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Abstract 
In this thesis, it describes the synthesis, purification, characterization and 

applications of mono-amine functionalized gold nanoparticles (AuNPs) with an 

average diameter of 2 nm. Mono-amine functionalized AuNPs were synthesized by 

employing the ON/OFF switchable recognition between ammonium salt and 

dibenzo[24]crown-8 in acid/base condition together with the site isolation effect 

based on a solid phase supported polystyrene Wang resin. The crude mono-amine 

functionalized AuNPs were purified by magnetic separation using dibenzo[24]crown 

-8-coated superparamagnetic iron oxide nanoparticles via pH-switchable 

pseudorotaxane formation. The purified product as well as the intermediates during 

synthesis was characterized by infrared (IR) and X-ray photoelectron spectroscopies 

(XPS). The mono-amine functionality of the AuNPs was characterized by the 

formation of the novel supramolecular dimers and trimers, titrating with 

^w-dibenzo[24]crown-8 and fn>-dibenzo[24]crown-8. Furthermore, transmission 

electron microscopy (TEM) images show that there were significant amounts of 

AuNP supramolecular dimers in the solutions and that there were both AuNP dimers 

and trimers in the supramolecular trimer solutions. The trimers observed under the 

TEM were triangular or near-linear shapes. Moreover, UV/visible spectroscopic 

analysis of the supramolecular AuNP dimer and trimer solutions in different ratios 

vi 



between the crown ether linker and AuNPs demonstrated a gradual appearance of the 

two distinct plasmonic resonance bands at 620 and -700 nm. 

The discretely mono-amine functionalized AuNPs could be simultaneously 

purified and detected by a real-time surface plasmon resonance (SPR) with organic 

solvent-compatible microfluidic device/instrumentation. The discretely 

functionalized AuNPs could be assembled and disassembled on the surface of 

dibenzo[24]crown-8 coated gold plate via pH-switchable pseudorotaxane formation 

and dethreading in the microfluidic device. The monovalent attachment and 

detachment of AuNPs on gold surface gave real-time plasmonic signals which were 

successfully monitored by SPR. Furthermore, the self-assembly and disassembly 

processes of crude AuNPs and randomly functionalized gold nanoparticles were also 

monitored by SPR. The SPR results revealed that the crude and randomly 

functionalized AuNPs possessed different self-assembling and disassembling 

properties so that the mono-amine discretely functionalized AuNPs could be purified 

and simultaneously obtained with a SPR real time signal. The randomly 

functionalized AuNPs possessed incomplete disassembly during the pH-switching 

processes�Such observations together with the complete pH-switching of 

mono-functionalized AuNPs on gold surface were also characterized by atomic force 

microscopy (AFM). 

vii 



The discretely functionalized AuNPs were further explored as a probe for DNA 

sensing. Mercapto-oligonucleotides were immobilized to the mono-amine AuNPs 

through thiol-maleimide click reactions with a hetero-bifunctional linker. Two types 

of primer (5 base pairs) were functionalized onto the AuNPs. These DNA-AuNPs 

hybridized complementarily with the sequence of the pathogenicity island of 

vancomycin-resistant Enterococcus faecalis so as to detect its presence. The DNA-

AuNP detection was operated in organic solvents~N’N，- dimethylformamide (DMF), 

chloroform, and trace amount of water with sodium chloride and characterized by 

UV/visible absorption spectroscopy. UV/visible absorption of the system at 521 nm 

was monitored for the DNA hybridization. The melting temperature (Tin) studies 

were performed with different solvent system ratios, different alignments (tail-to-tail 

and head-to head) of AuNPs and different amounts of sodium chloride�The Tm was 

found to be higher with increasing salt concentrations and increasing ratios of 

chloroform to DMF. Moreover, the Tm was found to be similar with different 

alignments {tail-to-tail and head-to-head) of AuNPs which were different from the 

randomly functionalized gold nanoparticles that reported previously in the literature. 

viii 



摘要 

本論文敘述了直徑大小約兩納米的單一胺功能化金納米粒子之合成、純 

淨、表徵分析及其應用。單一胺功能化金納朱粒子的合成利用了有機錢廳與二 

苯-24-冠-8在酸鹼情況下的份子識別之開關與固態支持的聚苯乙嫌樹脂之功能 

組位置孤立效應。合成之後的金納米粒子通過能以酸鹼開關的偽輪院機制，經 

二苯-24-冠-8功能化的超順磁性之氧化鐵納米粒子的磁性分離所純淨。經純淨之 

單一胺功能化金納米粒子以及在合成過程中的反應中間體經紅外線光譜及X射 

線光電子能譜進行了表徵分析。其單一胺功能化通過與二-二苯-24-冠-8和三-二 

苯-24-冠-8滴定構成之新穎超份子二聚體及三聚體而展現。在穿透式電子顯微鏡 

觀察下，二聚體之溶液中含有大量超份子金納米粒子二聚體，而三聚體之溶液 

中則有超份子金納米粒子二聚體及三聚體。三聚體的形狀有三角形及類直線形。 

另外，不同滴定比例之冠醚與金納朱粒子經紫外及可見光譜之分析下慢慢的展 

現了兩個突出之等離子共振峰，其峰值為於620及~ 7 0 0 n m � 

單一胺功能化金納米粒子亦可經實時表面等離子共振、耐有機溶液之微流 

控儀器被同時純淨及表徵分析。單一胺功能化金納米粒子能在微流控儀器內之 

二苯-24-冠功能化的金版表面經酸驗開關的偽輪院機制所聚合與拆卸，而整個 

聚合與拆卸經過了實時表面等離子共振所描繞。另一方面，未經純淨之單一胺 

功能化及多胺功能化金納米粒子亦經過了實時表面等離子共振所描縫，結果發 

現此兩類金納來粒子在經酸驗開關的偽輪院機制下擁有不同之聚合與拆卸的特 



性，從而令單一胺功能化金納米粒子得以完全純淨及通過微流控儀器所獲得。 

而多胺功能化金納朱粒子擁有不完全之偽輪院拆卸的特性，此觀察與單一胺功 

能化金納米粒子擁有完全之偽輪院拆卸的特性得到了原子力顯微鏡的弓I證。 

單一胺功能化金納米粒子進一步用作脫氧核糖核酸之感應器。透過一個雙 

功能連結份子寡核苷酸硫醇與單一胺功能化金納米粒子進行了硫醇-順丁嫌二 

醯亞胺點擊化學而結合。兩類不同的引物（每個弓丨物擁有5個驗基對)與單一胺 

功能化金納米粒子分別結合。此兩類不同的引物所共同組成之脫氧核糖核酸排 

列與抗萬古黴素的糞腸球菌致病性島脫氧核糖核酸的排列是相互補充的。所組 

成之脫氧核糖核酸-金納米粒子在有機溶液(二甲基甲酰胺，三氯甲院及極少量 

之氯化鈉水溶液)下經紫外及可見光譜所分析。在紫外及可見光譜中，521 n m 的 

波峰是用作以觀察脫氧核糖核酸的雜交。其融解溫度(Tm)在不同之溶液比例、 

不同的金納米粒子排列形式（尾對尾以及頭對頭)以及不同分量之氯化鈉水溶液 

被分析。分析後發現其融解溫度在提升氯化鈉水溶液之濃度及三氯甲院對二甲 

基甲酰胺之比例會上升。另一方面，其融解溫度在不同的金納米粒子排列形式 

(尾對尾以及頭對頭)中沒有太大的分別，此等發現與文獻中多功能化之金納米粒 

子有所不同。 
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Chapter 1 

Chapter 1 — Introduction of Gold Nanoparticles 
1.1 Introduction 

Nanotechnology which involves gold nanoparticles, gains much attention for its wide 

applications in chemistry, physics, engineering and biology. It can be reflected by a 

dramatic increase in the number of publications related to gold nanoparticles during 

the last fifteen years (Figure 1-1). The word "nanoparticles" refer to clusters of atoms 

or molecules having an overall size of 1-100 nanometer. There are two general 

approaches to produce nanoparticles, namely top down and bottom up methods,�a.� 
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Figure 1-1. Number of publications related to AuNPs (by December 2010)，Source: 
SciFinder Scholar; keyword: gold nanoparticles. 

