments such as NMR, MS have been widely used for analyses of the real 

composition in SAMs, the small ligand molecules with similar structure in SAMs 

showing extremely low concentration are supposed to be relatively difficultly analyzed 

by these instruments.23–26  
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Our group have reported that AuNPs modified with thermo-responsive OEG-

attached alkanethiols showed assembly/disassembly in response to a certain temperature 

(TA) on dehydration/hydration state.27 In Chapter 2, I precisely tuned the TA via mixing 

two kinds of OEG-alkanethiols ligands with different termini and OEG length to tune 

the terminal hydrophobicity and local OEG density. Although the TA changed along 

with the change in mixing ratios, the real composition on surface modification has not 

been accurately determined. Moreover, the biased surface modification was observed 

even using alkanethiols with similar structures. This phenomenon probably relates to 

ligand exchange. There are some reports about the ligand exchange occurred can change 

the composition on AuNP surface.28–33 Claire Goldmann et al. reported that alkanethiols 

attaching on gold spherical nanoparticles can be replaced by the free alkanethiols in the 

external organic solvent.32 Giovanni Salassa, et al. reported reports about the ligand 

exchange occurring on the gold nanoclusters which have broad space between  

immobilized inducing unpacked alkanethiols.28 Although there are not highly packed 

alkanethiols SAMs formed in above reports, the effect of ligand exchange can not be 

ignored as biased surface modification. Moreover, it has been reported that alkanethiol 

SAMs can diffuse on AuNP’s surface over a certain temperature and time.34,35 Above 

reports suggest the alkanethiol SAMs are supposed to have the chemical activity a 

certain extent and the ligand exchange on AuNP surface should be investigated.  

Therefore, in this study, we focus on the bias on surface modification to support 

the precise control of thermo-responsiveness by fair surface modification. I investigated 

whether ligand exchange occur by addition of alkanethiols into modified AuNPs as 

shown in Scheme 3-1B. Importantly, I performed kinetic analysis of ligand exchange by 

time course experiment to investigate how the ligand exchange influence modification 
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of AuNP surface. Finally, based on the investigation of ligand exchange, I preformed 

the surface modification with the mixed ligands in Scheme 3-1A carefully to approach 

to fairness by well-control of modification condition. 

 

 

 

Scheme 3-1. (A) Chemical structures of the surface ligands used in this study. (B) An 

illustration of the change in composition on surface of nanoparticles by ligand exchange. 
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3-2. Experimental section 

3-2-1. Materials and instruments   

All commercially available reagents were used without further purification. 

Tris(2-carboxyethyl) phosphine (TCEP-HCl, reducing agent) was purchased from 

Thermo Fisher Scientific Inc. (USA). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES, buffer) was purchased from DOJINDO LABORATORIES (Japan). 

Citrate-protected AuNPs in aqueous solution (10 or 15 nm in diameter) were purchased 

from BBI Solutions (UK). According to the BBI Solutions Web site, AuNPs with a 

diameter of 10 and 15 nm have maximum coefficients of variation of 10% and 8%, 

respectively. Alkanethiol ligands (Scheme 3-1A) with methyl and ethyl head and alkyl-

thiol tails, referred to as C1-EG6-C11-SH, C2-EG6-C11-SH, were purchased from 

ProChimia Surfaces, Sp.zo.o. (Poland). Alkanethiol ligands with hydroxyl head, 

referred to as OH-EG6-C11-SH were purchased from DOJINDO LABORATORIES. 

Surfactant with hydroxyl head but without thiol group, referred to as OH-EG6-C12, was 

purchased from Tokyo Chemical Industry Co., Ltd. (Japan). AuNPs were concentrated 

using a centrifuge (5430 R, Eppendorf). AuNPs were heat by a water bath (DTU-2B, 

TAITEC Corp.).  
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3-2-2. Surface modification of AuNPs  

According to the method described in my previous paper,36 the citrate protected 

10 nm AuNPs were concentrated up to 94 nM by centrifugation (20,000 g for 45 min). 