Top down approach involves the removal or division of a bulk material into its 

nanostructure.'""^ Photolithography, electron beam lithography are examples for 

producing nanostructures by top down approach. For the lithographic methods. 
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however, expensive instruments are required and large amount of materials could be 

wasted by repeated number of s t e p s ? � 

Bottom up approach involves the assembly of atoms, generated by reduction of 

ions, to give the desired nanostructure]® Since the size of an atom is about 1 入（1 A 

equals to 0.1 nm), the construction of nanostructure from angstrSm scale into 

nanoscale structure is somewhat more common and effective than the top down 

approach. Such approach involves the termination of nanocluster growth from atoms 

in the presence of a capping agent. The size and shape of the nanostructures can be 

controlled by using different capping agents, reducing agents, reaction time and 

techniques 产 2 

Examples for producing nanostructures by bottom up approach are chemical, 

sonochemical, thermal and photochemical methods. For photochemical method, UV 

irradiation^^"^ and near-IR laser̂ ® can be used to produce gold nanoparticles in the 

presence3a-c or absencê *̂ '® of small gold nanopaiticle seeds. For UV irradiation, the 

size of gold nanoparticles (5-120 nm) can be controlled by the ratio of ligands or 

seeds and gold salt. For near-IR irradiation, the size of gold nanoparticles (1-200 nm) 

can be tuned by the time of irradiation. For sonochemical m e t h o d , t h e reduction 

rate of gold salt in aqueous medium can be controlled by the ultrasonic intensity, 

solution temperature and reaction flask position in sonicator, hence controlling the 



Chapter 21 

size of the gold nanoparticles. For thermal method,^ gold nanoparticles with 

surfactant can be subjected to thermolysis to give gold nanoparticles with an 

increased size. 

For the above-mentioned methods, chemical synthesis of gold nanoparticles 

was perhaps more popular because a wider range of capping ligands with different 

functional groups can be used. 
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1.2 Chemical synthesis of gold nanoparticles (AuNPs) 

In general, gold nanoparticles are synthesized by a reduction of tetrachloroaurate in 

solution whereas gold(III) ions are reduced to gold(O) atoms. The gold atoms then 

rapidly nucleate and grow into nano-scaled particles.''''^ 

1.2.1 One-phase synthesis of citrate-coated AuNPs (Turkevich Method) 

The synthesis of citrate-coated AuNPs can be dated back to 1951 by Turkevitvh产 

Gold(III) salt and citrate solution were stirred in water, and that the gold salt was 

reduced by citrate at 100 °C, yielding AuNPs with a diameter about 20 nm. Such 

method was modified by Frens in 1973 to give AuNPs of 16 to 147 nm.̂ ^ The ratio 

of gold to citrate, temperature, and the order of addition of reagents determined the 

size of the AuNPs. 

For instance, tetrachloroaurate solution was heated to 100 °C in a 

double-walled reactor with a thermostat bath. The solution was stirred vigorously and 

the mantle provided a homogenous temperature distribution within the reaction 

mixture. While the solution was boiling, preheated trisodium citrate solution was 

added to the solution. The solution was then cooled and extracted to give the 

citrate-coated AuNPs. The concentration of citrate solution added during the 

synthesis determined the size of AuNPs, The general mechanism of forming AuNPs 

has been studied which is shown as follow:®� 
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Scheme 1. Mechanism of formation of citrate-coated AuNPs严� 

In recent years, the Turkevich method has been modified, whereas the 

minimum size of the AuNPs obtained by this method at 7 5 � C can be 7.7 n m ? The 

formation processes of AuNPs have been monitored by small-angle X-ray scattering 

(SAXS) and X-ray absorption near-edge spectroscopy (XANES) (Scheme 2). 

Moreover, it was reported that the formation of AuNPs can also be achieved at room 

temperature with the aid of ultra-violet irradiation technique.^'' 

Au(lll) 

Nucleation 2. Growth by 

aggregation 

3. Slow further 

growth 

Fast final growth 

nm 

, 〜 U 。 ^ ^ ~ ^ 、 

c T c P ^ O ^ 
~ 3 nm 5.5 nm 7.7 nm 

Scheme 2. Formation of citrate-coated AuNPs by a modified Turkevich method.^ 
This method is commonly used to prepare larger AuNPs with loosely bound 

citrate ligand on the gold surface, thereby feasible for post-functionalization. 
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1.2,2 Two-phase synthesis of alkanethiolate-coated AuNPs (Brust-Schiffrin 
Method) 

The two-phase synthesis of alkanethiolate-coated AuNPs has been reported by Brust 

and Schiffrin in 1994 (Scheme Since the alkanethiolate-coated AuNPs are 

found to be more thermally stable and air stable with higher monodispersity with 

controlled size ranging from 1.5 to 5.2 nm, the discovery of the two-phase synthesis 

method has a great influence in synthesizing AuNPs. 

For instance, tetrachloroaurate was transferred to toluene using 

tetraoctylammonium bromide as phase transfer reagent. The organic layer was 

obtained and stirred vigorously with the addition of dodecanethiol, followed by the 

addition of sodium borohydride solution，to give the alkanethiolate-coated AuNPs. 

The obtained AuNPs can be isolated and redissolved in organic solvents without 

irreversible aggregation and decomposition. 

1. Remove aqueous law HAUCI4 3H2O (aq) + (octyl)4N^r�(toluene) • 
2. Dodecantniol 3. NaBH4 (aq) 

Scheme 3. Synthetic scheme of alkanethiolate-coated AuNPs by Bnist-Schiffrin method. 



Chapter 25 

The general mechanism of formation of AuNPs is proposed in 1994 by Brust 

which is shown as follow; 

AuCl4-{aq) + (C^Hi?)* N+(toluene) — (CsHiAN+AuCIf (toluene) 

mAuCI厂(toluene) + nCi2H25SH(toluene) + 3 m e ‘ -> 
4mCI (aq) + [AuJCijH^SH)J (toluene) 

From the above equations, the gold(III) ions are reduced by electrons 

generated from sodium borohydride to give the AuNPs. Later it is then proposed that 

there should be a formation gold(I) polymer after addition of dodecanethiol.^*^ 

phase transfer 
HAuCU (aq) + NR'̂ CI (toluene) ^ jCI + [NR^lfAuClj] (toluene) 

RSH 
(>2eq) / 

V' 

RSH 
(<2eq) 

NR'jCt + 
(NR'4l[AuCI,] 
[NR.JAUCI2] 
RSSR + 
HCI 

No gold(l) polymer immediate 

NaBH4 (aq) 

AuNPs (R- functionalized) 

However, Lennox later found，in the above mechanism，by H NMR spectroscopy 

that the thiol reduced gold(III) to gold(I) chloride but there should not be gold(I) 

polymer formation as an intermediate except there exist excess water or polar 
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solvents. Moreover, it is found that the ligands attached on AuNPs are in thiolate 

[Aum(Ci2H25S)„] rather than in thiol [Aun,(Ci2H25SH)n]7® 

The size of the AuNPs can be tuned by the ratio of thiol to gold salt, and the 

rate of sodium borohydride addition. A large thiol to gold salt molar ratio results in 

smaller nanoparticles. Moreover, fast addition of sodium borohydride and at low 

temperature will give smaller nanoparticles with better dispersity. 