The concentrated AuNPs (100 μL) were mixed with the aqueous solution of the 

alkanethiol ligand C2-EG6-C11-SH (100 μL) containing TCEP as a reductant. In this 

reaction, the total ligand number was adjusted to 10 equiv of Au atoms on the surface of 

all nanoparticles.37 In the case of 10 nm AuNPs, the number of Au atoms on surface 

was calculated to be 4192/particle and the concentration of the ligand aqueous solution 

was set at 4 mM according to the references. For 15 nm AuNPs, it was concentrated up 

to 42 nM by centrifugation (14,000 g for 30 min). Moreover, the number of surface Au 

atoms was 9585/particle and the concentration of the ligand solution was also 4 mM. 

After addition of the aqueous solution of HEPES buffer (pH=8, 10mM) up to 1 mL, the 

AuNPs were incubated for 24 hours at 25 °C. Then, the modified AuNPs were washed 3 

times by centrifugation (10 nm AuNPs: 20000g for 45 min; 15 nm AuNPs: 14000 g for 

30 min), the removal of the supernatant (900 μL) and addition of HEPES buffer up to 

1000 μL to remove the free ligands. The successfully modified AuNPs are referred as 

AuNPs@ C2-EG6-C11-SH. Surface modification with ligands C1-EG6-C11-SH, OH-

EG6-C11-SH and mixed ligand were performed in same way. 

 

3-2-3. UV−vis extinction spectroscopy  

The UV−vis extinction spectra of the AuNPs were measured using a V-770 

UV−vis/NIR Spectrophotometer with PAC-743R Automatic 6 position Peltier cell 

changer (JASCO Corp., Japan).36 The temperature-change measurements of the AuNPs   
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spectra were performed at each temperature (in 5 ℃ intervals) with changes at a rate of 

1 °C/min followed by a waiting time of 5 minutes after reaching the measurement 

temperature.   

 

3-2-4. Dynamic light scattering (DLS) and zeta-potential measurement  

The distribution of size and surface charge of the AuNPs were measured by 

Zetasizer Nano ZS (Malvern Panalytical Ltd, UK).36 The temperature-change 

measurements for the AuNPs sizes were performed at each temperature are a waiting 

time of 2 min. The assembly temperature was defined as the middle temperature 

between the temperature at which the size of the AuNPs showed a significant change 

and the highest temperature at which the AuNPs remaining dispersed. 
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3-3. Results and Discussion 

3.3-1. Ligand exchange on AuNPs modified with alkanethiols 

I focused on whether ligand exchange occur between ligands in highly packed 

SAMs and existing in water. In this study, the change in thermo-responsiveness of 

AuNPs was adopted as proof of ligand exchange. First, I confirmed the thermo-

responsiveness of AuNPs coated with alkanethiols used in this study. For instance, 10 

nm AuNPs@C2-EG6-C11-SH, the obvious spectra variation indicated AuNPs showed 

thermo-responsive assembly between 35 and 40 ºC (Figure 3-1A left). DLS 

measurement showed that size distribution of AuNPs changed abruptly between 36 and 

37 ºC, regarding the thermo-responsive assembly temperature (TA) as 36.5 ºC (Figure 3-

1A right). The TA was next determined as 36.5 ± 1.0 ºC from tree independent DLS 

measurement. Similarly, TA of 10 nm AuNPs@C1-EG6-C11-SH was determined to be 

77.2 ± 1.2 ºC (Figure 3-1B). In the case of AuNPs@OH-EG6-C11-SH, no change in 

spectra and size distribution were observed within 85 ºC, meaning the TA is over 85 ºC 