The alkanethiolate-coated AuNPs obtained in this method are more stable 

because the gold-sulfur bonds are relatively strong due to the soft character of gold 

and sulftir.ig 

However, the gold-sulfur bond can be broken and exchanged with 

another sulfur-containing ligand under certain conditions which are described in 

Section 1.3.1. 

1.2.3 Miscellaneous methods 

There are several methods to synthesize AuNPs including the Martin method, 

seeding method and dendritic method, etc. With the advance of nanochemistry 

nowadays, more synthetic methods with improved particle's monodispersity and size 

control are expected to be discovered. 

Martin method^ was discovered in 2010, the AuNPs were prepared in 

"stabilizer-free" form by reduction of tetrachloroaurate in water and modified to give 

dodecanethiolate-coated AuNPs (Figure 1-2). The whole synthetic process takes 
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place in approximately ten minutes. Sodium borohydride was mixed in 1.0 M sodium 

hydroxide solution for several hours, while the tetrachloroaurate has been stored in 

1.0 M hydrochloric acid for several months. The two solutions were mixed. The 

obtained AuNPs possess a size ranging from 3.2 to 5.2 nm by controlling the 

borohydride anion to hydroxide anion ratio. The AuNPs were proposed to be 

stabilized by the boron-based anion and hence, the AuNPs are effectively exchanged 

by thiol in the presence of a phase transfer reagent. Acetone was added to the water 

and then hexane. Dodecanethiol was then added to the hexane layer and the AuNPs 

will be functionalized by dodecanethiol by vigorous shaking of the two-phase 

mixture. 

Figure 1-2. Synthesis of dodecanethiolate-coated AuNPs by Martin method, a) 
"Stabilizer-free" AuNPs were synthesized in water; b) AuNPs were mixed with acetone and 
hexane; c) dodecanethiol was added to hexane layer and vigorous shaking was applied 
(obtained from Ref. 8). 

Seeding method^ "̂'̂  is also popular in synthesizing large AuNPs. A relatively 

strong reducing agent, such as sodium borohydride, was used to synthesize small 

spherical gold seeds. The seeds were then added to a grow solution which contains 
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gold salts and surfactant. Then, a weaker reducing agent, ascorbic acid, was added to 

reduce the gold(III) ions to gold(I) ions. The gold(I) ions then induce a catalyzed 

reduction on the surface on the gold seeds. However, the growth of gold seeds is 

believed to be a kinetic process, so the size and shape of the nanoparticles are 

difficult to be controlled. 

Dendritic method� employs the use of dendrimer to synthesize AuNPs. 

Dendrimers are capable to encapsulate gold metal ions by electrostatic and various 

supramolecular interactions based on azide, amine, alcohol or carboxylic acid groups 

at the dendrimers interior. Recently, azide-functionalized dendrimers have been used 

to prepare dendrimer-coated AuNPs rendering a tunable AuNPs size from 1.8 to 42 

nm. There are several advantages of using dendrimers as capping agents for synthesis. 

The dendrimer arm can prevent nanoparticle aggregation for better size control, and 

that the peripheral groups on dendrimers can be easily post-functionalized into other 

moieties for different applications. However, the disadvantage may be accounted for 

the multiple-step and time-consuming synthesis of dendrimers with high generations. 
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types of functional groups suitable 

1.3 Functionalization of AuNPs 

AuNPs can be functionalized with one or n 

for various applications. 

1.3.1 Ligand place exchange reaction 

To begin with, known amount of different functional thiols can be added to the 

alkanethiolate-coated AuNPs 1 in an organic solvent, e.g., toluene with stirring for 

48-60 hours at room temperature/^® to facilitate ligand place exchange reactions on 

gold surface. A portion of original thiolate on the gold surface will be displaced by 

the new thiols added to the mixture (Scheme 4). However, the number of functional 

groups displaced on each AuNPs is unknown, only an average number of functional 

groups can be determined. 

Scheme 4. Place exchange reaction of alkanethiolate-coated AuNPs with the addition of n 
molar R-functionalized thiol to replace n molar dodecanthiol from the AuNPs. 

There are lots of examples of ligand place exchange reactions. In particular, 

the alkanethiolate-coated AuNPs 1 can be functionalized with different numbers of 

ferrocene-alkanethiol compounds (4 to 7) via place exchange reactions in 

dichloromethane for 2 days at room temperature (Scheme The resulting 
11 
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ferrocene-containing AuNPs are capable to detect anions (H2PO4- and H S O O llb,c 

The place exchange reactions can also take place at elevated temperature ( > 

60 °C) in a short period of time."'' The mechanism involves the partially or fully 

dissociated Au-S bond and followed by nucleophilic displacement during the place 

exchange reaction lla 

Scheme 5. Place exchange reactions of ferrocene-alkanethiol compounds with dodecanethiol 
l ib in dodecanethiolate-coated AuNPs. 

Such ligand exchange reactions can be extended to the citrate-coated AuNPs, 

the citrate ligands are relatively more labile than thiolate ligand. Hence, 

citrate-coated AuNPs can be easily functionalized by the addition of any functional 

thiols. For example, mercaptoalkyloligonucleotides were added to 13 nm 

citrate-coated AuNPs to undergo ligand exchange reaction give 

mercaptoalkyloligonucleotides-functionalized AuNPs ^ with stronger Au-S bonds. 
12 
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Similar ligand place exchange reactions are used commonly,' produce 

functionalized AuNPs for sensing applications, which are described in Section 1.6.2. 

The ligand replacement reactions also work for the citrate replacement by acetone 

and iodine严b 

1.3.2 In situ mixing of binary ligands during synthesis 

Functionalization of AuNPs can also be achieved by mixing two or more types of 

ligands during the in situ synthesis of AuNPs. For example, dendron-fucntionalized 

AuNPs 8 can be prepared in mixing the mercaptodendron with dodecanethiol and 

gold salt, followed by the addition of sodium borohydride (Scheme 6). "a Such in situ 

method is efficient based on the fact that steric bulky dendrons are not capable for 

place exchange reaction with good yield. 

It* Scheme 6. In situ mixing of binary thiol ligands during synthesis of AuNPs. 
Another example is the synthesis of binary ligand-coated, ripped AuNPs for 
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the preparation of di-functionalized AuNPs. The binary mixing of 1-nonanethiol and 

4-methylbenzenethiol with gold salt and followed by the addition of sodium 

borohydride yields the ripped AuNPs.‘斗匕 Synthetic details of di-functionalized 

AuNPs are discussed in Section 2.2. 

1.3.3 Chemicalpost-functionalization 

Chemical reactions of functionalized AuNPs 9 (Scheme ？尸压 such as polymerizations 

to give 14 and nucleophilic substitutions to give 11 and 12，"a place exchange lla 

reactions to give lO?，。coupling reactions to give 13,'^ and photo-induced 

reactions ® are also feasible to further functionalize AuNPs. 

O 
PolymerizaticMi 1 5 

HzN H2N八s 禪, 

14 e) 

Place Exchange reactions 

CN. Vinyl, Ferrot 
OH. COzH. COzMe 

13 
c) RNH： 11 

Sm 2 and Coupling 

T — u ui r»n 

12 Note that not all ligands on gold 
nanoparticles are shown for simplicity 

Scheme 7. Several chemical reactions on the surface of AuNPs. a) Place exchange reactions; 
b-d) nucleophilic and coupling reactions; e-f) polymerizations. 
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1.4 Surface plasmon resonance (SPR) of AuNPs 

The surface plasmon resonance (SPR) band of the AuNPs is due to the collective 

oscillations of electron clouds at the surface of the nanoparticles correlated with the 

electromagnetic field of the incoming light�® When the wavelength of light is much 

greater than the size of nanoparticles, the continuous electron bands of gold become 

discrete^ and the free d-electrons in metal will oscillate.'^ The electron density in the 

particles is polarized to one surface and oscillates in resonance with the frequency of 

light when the wave front of light passes. 

Hence, the color of the AuNPs in the absence of any other dyes or colored 

materials in solution originates from the SPR of the AuNPs. The SPR absorption 

band can be observed in the visible region around 520 nm and depends on the size， 

shape, interparticle distance and nature of the protecting organic shell and 

environment changes. 

The SPR properties were discovered and studied in 1908 by Mie.i® Combining 

with recent reports on Mie's t h e o r y , i t showed that the SPR should be absent with 

core size of nanoparticles less than 2 nm. Also, the ligand shell will change the 

refractive index and will cause a shift in SPR band. Moreover, the SPR band will be 

red-shifted if the interparticle distance decreases. However, it will be negligible when 

the interparticle distance is greater than the average diameter of the nanoparticles.'^^'' 

15 
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Moreover, the refractive index and also the SPR band will be affected by different 

solvents.Hence, by changing the above parameters, the shifts of SPR band can be 

detected by UV/visible absorption spectroscopy. The observable of such changes 

provides wide applications for detection of specific molecules, which are discussed 

in Section 1.6，，20a-h 

1.4.1 General properties of gold assemblies and self-assembling monolayer (SAM) 
A gold thin film coated with monolayer of surface ligand is regarded as a gold self 

assembling monolayer (SAM). AuNPs, gold(I) thioloate polymer and thiolate SAM 

possess different structures as well as different oxidation states of gold atoms (Figure 

1-3).^ Alkanethiolate gold SAM can be prepared easily by direct immersion of a gold 

thin film into alkanethiol in organic solvent for several hours thereby Au-S bonds 

will be formed. 
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Gold(I) Thiolate Gold nanoparticles Thiolate Self Assembly Mono 
Polymer Layer 

Decreasing portions of Au bearing oxidation state (+i o) 

Note: For Au-S bond, the oxidation state is while the gold 

atoms without Au-S bonds are zero. 

Figure 1-3. Structural difference between gold(I) thiolate polymer, AuNPs and thiolate 
SAM.2 

Bottom layer of gold atoms in SAM are in oxidation state of zero and regarded 
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as bulk gold which do not exhibit localized surface plasmon resonance as AuNPs 

do.'® However, there is surface plasmon polaritons (SPPs) observed for the SAM of 

gold thin film in a certain instrumental setup c o n d i t i o n . T h e SPPs refer to a 

fluctuation of electron density at the interface between the gold thin film coupled 

with electromagnetic waves*̂ "̂̂  which is non-radiative in nature口卜’也 and presents as 
1 f 

propagating wave. The electromagnetic surface oscillations can be only coupled to 

photons with a prism, grating or spatially localized scattering center so that the 

momentum mismatch can be resolved, The SPPs depend on the medium of 

solution on the gold thin film which alters the refractive index, and hence, the surface 

plamson wave absorption peak will be shifted upon a change of solvent and 

substrates on the gold thin film.'̂ ® Therefore, the SPPs changes of gold thin film has 

been used in applications for detection of biomolecules.^^®''''"'̂  

1.4.2 Detection of molecules on the SAM of gold via SPR changes 

Instrumental setup of the SPPs usually employs a total internal reflection (TIR) in the 

right prism under the glass coated with -50 nm metallic thin film (Figure 

l-4a)/f’i7e’f’m When light is reflected from the gold film, there will be an absorption 

signal (decrease in intensity) as it coupled with conducting electrons. An evanescent 

wave will be generated which decays exponentially into the solution on the surface 

of gold thin film. The SPPs resonance is measured by the minimum point of the 
17 
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intensity curve, which is highly sensitivity to the refractive index of sample 

solutions as previously mentioned (Figure l-4b). When there are substrate 

immobilizations, reactions or change of solvent system, the angle of reflection of the 

light will be altered and will be recorded by the charged-coupled device (CCD), 

which corresponds to the shift of the minimum point of the intensity curve. The 

maximum distance of detection of samples in the solution is about 200 nm from the 

metallic thin film, enabling the detection of surface attachments and modifications of 

the gold thin film.^^ However, this method is restricted by the concentration and 

molecular weight of the molecules being detected. The sensitivity of the detection of 

20 kDa protein is about 1- 10 nM." 
A target molecules B 

P O O O O P o o o o o o J " m iTmi 
Figure 1-4. a) Instrumental setup of SPPs detection of gold thin film utilizing TIR alignment. 
When the target molecules was added, there will be change in angle 0 which can be detected 
by CCD; b) a graph of angle changes can be plotted with different analytes added (obtained 
from Ref. If). 

18 
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1.4.3 Making network of AuNPs with gold SAM to increase sensitivity ofSPR 
detection 

Since AuNPs possess high polarizability'''^ and localized SPR effect, they exhibit 

strong interactions with the gold thin film SPPs,̂ "̂'®'*̂  which will increase the 
f Tf 

intensity of the resultant field. The absorption of SPPs resonance will be altered by 

the size of AuNPs on the gold thin film. The larger the size of the AuNPs, the greater 

the angle derivates upon change in medium.'^' Such coupling effect is also 

distance-dependent, as the distance of nanoparticles and the gold thin film varies. 

Moreover, the gold nanoparticle enhancement to SPPs sensitivity of gold thin film 

was reported, with a 1000-fold increased sensitivity for oligonucleotides detection. ̂ ^̂  

The detection utilizing AuNPs can be simply achieved by electrostatic/^® 

biotin-streptavidin interactions,^^^ gold-thiol formation^^'' and direct hybridization by 

DNA，17� etc, to the target molecules or the ligand layer on the gold thin film. 

19 
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1.5 Characterization of AuNPs 

AuNPs can be characterized by various spectroscopic, microscopic and alternative 

methods. 

1.5.1 Spectroscopic methods 

Nuclear magnetic resonance (NMR)/®^ Fourier-transform infra-red (FT-IR)/®'' 

ultra-violet/visible (UV/Vis) spectroscopies^^^'' can be used to provide structural 

information of the ligand integrity of the AuNPs. Spectroscopies can provide 

structural information of organic shell as in organic compounds, except the ligands 

atom near the gold core will give a broad signal in NMR spectroscopies so that the 

integration of protons will be affected. FT-IR spectropscopies can provide 

information of functional group identities of the ligands. UV/Visible spectroscopies 

can be used to monitor the surface plasmon resonance absorption of the AuNPs, 

X-ray photoelectron spectroscopy (XPS)'^^ and energy-dispersive X-ray 

spectroscopy (EDXp�can provide elemental information on the gold and/or other 

atoms ratio of the gold nanoparticle composites. Laser desorption ionization mass 

spectroscopy can provide information on molecular weight with or without 

ligands.i 財 

1.5.2 Microscopic methods 

The most popular technique used to characterize AuNPs is the high resolution 

20 
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transmission electron microscopy (HRTEM),'̂ ® Nanosized gold core can be observed 

visually. An electron beam is transmitted to and interacts with the sample, since 

AuNPs possess dense electron clusters, which can be deposited as dark contrast in 
1 fif the TEM image. Scanning tunneling microscopy (STM), atomic force microscopy 

1 of 

(AFM) can be used to scan the surface and also give information of core 

dimension and surface of the nanoparticles. 

1.5.3 Miscellaneous characterization methods 

Thermogravimetric analysis (TGA)̂ ®̂̂  can also give information of the gold core's 

dimension in the aid of calculations. Ligand-coated AuNPs can be analyzed by TGA 

instruments whereas all organic ligands will be decomposed to give free bulk gold. 

The percentage of organic matters in the nanoparticles can be analyzed as weight loss. 

Other techniques like small-angle X-ray scattering (SAXS),'®*̂  X-ray diffraction,^*^ 

etc, are also used to determine the size and composition of AuNPs. 