(Figure 3-1C). In addition, the stability of OEG-alkanethiol SAMs attaching to AuNP’s 

surfaces was confirmed by comparation of thermo-responsiveness in repeating spectral 

measurement process under heating from 25 to 85 ºC. The peak wavelength of 

extinction spectra in every experiment temperature of 10 nm AuNPs@C2-EG6-C11-SH 

has been plotted as shown in Figure 3-2A. The four curves presented the similar shape 

and showed the same thermo-responsive assembly between 35 and 40 ºC. Moreover, 

DLS analysis after 4 times heating up to 85 ºC showed the TA of 38 ºC (Figure 3-2B), 

which is same with AuNPs without repeating measurement. This unchanged TA 

indicated OEG-alkanethiol hardly detached from AuNP surface on heat.  
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Next, I added the free alkanethiols OH-EG6-C11-SH into the 10 nm AuNPs@C2-

EG6-C11-SH and then measured the thermo-responsiveness by extinction spectra (from 

25 to 85 ºC) and DLS. Although the good attachment of OEG-alkanethiol SAMs on 

AuNP surface has been confirmed, ligand exchange between C2-EG6-C11-SH on 

surface and the free OH-EG6-C11-SH in water was observed on same heating process. 

As shown in Figure 3-3A and 3-5, green line, extinction spectra and peak wavelength 

on heating presented the thermo-responsive assembly between 35 and 40 ºC, but 

disassembly between 60 and 65 ºC. Finally, this extinction peak returned to the original 

state. After removal of free ligands via purification by 3 times, spectra showed no shift 

in any temperature, meaning AuNPs stayed in dispersion condition (Figure 3-3B and 3-

5, orange line). DLS analysis showed that AuNPs didn’t assemble within 85 ℃ (Figure 

3-3C). It indicated that the thermo-responsiveness has been changed by addition of free 

alkanethiols ligands on heating. On the other hand, OH-EG6-C12 with the similar 

structure to OH-EG6-C11-SH ligand but without thiol group was added into AuNPs@ 

C2-EG6-C11-SH showing the same thermo-responsiveness (Figure 3-5, blue line) with 

original AuNPs (Figure 3-5, red line). That is assembly between 35 ºC and 40 ºC 

(Figure 3-4A) and the unchanged TA of 38 ºC (Figure 3-4B). Compared with OH-EG6-

C11-SH and OH-EG6-C12, only the molecules OH-EG6-C11-SH having thiol group 

can change the thermo-responsiveness of AuNPs@C2-EG6-C11-SH. These indicated 

that the free alkanethiols OH-EG6-C11-SH replaced with the C2-EG6-C11-SH on 

surface of AuNPs on heating, resulting in the rearrangement in surface hydrophobicity 

to change thermo-responsiveness of AuNPs. In the same way, addition of C1-EG6-C11-

SH also caused the change in thermo-responsiveness of AuNPs@C2-EG6-C11-SH, 

which showed the thermo-responsive assembly between 55 and 60 ºC (Figure 3-6A and 
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3-6C, green line) and located at between AuNPs@C2-EG6-C11-SH (Figure 3-6C, blue 

line) and AuNPs@C1-EG6-C11-SH (Figure 3-6C, red line). Similarly, DLS analyses 

showed TA of 52 ºC (Figure 3-6B), which is higher than AuNPs@ C2-EG6-C11-SH (38 

ºC) but lower than AuNPs@ C1-EG6-C11-SH (77 ºC). These indicated that the free 

alkanethiol ligand C1-EG6-C11-SH replaced with immobilized C2-EG6-C11-SH, 

resulting in the changes in the composition of SAMs, like the surface modification with 

mixed ligand to control SAMs’ composition. 

To further confirm the free alkanethiols replace the immobilized ligands on 

surface, those samples of AuNPs@ C2-EG6-C11-SH after reaction with OH-EG6-C11-

SH (Figure 3-7A -iii) were purified 3 times, mixed with C2-EG6-C11-SH (300 μM) as 

free ligands, and then heated at 85 ºC for 30 minutes (Figure 3-7A-iii). DLS 

measurement showed TA changed from immeasurable value (>90 ºC) (Figure 3-7B-ii) to 

41 ºC (Figure 3-7B-iii), which almost returned to the original TA of 38 ºC (Figure 3-7B-i) 

by addition of C2-EG6-C11-SH on heating. The recovery of TA suggested that the free 

ligand OH-EG6-C11-SH replaced with the immobilized C2-EG6-C11-SH on surface, 

resulting in huge increase of the TA, and then the addition of C2-EG6-C11-SH replaced 

with the immobilized OH-EG6-C11-SH in turn causing the recover to the TA (Figure 7 

and 8). It indicated that the immobilized alkanethiol ligands on AuNPs’ surface can be 

replaced by free alkanethiol ligands in external aqueous solution even though they have 

formed the stable and highly packed SAMs.  



Chapter 3 

 

58 

 

 

Figure 3-1. Thermo-responsive phenomena of 10 nm AuNPs modified with (A) C2-EG6-C11-

SH, (B) C1-EG6-C11-SH, (C) OH-EG6-C11-SH ligands. Left: extinction spectra and right: size 

distribution.  

  



Chapter 3 

 

59 

 

 

Figure 3-2. (A) Temperature-dependent changes in the extinction peak wavelength of 10 nm 

AuNPs @ C2-EG6-C11-SH for four repeating cycles during heating process. (B) Size 

distribution of AuNPs measured by DLS after four repeating measurement of extinction spectra 

 

 

 
 

Figure 3-3. Thermo-responsive phenomena of AuNPs modified with C2-EG6-C11-SH by 

addition of OH-EG6-C11-SH: (A) Measurement with free ligands, (B) Measurement after 

removal of free ligands. (C) Size distribution of 10 nm AuNPs@ C2-EG6-C11-SH by addition 

of OH-EG6-C11-SH.  
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Figure 3-4. Thermo-responsive phenomena of AuNPs modified with C2-EG6-C11-SH by 

addition of OH-EG6-C12: (A) Extinction spectra, (B) Size distribution. 

 

 

 
 

Figure 3-5. Temperature-dependent changes in the extinction peak wavelength of 10 nm 

AuNPs @ C2-EG6-C11-SH: without free ligands (red), with OH-EG6-C12 addition (blue), with 

OH-EG6-C11-SH addition (green), removal of free OH-EG6-C12-SH (orange).  
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Figure 3-6. Thermo-responsive phenomena of AuNPs modified with C2-EG6-C11-SH by 

addition of C1-EG6-C11-SH: (A) Extinction spectra, (B) Size distribution. (C) Temperature-

dependent changes in the extinction peak wavelength of 10 nm AuNPs modified with C2-EG6-

C11-SH (blue), with C2-EG6-C11-SH by addition of C1-EG6-C11-SH (green), with C1-EG6-

C11-SH addition (red).  
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Figure 3-7. (A) An illustration and (B) the DLS size distribution of every step during ligand 

exchange. (i) Original10 nm AuNPs @ C2-EG6-C11-SH, (ii) 10 nm AuNPs @ C2-EG6-C11-

SH exchanged by OH-EG6-C11-SH; (iii) AuNPs @ C2-EG6-C11-SH recovered by addition of 

C2-EG6-C11-SH. 

 

 

Figure 3-8. An illustration of ligand exchange between alkanethiol ligands in and outside SAMs. 
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3-3-2. Kinetic analyses of ligand exchange 

To confirm how the ligand exchange have an effect on the composition of AuNP 

surface in various experimental condition, the kinetic analyses of ligand exchange 

reaction were performed. 10 nm AuNPs@ OH-EG6-C11-SH mixed with free C2-EG6-

C11-SH (75 μM) was heated at 85 ºC, 55 ºC and 25 ºC for 3, 5, 30, 60, 180, 1440 mins 

and 1, 2, 3, 4, 5 days, respectively. As shown in Figure 3-9A, TA of AuNPs dramatically 

decreased only 5 mins passed at 85 ºC, indicating the speed of ligand exchange reaction 