21 
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1.6 Applications 

Many applications can be utilized with AuNPs. In this section, some of the important 

applications will be introduced, such as catalysis, biosensors, ion sensors, fingerprint 

detector and miscellaneous applications. 

1.6.1 Catalysis 

AuNPs can catalyze the CO oxidation in the presence of other metal or metal 

hydroxide. For instance, gold cluster Au9PPh3(N03)3 dispersed in Mn, Fe, Co, Ni, Cu 

or copper hydroxide can catalyze the oxidation of CO even below 0 °C or at -70 

The activity of CO oxidation is also high with AuNPs deposited on FezOg严 

and other metal oxides. The activity increases with decrease in size of AuNPs which 

can be attributed to the valence bond density state of A u N P s � A synergistic 

mechanism occurred at the AuNPs-metal oxide interface，CO will be adsorbed onto 

an adjacent site of metal oxide which is occupied by pre-adsorbed oxygen molecules. 

The reaction will involve an intermediate carbonate species which will decompose to 

CO2 upon desorption.i 处 

A^-imidazole-functionalized-thiolate AuNPs can also catalyze the cleavage of 

dinitrophenyl acetate in methanol-water solution with a faster rate than 

acetyl-A^niethylhistaniine.i9d Alkanethiolate-coated AuNPs with hexanediene 

functionality can coordinate to RuCIa, which can catalyze the heterogenous 

22 
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polymerization of norborene. 
1.6.2 Sensors of DNA, antigens’ aptamers, enzymatic reactions and other small 
molecules 

Biosensors utilizing AuNPs have been widely reported, most of them utilize the 

surface plasmon resonance changes upon the existence of the target molecules. 

A representative example of DNA sensors will be discussed. 

AuNPs (13 nm) have been used for 30 base pairs DNA target detection (Figure 

1-5)产 The AuNPs were functionalized by 5'- or 3，- mercaptoalkyloligonucleotides 

(28 base pairs each). When a target DNA is presence in the solution, these two 

gold-oligonucleotide chains can be hybridized with the target DNA by aligning 

continuously the 15 base pairs each in the two gold-oligonucleotide chains. Hence, 

the AuNP-oligonucleotide structures will be aggregated so that the interparticle 

distance will decrease significantly, resulting in a change of surface plasmon 

resonance. Such SPR changes can be observed visually by spotting the solution to 

the Ci8 thin layer chromatography plate. When the interparticle distance was smaller 

than the nanoparticle size (aggregation induced by target DNA), the color was blue. 

In contrast (no aggregation), the color was red. This application can be used to detect 

even single base pair mismatch by conducting the DNA annealing experiments 

compared to those without mismatch at different temperatures. 

23 
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� 
s •̂ <nc« J (comptemtntjry to j') 

sequence b (complementary to b') 

A) With complementary tat|t'-

B) With a 1-bp mismatch 
Blue -Aggregates (smaller Interparticle distance) 

-Individual (larger hiterpartlcle distance) 

Figure 1-5. DNA sensors which utilize AuNPs. AuNPs are functionalized with two types of 
DNA which are complementary to different parts of target DNA. Upon target DNA addition, 
AuNPs become aggregated and the SPR red shift to give a blue color which can be 
visualized by Cig TLC. DNA with a base pair mismatch can be also detected by melting 
temperature studies/̂ ® 

Similar techniques which utilize the changes of SPR upon decrease in 

interparticle distance of AuNPs, have been reported in detection of antigens, 20a 

aptamers，20b’c monitoring enzymatic reactions广�and other chemical compounds like 20d 

melamine via hydrogen bonding recognition to AuNPs- 20e 

1.6.3 Ion sensors 

Ion sensors with AuNPs also employ the SPR band shift mechanism when target ions 

present. AuNPs can be functionalized with 11 -mercaptoundecanoic acid, whereas 

the presence of toxic transition metal cations such as lead, cadmium and mercury 
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ions will possess a color change of AuNPs from red to blue.̂ *^ Crown ethers such as 

[15]crown-5 can be functionalized to the AuNPs for selective detection of potassium 

ions over sodium, lithium, cesium, ammonium and calcium ions.̂ ^^ Anions such as 

adenosine-5，-triphosphate anions (ATP2-) and H2PO4", HSO4" can be detected by 

ferrocene-functionalized AuNPsUb，。(See also Section 1.3.1). The presence of the 

target anions with the ferrocene-functionalized AuNPs will possess a change in the 

redox profile of ferrocene. The addition of H2PO4- gives a new voltammetric wave 

at a less positive potential with a difference of 220 mV. The voltammetric wave of 

the ferrocene will be disappeared when the added anions become saturated. The 

addition of HSO4— will give a smaller potential shift of 40 mV. The dendritic 

ferrocene-functionalized AuNPs are also capable to detect H2PO4- and Arp2- over 

HSO4- and C r by observing their voltammetric redox profiles. 

1.6.4 Fingerprint detector 

AuNPs can be used to detect fingerprint^' which is beneficial to forensic sciences�A 

volunteer's finger can be dipped into an antibody-coated AuNPs solution, so that the 

AuNPs will bind to the fingerprint by supramolecular recognition with antigens in 

human sweat in the fingerprint, leading to a fluorescence visualization (Figure 

l-6A).22a Fingerprints which were immobilized on a substrate, can also be detected 

by depositing citrate-coated AuNPs at low pH,22b’c Then, physical developers such as 

25 



Figure 1-6. Fingerprint detection by AuNPs. a) Fluorescence image of volunteers' finger 
pattern (Obtained from Ref. 22a); b) visual images of fingerprint stained on polypropylene 
(Obtained from Ref. 22b). 

1.6.5 Miscellaneous applications 

There are still numerous applications of AuNPs in various fields. Drug delivery and 

gene transfection are hot research fields.̂ ^®"*̂  For example, platinum-based anticancer 

drugs can be attached on the AuNPs via supramolecular interactions so that it 

demonstrates better cytotoxicity than the drug alone and can be transferred directly to 

the lung cancer cell nucleus?^'' Charge-reversal polyelectrolytes-coated AuNPs are 

also feasible to enhance gene delivery and siRNA silencing”�The charge-reversal 

polyelectrolytes-coated AuNPs can disrupt the endosome and release the 

pharmaceutical reagents easily and modified by the target ligands so that the gene 

transfection and siRNA silencing can take place. 

Chapter 44 

gold or silver can be added to enhance the visualization of the AuNP immobilized 

fingerprints (Figure l-6b). 

6 
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Chapter Two - Discretely Functionalized AuNPs 
As mentioned in the previous chapter, AuNPs are usually post-modified with 

multiple functional groups for various specific applications. However, the exact 

number of functional groups on each AuNP is generally unknown whereas only an 

average number of functional groups of all AuNPs can be analyzed and reported. It is 

still a challenge to synthesize AuNPs with a discrete number of functional groups 

since there are multiple reactive sites on AuNPs in a close proximity. For example, a 

2 nm AuNP possesses approximately 100 surface ligands.̂ '*^ Place exchange 

reactions or in situ mixing of binary ligands during synthesis would inevitably give 

mixtures of nanoparticles with multiple functional groups in different ratios for each 

nanoparticle even with careful stoichiometric control. Hence, the as-synthesized 

AuNPs are randomly functionalized. These nanoparticles are expected to form large 

aggregates with undefined structures and properties, and sometimes with poor 

reproducibility.24b Therefore, discretely functionalized AuNPs have great potentials to 

be investigated as precisely defined structures for specific applications. Moreover, 

there are only few literatures reported for preparing discretely functionalized AuNPs. 
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2.1 Synthesis of discretely mono-functionalized AuNPs 

A discretely mono-functionalized AuNPs refers to a single AuNP which contains a 

single reactive functional group (e.g., -OH, -NH2, -CO2H, etc.) and many other 

non-reactive groups (e.g., alkyl chains). There are several reported methods in 

synthesizing discretely mono-functionalized AuNPs. 

2.1.1 Covalent solid-phase supported synthesis 

Covalent solid-phase supported synthesis of discretely mono-functionalized AuNPs 

has been reported in 2004 by Jacobson et al and Huo et aL Generally, 

polystyrene Wang resin with controlled functional group density was used as the 

solid-phase support. One hydroxyl functional group of the resin per nm* was from 9 

to 20，hence, it allows only one ~2 nm AuNP to react with the functional moiety of 

the resin. This process is called "site isolation effect，，，excess AuNPs can be washed 

away via the solid-phase synthesis. Finally, mono-functionalized AuNPs can be 

obtained by a covalent cleavage between the resin and the functionalized AuNP. 

On the other hand, Jacobson employed the Fmoc-Lys(Dde) polystyrene Wang 

Resin with 0.54 mmol/g functional groups density as the solid-phase support 

(Scheme 8). 
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COzH 

MeHN02C OjNHMe 
21 

Scheme 8. The covalent solid-phase supported synthesis of mono-Lys-functionalized 
AuNPs， 

Carboxylic acid randomly functionalized AuNPs (2 nm) 17 were obtained by a 

specific place exchange reaction of octanethiolate-coated AuNPs 16 with 

1 l-mercaptoundecanoic acid. For the solid support, the Dde protected amine was 

deprotected by hydrazine hydrate with a base. The amine groups in the resin 18 are 

far away from each other giving a volume approximately 9 nm�，which is sufficient 

for the coupling reaction with a 2 nm nanoparticle. The amine group of the resin and 

one of the carboxylic acid groups on AuNPs are then coupled to form amide in the 
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presence of 1,3-diisopropyIcarbodiimide to afford 19. After a washing procedure to 

remove an excess of nanoparticles, the free, residual carboxylic acid groups of the 

AuNP were protected by methamine to give 20. Finally, the Fmoc-protected 

Lys-monofunctionalized AuNPs 21 were obtained by a cleavage of the ester group of 

resin with trifluoroacetic acid with 10 % yield. The total yield of the reactions can be 

increased by using a better swelling polymer, e.g., poly(ethylene glycol)acrylamide 

copolymer (PEGA) based resin. The overall yield was found to be 25 %. However, 

the Lys functional groups density was 0.05 mmol/g, which is much lower than the 

Wang resin to prevent the random functionalization of AuNPs in highly swelling 

polymer conditions. 

On the other hand, Huo et al employed the Wang resin 22 with hydroxy! 

functional groups density 1.4-3.2 mmol/g as a solid-phase supported polymer 

(Scheme 9). 6-Mercaptohexanoic acid was coupled with hydroxyl groups on the 

resin by 1,3-diisopropylcarbodiimide to give 23, followed by deprotection of acetyl 

groups to afford 24. The thiol groups on the resin 24 were found to possess 20 nm^ 

spaces for allowing a 2 nm AuNP to react. Then, 2.8 nm n-butanethiolate-coated 

AuNPs 25 were added to the resin for a place exchange reaction with the thiol on the 

resin. After that, trifluoroacetic acid (20 % in dichloromethane) was added to cleave 

the mono-carboxylic acid-functionalized AuNPs. The crude product 27 was then 
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purified using centrifuge and size exclusion chromatography and the yield of reaction 

was about 33 %. 

y ^ i s w e s f l a i i C t e M I 祀 jc： 

3M NH, 

20% 
TFA CH2CI2 

27 
Scheme 9. The covalent solid-phase supported synthesis of mono-carboxylic 
acid-functionalized AuNPs? 

A more detailed study on the covalent solid-phase supported synthesis was 

reported by altering the resin with different ligand loading of hydroxyl groups to 

thiol groups, and place exchange reactions solvents.̂ '̂̂  It was found that a more 

flexible resin (JandaJel) with higher swelling properties give lower yield of 

mono-functionalized AuNPs (Figure 2-1). However, the site isolation effect will be 

diluted in this case. A large surface area (with a lower functional groups density) was 

required for place exchange reactions since the volume for place exchange reaction 

of nanoparticle decreased with higher swelling property of resins. For the choice of 
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solvents in place exchange reaction, a hexane/dichloromethane mixture was used in 

the reactions to increase the purity of the mono-functionalized AuNPs. Since hexane 

will decrease the swelling properties of the resin, the multiple attachments of thiols 

to the same nanoparticle were avoided. The purity of the mono-functionalized AuNPs 

will be higher. With different ligand loadings, the yield of mono-functionalized 

AuNPs can be increased with a higher ratio of hydroxyl groups, so that there are 

fewer chances for multi-functionalization of the nanoparticles. 

a) 一 h ) , 

Figure 2-1. a) Multi-functionalized AuNPs will be obtained in a more swelled polymer; b) 
mono-functionalized AuNPs will be obtained in a more rigid polymer,:，® 

2.1.2 Electrostatic solid-phase supported synthesis 

Electrostatic solid-phase supported synthesis of mono-functionalized AuNPs has 

been reported in 2006�Amino-functionalized silica gel and polystyrene Rink resin 

28 (with amino functional groups) were used as the solid-phase support polymer 

(Scheme 10). The amino-functionalized silica gel has a low nitrogen content of 2.1 %. 

11-Mercaptoundecanoic acid was added to the silica gel, so that proton transfer was 

facilitated by electrostatic interactions between the negatively charged carboxylates 

with the positive charged amino groups on the resin 29. Then, 2.2 nm 
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-butane-coated AuNPs 25 were added to undergo place exchange reaction. Finally, 

the mono-carboxylic acid-functionalized AuNPs can be obtained by the addition of 

acetic acid, followed by purification using a centrifugation and size exclusion 

chromatography. Similar protocol was found to be worked for the polystyrene Rink 

resin. The isolated yield was about 60-90 %. 

Silica gsl or Rink resin 

25 

Scheme 10. The electrostatic solid-phase supported synthesis of mono-carboxylic 
acid-functionalized AuNPs? 
2.1.3 Single polymer chain protection synthesis 

There are two methods which utilize a single polymer chain protection to synthesize 

mono-functionalized AuNPs. They are the pre-organized-polymer method and the 

post-polymerization method. For the pre-organized-polymer method, a single 

polymer chain was functionalized with various functional groups before the 

self-assembly to the AuNPs. For the post-polymerization, the monomer-coated 
33 
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AuNPs underwent free radical polymerization and that the initiator was finally 

attached to the front of the polymer, so that a single functional group can be 

obtained. 

IHj 

3K2-pyridyldtthio) propionic add /=>! ^ V O „ 
N-hydroxysuccinimide ester ^ " f j ° 

biotinamidocaproic add 
N-hydroxysuccinimide ester 

34 

Scheme 11. The single polymer chain protection synthesis of AuNPs. The polymer was 
modified by biotin unit before the attachment of polymer to AuNPs.̂ ^® 

The pre-organized-polymer method have been reported in 2004 (Scheme 

ll)’27a a 2000 kDa aminodextran polymer 32 was functionalized with pyridyldithio 

propionate (PDF) and biotin, through a coupling reaction with 

//-hydroxysuccinimide esters of 3-(2-pyridyldithio) propionic acid (SPDP) and 

biotinamidocaproic acid to give polymer 33. The reaction conditions and 

concentrations are tuned so that only 1.05 dextran molecules were reacted with a 15 

nm citrate-coated AuNP. The disulfide groups on the dextran polymer were then 

self-assembled on the AuNPs. It was found that each dextran molecule possesses 15 

biotin units, 11987 non-functionalized glucose units, and 336 pyridine unit. Hence, 

the AuNPs 34 were regarded as monodextran-functionalized with various functional 
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groups. 