between C2-EG6-C11-SH and OH-EG6-C11-SH was extremely quick. Importantly, the 

assembly temperature exactly located in the range of estimation value (45~55 ºC). This 

value was calculated from the ratios of each ligand on concentration in reaction medium 

combining with the relation curve between surface ligand ratios and assembly 

temperature as mentioned in Chapter 2. Above suggested that the ligand exchange 

proceeded as the ratios of each ligand in medium at first. It can be explained from the 

perspective of reaction kinetics. Ligand exchange is expected to be divided into the 

attachment and detachment of C2-EG6-C11-SH or OH-EG6-C11-SH. The ability of 

attachment to AuNPs of each ligand should be equal due to the similar structures. 

However, at first, only free C2-EG6-C11-SH existed in external solutions. According to 

the reaction kinetics, the rate of chemical combination (ligand attachment to AuNPs) is 

concentration-dependent and the rate of chemical division (ligand detachment from 

AuNPs) is basically concentration independent, promoting C2-EG6-C11-SH quickly 

attached to AuNPs and the equivalent OH-EG6 detached from AuNPs as shown in 

Figure 3-10. Along with the reaction time passed, TA began to increase on the contrary. 

The decrease then increase of TA indicated some detached OH-EG6-C11-SH which was 
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replaced with C2-EG6-C11-SH have returned to the AuNP surface. According to stable 

systems only in lowest-energy state, it seems that the energetic stability on AuNPs of 

OH-EG6-C11-SH is much stronger than C2-EG6-C11-SH. Therefore, when the 

attachment of C2-EG6-C11-SH reached the saturation quickly, the detachment of C2-

EG6-C11-SH from AuNPs competed against the immobilized OH-EG6-C11-SH. Since 

the rate of ligand detachment is concentration independent but molecular mobility-

dependent, C2-EG6-C11-SH with the weaker energetic stability on AuNP detached 

from AuNP surface in the end and equivalent OH-EG6 returned. The return of replaced 

ligands over time suggest that composition of SAMs on AuNP surface is not always 

invariable. On the other hand, AuNPs@C2-EG6-C11-SH mixed with free OH-EG6-

C11-SH turned into no thermo-responsiveness (TA > 90 ºC) just 5 mins passed but the 

recovery of thermo-responsiveness wasn’t observed within 3 h (Figure 3-9B), 

emphasizing the unfairness on ligand exchange between OH-EG6-C11-SH and C2-

EG6-C11-SH. In the same way, 10 nm AuNPs@ C1-EG6-C11-SH added by C2-EG6-

C11-SH also showed a sharp decrease in TA at 85 ºC followed by a slow increase in TA 

and reached to the equilibrium state after 3 h (Figure 3-9C). The slight recovery of TA 

also indicated a few C1-EG6C11-SH have returned to the AuNPs. On the other hand, 10 

nm AuNPs@ C2-EG6-C11-SH added by C1-EG6-C11-SH showed a drastically 

increased firstly but continued to rise slowly on TA within 3 h, meaning the external C1-

EG6-C11-SH kept replacing with the immobilized C2-EG6-C11-SH and these detached 

C2-EG6-C11-SH didn’t return to AuNPs (Figure 3-9D). These suggested that the 

slightly unfair ligand exchange is possible to exist between C2-EG6-C11-SH and C1-

EG6-C11-SH. These reactions mostly showed ligand exchange proceeded on the ratio 

of ligands in reaction medium firstly then showed the unfairness on ligand exchange 
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over time, suggesting the traditional viewpoint about longer time and better surface 

modification is not appropriate.  