(octyl)4NE 

HAuCl4-3H20 + '̂ -"O"®" 

36 

Scheme 12. The single polymer chain protection synthesis of AuNPs. AuNPs were 
functionalized with monomers with vinyl groups, then the surface radical polymerization 
took place by the addition of initiator.̂ '̂' 

For the post-polymerization, it has been reported in 2007 utilizing the free 

radical polymerization of vinyl groups on the AuNPs 35 surface (Scheme 12)严 

AuNPs with 2-5 nm were functionalized with 4-vinylthiophenol. Then, the 

polymerization of vinyl groups was initiated by 4,4'-azobis-(4-cyanopentanoic acid) 

at 80�C，leaving a single carboxylic acid group on the surface of the AuNPs 36. The 

free radical polymerization was stabilized by the presence of the cationic 

tetra-n-octylammonium bromide to prevent polymerizations between more than one 

nanoparticle, since it will incorporate into the ligand shell of the AuNPs and that the 

positively charged AuNPs repel each other. Moreover, the rate of the polymerization 

was a fast process compared to the decomposition rate of the initiator, so that it is 

unlikely to start polymerization on the same nanoparticle by two initiators. 

2.1.4 Solution-phase synthesis followed by separation 

A careful stoichiometric control of ligand ratio can produce a mixture of 

functionalized AuNPs. This mixture can be purified to obtain solely the 
35 
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W « • . 一 》 一 》 « « « “ 一 Seperable by agarose gel electrophoresis 

Scheme 13. Resolution of agarose gel electrophoresis can be increased by hybridization of 15 
base pair DNA on AuNPs with 70 base pair DNA.̂ ®' 

Gel permeation chromatography^ '̂''̂ *^ can be used to separate ~2 nm mono- and 
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mono-functionalized AuNPs.̂ '̂ ®'̂ '̂''̂ '̂ ® Mono-functionalizations of small gold 

nanocluster with core diameter 0.8 nm and 1.4 nm were achieved by stiochiometric 

control of ligand ratio followed by purification of ion exchange chromatography.之如 

There were only 7 phosphor ligands on the surface of 0.8 nm gold nanoclusters, 

while there were only 12 phosphor ligands on the surface of 1.4 nm gold 

nanoclusters. Hence, the stiochiometric control and purification were quite 

convenient as the number of ligands on the gold nanoclusters was small, while k 

became more difficult when the size of nanoparticles increases. 

However, with the advancement in the purification technique developed in the 

recent years, the mono-functionalized AuNPs can be obtained by ions exchange 

chromatography, size exclusion chromatography and gel electrophoresis, etc, after 

the solution phase synthesis of the mixtures of the AuNPs. The separation process is 

easier for the size and a large difference in the overall charge between each oligo-

AuNPs. 
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multi-carboxylic acid-functionalized AuNPs synthesized by solid-phase support 

polymers. Agarose gel e l e c t r o p h o r e s i s ^ b was reported to be able to separate mono-, 

di- and tri-functionalized 5 nm and 20 nm AuNPs respectively with DNA of 40 and 

70 base pairs. Mono-functionalized AuNPs with short DNA can only be purified by 

the incorporation of complementary long base pair DNA to the mono-functionalized 

AuNPs 39 (Scheme 13)严 Anion exchange, high performance liquid 

chromatography (AE-HPLC)̂ ®^ was employed to separate 15 base-pair DNA mono-, 

di- and tri-functionalized 20 nm AuNPs with high resolution(Figure 2-2). 
a) 

_..— 

Hme (mini 
Figure 2-2, a) Agarose gel electrophoresis; b) AE-HPLC purification of 70-base polyT DNA 
which conjugated to 5 nm AuNP. The resolution of products was found to be better for 
AE-HPLC (obtained from Ref. 28a). 

2.1.4 Miscellaneous methods 

Mono-functionalization of AuNPs can also be achieved by utilizing bigger 

microparticles as the support surface for functionalization (Scheme Silica 

dioxide microparticles (400 nm) were modified by 7 base-pair DNA (40) which were 

then hybridized with 27 base pairs DNA to give 41, Then, 13 nm AuNPs 

functionalized with 12 base-pair DNA, which was complementary to other end of the 

27 base pairs DNA, were hybridized on the silica dioxide microparticles (42). After 
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that, the remaining DNA functional groups on AuNPs were hybridized by 

complementary DNA (43). Finally, as the distances of the hybridized DNA from 

AuNPs to silica dioxide microparticles were different, they possess different melting 

points. The 7 base-pair DNA on silica dioxide microparticles melted before the 

melting of the 12 base pairs DNA on AuNPs. Hence, mono-DNA-functionalized 

AuNPs can be obtained by increasing the temperature carefully. 

Scheme 14, The asymmetric functionalization of AuNPs with DNA by silica microparticles,' 
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2.2 Synthesis of discretely di-functionalized AuNPs 

The synthesis of di-functionalized AuNPs is also a challenge�A precise control of 

reaction conditions is required since only two of the functional groups on the AuNPs 

have to be replaced or reacted. DNA di-fucntionalized AuNPs were usually obtained 

as side products by purification through gel electrophoresis or AE-HPLC from the 

side reactions of place exchange reactions as mentioned in previous section. The 

direct synthesis of di-functionalized AuNPs is somewhat very difficult and only a 

literature was reported. Hetero-ligand-coated AuNPs with ripples and ordered 

structures reported can undergo simple place exchange reaction to give the 

di-functionalized AuNPs.‘斗匕 AuNPs with ripple and ordered structure were 

synthesized from the in situ mixing of 1-nonanethiol and 4-methylbenzenethiol 

during synthesis. Owning to the nature of the two ligands (length and intermolecular 

forces), the AuNPs with ripples and ordered structure can be obtained by tuning the 

ratio of these two ligands. These ligands coated on the AuNPs were found to have the 

same tilt angles and directions, relative to the normal of surface so that the 

intermolecular forces (ti-ti interactions and Van der Waals' forces) were maximized. 

Therefore, there will be two singularities at the two opposite ends of the AuNPs for 

such alignments of ligands in spherical AuNPs (Figure 2-3). The two singularities 

were expected to be unstable for reactions since they have non-equilibrium tilt angle 
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and are not stabilized by the intermolecular interactions with neighbor ligands. 

Hence, a simple place exchange reaction on the two singularities can be undergone to 

obtain di-functionalized AuNPs in a short reaction time. 

Figure 2-3. a) Side view; b) top view of the hetero-ligand-coated AuNPs with ripples and 
ordered structure. Two types of ligand are labeled with different color. Purple color: 
1-nonanethiolate; green color: 4-methylbenzenethiolate. 

For instance, excess 11 -mercaptoundecanoic acid A^-hydroxysuccinimide ester 

was added to the binary ligand-coated AuNPs with ripples and ordered structure. 

Then, the reaction mixture was stirred for 30 minutes at room temperature (Scheme 

15) and that the reaction was quenched by the addition of water to induce a 

precipitation which was filtered over a Sephadex column. 

^ � ^ 

46 

Scheme 15. The synthesis of di-functionalized AuNPs by simple place exchange reaction 
with 11 -mercaptoundecanoic acid />/-hydroxysuccinimide ester.''"' 
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2.3 Characterization methods of discretely functionalized AuNPs 

Characterization of discretely functionalized AuNPs is somewhat difficult. FT-IR and 

UV/visible spectroscopies can only give characteristic peaks of functional groups or 

SPR band. While NMR can provide proton environments of the ligand shell, 

however, it was found that the distance of atoms from the gold core is an important 

factor which affects the broadening of the signals. Hence, it is difficult to compare 

the integration of the protons within the AuNPs. XPS can provide elemental 

information, however, it has some limitations such as the relative sensitivity and 

signal-to-noise ratio. The most important limitation of the above methods is the 

quantitative study which can only assume that the size of the AuNPs is 

mono-dispersed.^^ 

Perhaps the most commonly used method to characterize discretely 

functionalized AuNPs is the formation of dimers by coupling reactions which can be 

observed by using transmission electron microscopy (Scheme 16). 