Figure 3-11 showed the TA in time course of 10 nm AuNPs@ C1-EG6-C11-SH 

after addition of C2-EG6-C11-SH at 85 ºC, 55 ºC and 25 ºC. The speed of attachment 

stage of ligand exchange increased along with the improvement of temperature as 

expected due to the effect of temperature on reaction constant. Although AuNPs at 

higher temperature showed faster ligand exchange, they all reached the similar 

equilibrium state over time, suggesting the temperature only have an effect on rate 

constant whereas the equilibrium constant of ligand exchange. It can explain that the 

ligand exchange still occurs even at room temperature (25 ºC) but it proceeded slowly 

and is supposed to take longer time to reach the equilibrium constant. Although, it is 

difficult to figure out when the ligand exchanges start to take effect (at the same time 

with surface modification or after modification), reducing reaction time and decreasing 

reaction temperature are supposed to slow down the ligand exchange especially 

appearance of possible cause of unfairness and provide a more favorable environment 

for surface modification. 
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Figure 3-9. Time variation of thermo-responsiveness of 10 nm AuNPs @ (A) OH-EG6C11-SH 

by addition of C2-EG6C11-SH, (C) C1-EG6-C11-SH by addition of C2-EG6C11-SH, (D) C2-

EG6-C11-SH by addition of C1-EG6C11-SH at 85 ℃. (B) Temperature-dependent changes in 

the extinction peak wavelength of 10 nm AuNPs modified with C2-EG6-C11-SH (red); by 

addition of C1-EG6-C11-SH and heated at 85 ℃, 5 mins (blue), at 85 ℃, 3 h (green).  
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Figure 3-10. An illustration of ligand exchange between OH-EG6-C11-SH and C2-EG6-C11-

SH in time course experiment 

 

 

Figure 3-11. Time variation of assembly temperature of 10 nm AuNPs @ C1-EG6-C11-SH by 

addition of C2-EG6-C11-SH at the ligand exchange temperature of (A) 85 and 55 ºC, (B) 25 ºC. 

  



Chapter 3 

 

68 

 

3-3-3. Unfairness on ligand exchange 

To confirm the unfairness on ligand exchange, 10 nm AuNPs modified with 

equally mixed ligand (C2-EG6-C11-SH and OH-EG6-C11-SH) were prepared. In this 

study, the surface modification was set to the shorter reaction time and lower reaction 

temperature as 25 ºC, 24 h. After modification, the same equally mixed ligands (75 μM) 

were added into this AuNP (Scheme 3-2). This AuNP was heated at 85 ºC, 3 hours and 

then purified by 3 times. Each TA determined by DLS measurement was summarized in 

Figure 3-12A, 10 nm AuNPs@ (50 % C2-EG6-C11-SH + 50 % OH-EG6-C11-SH) 

assembled at 74 ºC, but these AuNPs turned into disassembly within 90 ºC by addition 

of mixed ligands. On the other hand, 10 nm AuNPs@ (50 % C2-EG6-C11-SH + 50 % 

C1-EG6-C11-SH) slightly shift from 54 ºC to 53 ºC by addition of the equally mixed 

ligands, regarding as almost unchanged (Figure 3-12B). The unchanged assembly 

temperature of C1-EG6-C11-SH mixed C2-EG6-C11-SH after ligand addition indicated 

that 25 ºC, 24 h is enough for surface modification using our OEG-alkanethiols. 

Nevertheless, whether the unfair ligand exchange between C1-EG6-C11-SH and C2-

EG6-C11-SH have occurred is unclear. On the other hand, the great changes in TA of 

modification with OH-EG6-C11-SH and C2-EG6-C11-SH suggested the free OH-EG6-

C11-SH preferred to replace the immobilized C2-EG6-C11-SH. That means the unfair 

ligand exchange occurred assuredly, resulting in the increase on TA. The difference in 

unfairness on ligand exchange of these alkanethiols at same experimental condition can 

be explained by the ligand exchange activity that OH-EG6-C11-SH replacing C2-EG6-

C11-SH is much stronger than C1-EG6-C11-SH replacing C2-EG6-C11-SH (Figure 3-

13). Furthermore, these small differences in molecular structure such as change in 
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terminal hydrophobicity have a great effect on ligand exchange activity. In addition, 25 

ºC, 24 h is a good experimental condition for surface modif ication. 

 

Scheme 3-2. Investigation of unfair ligand exchange: (A) 10 nm AuNPs @ (50 % C1-EG6-

C11-SH + 50 % C2-EG6-C11-SH) by addition of free ligands (50 % C1-EG6-C11-SH + 50 % 

C2-EG6-C11-SH); (B) 10 nm AuNPs @ (50 % OH-EG6-C11-SH + 50 % C2-EG6-C11-SH) by 

addition of free ligands (50 % OH-EG6-C11-SH + 50 % C2-EG6-C11-SH) 
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Figure 3-12. An illustration (top) and the size distribution (down) of (A) 10 nm AuNPs @ (50 % 

C2-EG6-C11-SH + 50 % OH-EG6-C11-SH) before (left) and after (right) addition of free 

ligands (50% OH-EG6-C11-SH + 50% C2-EG6-C11-SH) and 10 nm AuNPs @ (50 % C2-EG6-

C11-SH + 50 % C1-EG6-C11-SH) before (left) and after (right) addition of free ligands (50% 

C1-EG6-C11-SH + 50% C2-EG6-C11-SH) 
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3-3-4. Fair surface modification via well-control of modification conditions 

In this study, all 10 nm AuNPs was modified with alkanethiols as shown in 

Scheme 3-1A and modification under 25 ºC, 24 h followed by purification and 

measurement of thermo-responsiveness via extinction spectra and size distribution. 

There are obvious shifts in TA between 36.5 ºC for 100 % C2-EG6C11-SH and 77.2 ºC 

for 100 % C1-EG6-C11-SH, suggesting it is possible to tune the TA by controlling the 

composition of these ligands mixing ratios, which is similar to our previous report.36 I 

prepared AuNPs modified with C2-EG6C11-SH and C1-EG6-C11-SH at various 

mixing ratio and their thermo-responsiveness were determined as shown in Table 3-1 

and Figure 3-13A. Following, to summarize the relationships among these TA in various 

mixing ratio, curve fitting was performed. C2-EG6-C11-SH mixed with C1-EG6-C11-

SH showed the standard linear relationship and good R2, which is the square of the 

correlation coefficient between the actual and predicted Y values. It indicated that the 

real composition of alkanethiols on AuNP surface was almost in accord with the mixing 

ligand ratio for surface modification, meaning it is possible to restrain the biased surface 

modification by well-control of reaction condition. Similarly, C2-EG6-C11-SH mixed 

with OH-EG6-C11-SH also conformed to liner relationship and good R2 (Figure 3-13B). 

Interestingly, the tiny difference in R2 of curve fitting of C1-EG6-C11-SH / C2-EG6-

C11-SH (0.998) and OH-EG6-C11-SH / C2-EG6-C11-SH (0.976) was observed. It is 

supposed to be caused by different ligand exchange activity and seems that unfairness 

on ligand exchange still influence slightly the surface modification. In this study, 

although the relationship between ligand exchange and surface modification is still 

unclear, I have made a breakthrough of approach to the fair surface ligand exchange by 

well-control of modification condition compared with the former bias modification,36 
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which contribute to the precise control thermo-responsiveness by fair surface 

modification. 

 

 

Table 3-1. Assembly temperature of 10 nm AuNPs modified with mixed ligands: (A) C1-EG6-

C11-SH and C2-EG6-C11-SH; (B) OH-EG-6C11-SH and C2-EG-6C11-SH.  

 

*1 TA was from three independent DLS analysis. 

 

.    
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Figure 3-13. Assembly temperature of 10 nm AuNPs modified with a mixture of (A) C2-EG6-

C11-SH and C1-EG6-C11-SH, (B) C2-EG6-C11-SH and OH-EG6-C11-SH. x refers to the ratio 

of C2-EG6-C11-SH and y refers to the TA of AuNPs. Error bars represent S.D. (n=3). 
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3-4. Conclusion 

In this study, ligand exchange between ligands in self -assembled monolayer 

(SAMs) on AuNP surface and existing in solution was proved to occur. This ligand 

exchange was supposed to proceed on the ratio of each ligand in the reaction medium 

firstly and then showed the unfairness on ligand exchange over time corresponding to 

the bias on surface modification. This unfairness is in related to the tiny difference in 

structure at the termini of alkanethiols such as hydrophobicity at terminus. Nevertheless, 

the unfairness on surface modification was expected to be restrained and surface 

modification can proceed as the ratios of mixed ligands with similar structure by well-

control of experiment condition such as modification time and temperature.  

Although, it remains unclear how much unfairness on ligand exchange 

contributes to the bias surface modifications, this study is supposed to provide an 

important reference for surface modification. Thermo-responsiveness reprogrammed by 

addition of free alkanethiols in this study provides a novel molecular design to the 

tuning of their surface properties based on the controllable ligand exchange. In addition, 

the interesting phenomenon about the drastic change and recovery of assembly 

temperature by time course experiment reflect the special behavior of ligands on 

interface between AuNP surface and solution during ligand exchange reaction, 

supposing to open a door for studying the ligand exchange in molecular level.  
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In this thesis, I focused on surface modification and investigated the method of 

precisely control thermo-responsiveness by fair surface modification. In this chapter, I 

summarize the thesis and afforded the significance and prospects. 

In chapter 2, I precisely tuned the assembly temperature (TA) of AuNPs via surface 

modification using mixed OEG-alkanethiol ligands to control of terminal hydrophobicity 

and local OEG density of alkanethiol ligands. Firstly, since this thermo-responsive 

assembly/disassembly of AuNPs coated with OEG-attached alkanethiols dependent on 

the hydrophobicity at the terminus, mixing with different hydrophobic terminus at 

designed ratio is successful to precisely tune the TA. Then, I confirmed the TA is curvature-

dependent by surface modification using various AuNP sizes and found that the local 

density of OEG change along with the curvature of AuNPs, suggesting it is in connected 

with the change in TA. Importantly, the TA was also tuned by ligand mixing with a non-

thermo-responsive ligand with a shorter OEG chain-length to control the local density of 

OEG. These results showed tuning of local environment in SAMs by control of mixing 

ligand ratios is possible to precisely program the surface properties of AuNPs. 

In chapter 3, I investigate the ligand exchanged and approached to restrain the 

biased surface modification. I confirmed the ligand exchange between ligands in high 

packed SAMs and existing in solution. According to the drastic change and recovery of 

TA over time, I inferred that ligand exchange proceeded as ratio of ligands in reaction 

medium firstly and then showed the unfairness over time on this reaction which is greatly 

connected to the tiny difference in structures at the terminus and supposed to influence 

the bias on surface modification. Based on the investigation of ligand exchange, the bias 

on surface modification was restrained and surface modification proceeded as the mixing 



Chapter 4 

 

81 

 

ligand ratios by well-control of modification time and temperature. This finding provides 

an important reference for surface modification on gold nanoparticles.  

In this thesis, I showed the precise control of thermo-responsiveness by fair surface 

modification. By this method, it is precise and simple to tune TA of AuNPs to the desired 

temperature just by surface modification with mixed ligands at a designed ratio . Moreover, 

a wide range of TA can be tuned using only two kinds of ligands with tiny differences in 

structures at the terminus. Importantly, this surface modification is supposed to proceed 

as the mixing ligand ratio, which is difficult to realize up to now. Although ligand 

exchange and bias surface modification are complicated and remains unclear, the precise 

control of thermo-responsiveness by fair surface modification have been realized, which 

is a positive step to approach to bio-application for tumor-targeted photothermal cancer 

therapy. In future, the ligand exchange will be investigated in depth by mathematical 

analysis and molecular dynamic simulation to provide visual data that help design and 

enhance the controllability of this system. In addition, thermo-responsiveness in cell and 

mouse experiment are expected to be prepared for bio-application in vivo. I believe that 

these studies have contributions to the development of photothermal cancer therapy.  
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