HjN-^NHS R � 

47 48 
Scheme 16. Coupling reaction of mono-carboxylic acid-functionalized AuNPs with diamine. 

For instance, mono-carboxylic acid-functionalized AuNPs can couple with 
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ethylenediamine diaminoheptane by coupling agent such as 

1,3-diisopropylcarbodiimide to give dimers of AuNPs which can be revealed in their 

TEM images (Figure 2-4). 

：厂 

sS 
5nm 

Figure 2-4. TEM images of AuNPs dimers after coupling reaction of mono-carboxylic 
acid-functionalized AuNPs with diamine, a) Images with lower magnification; b) images 
with higher magnification, (obtained from Ref. 25a) 

Mono-carboxylic acid-functionalized AuNPs can also be coupled with 

polylysine (>30 kDa) to give a necklace structure (Scheme 17).̂ ^ The AuNPs reacted 

with the branching amine groups in the presence of 1,3-diisopropylcarbodiimide. The 

carboxylic acid and amine on the main chain backbone of lysine coupled together to 

form a necklace structure. 
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=amide linkage formation 
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Scheme 17. The formation of necklace by the coupling reaction of mono-carboxylic 
acid-functionalized AuNPs and polylysine. TEM image obtained from Ref. 31.^' 

Di-functionalized AuNPs can also be characterized in TEM by the addition of 

1,6-diaminohexane to form a polymer chain (Scheme 18).1朴 The polymerization 

took place in a two-phase environment whereas the polymer precipitated in the 

interface of the two phases. 

Scheme 18. The polymerization of di-functionalized AuNPs 14b 

The characterization utilizing formation of dimers or polymer in TEM images 

may not give a 100 % quantification of the mono-functionalized or di-functionalized 

AuNPs. The percentage of dimer over monomer can be estimated from a TEM image 

large area by counting the average number of particles. 
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2.4 Potential applications of the discretely functionalized AuNPs 

Since discretely functionalized AuNPs contain a known number of specific ligand(s) 

or functional group(s) for molecular recognition or further derivatization. 

Quantitative measurements in sensing applications should be able to improve and 

open the way to quantitative, single molecule detection. 

Furthermore’ AuNP dimers，25a’b’26’27b’33a t^mers^^ and straight chain 

polymersi4b’3i can be obtained by a rational linkage of discretely functionalized 

AuNPs as mentioned before, while they are difficult to be obtained using randomly 

functionalizing AuNPs due to bulkiness and multiple reaction sites on AuNPs. Such 

dimers, trimers or polymers may have potential applications in single molecule 

scattering spectroscopies,，斗 and surface enhanced Raman spectroscopy (SERSf 

with ultra-sensitivity for single molecule detection. 

Moreover, discretely functionalized AuNPs already have been used in 

construction of special architectures, utilizing groups of mono-DNA-functionalized 

A u N P s . 2 8 b， c ’ 3 6 a，b Special structures such as DNA-hexagon with one AuNP on each 

edge (Scheme 19)严® DNA-triangle encapsulating one AuNP in each triangle 

(Scheme 20)，她 were reported. These scaffolds have potential biological applications 

in functionalizing with biological macromolecules. Moreover, such ordered arrays of 

AuNPs may be useful in nanoelectronic field as the AuNPs can act as single electron 
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transistors, from which AuNPs have to be linked in complicated circuit and logic 

gates 24a,37 

51 53 ss 

58 60 
Scheme 19. The formation of DNA hexagon utilizing mono-functionalized AuNPs. 

61 ^ ^ ^ 着 
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Pairs of double-stranded DNA I lOnmAuNP ^ 5 nm AuNP 

Scheme 20. Formation of multiple DNA triangles encapsulating one AuNP in each triangle, 
TEM images obtained from Ref. 28b. 
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2.5 Aims and scopes of the thesis project 

The primary aim of the thesis project is to synthesize novel discretely 

monoamine-functionalized AuNPs using supramolecular (crown ether-ammonium 

ligand) interactions and solid-phase supported synthesis with stepwise 

characterization by spectroscopies. This novel method results in improved yields and 

better control of ON/OFF switching by the formation of pseudorotaxane AuNPs for 

place exchange reactions. This method is better than the covalent and electrostatic 

solid-phase supported synthesis of mono-functionalized AuNPs. 

Another aim of the project is to purify the discretely mono-functionalized 

AuNPs using crown ether-coated magnetic iron oxide nanoparticles. Such 

purification utilizing magnetic nanoparticles is facile, fast and efficient, compared to 

the traditional chromatographic separation and electrophoresis processes. 

Discretely mono-functionalized AuNPs are expected to possess serendipitous 

properties compared to the randomly functionalized AuNPs. Our aim is to explore 

the differences of surface self-assembly between the two types of nanoparticles. 

Another purpose of the project is to develop a method of simultaneous 

purification and surface plasmon resonance characterization of mono-functionalized 

AuNPs, which can be achieved by SPR detection using a crown ether-coated SAM of 

gold thin film in the microfluidic device. The difference behavior between randomly 
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function alized AuNPs and mono-functionalized AuNPs in ON/OFF switching of 

pseudorotaxane can be observed by SPR changes. The mono-functionalized AuNPs 

can be purified and characterized using such method and device settings. 

Finally, the mono-functionalized AuNPs are applied as sensors for short base 

pair DNAs. Melting curves of the DNA-AuNP system in organic solvents are studied. 

It has also been the first reported system for DNA sensors of AuNPs in organic 

solvents utilizing short base pair DNA as target. The DNA-AuNP system utilizing 

the randomly functionalized AuNPs will also be studied in comparison with the 

mono-functionalized AuNPs. The chosen target DNA was the pathogenicity island of 

vancomycin-resistant Enterococcus faecalis, hence, such application is potentially 

applicable in quantitative biosensing at extremely low concentrations. 
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Chapter Three 一 Synthesis and Purification of 
Discretely Mono-Functionalized AuNPs 
3.1 General Considerations 

In this chapter, supramolecular motif-assisted, solid-phase-supported synthesis of 

novel discretely functionalized AuNPs and their magnetic purification are discussed. 

Solid-phase-supported synthesis is convenient and efficient because the solid resin 

can be easily filtered off which reduces the effort in separation of starting materials. 

Also, a resin with a specific functional group density provides specific reactive 

spaces for mono-functionalization of AuNPs, known as the site isolation effect as 

described in chapter 2. Therefore, the solid-phase-supported synthesis provides 

several advantages over solution phase synthesis, mainly to reduce the formation of 

larger portions of randomly functionalized AuNPs. Moreover, different from 

previous reports,' the synthesis of mono-functionalized AuNPs involves harsh 

conditions in the form of covalent bond formation and cleavage which reduce the 

yield and purity of the mono-functionalized AuNPs. 

Supramolecular chemistry^® involves molecular recognition which can be used 

to efficiently construct novel functional molecules, such as molecular switches, 

molecular motors,39a artificial molecular muscles, ^̂ ^ and molecular elevators, etc. ^̂ c 

Moreover, the applications of supramolecular chemistry to the development of 
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organic-inorganic hybrid materials with improved functionalities have been reported 

in recent y e a r s ? For instance, heterosupramolecular approaches provides the 

enhancement of recognition and sensing on material surface, the building of 

reversible nanometer-sized networks and 3-D architectures and the incorporation of 

biometic and gated chemistry in hybrid nanomaterials‘视 The combination of 

supramolecular chemistry and inorganic nanomaterials can lead to fine-tuning of 

materials and open up future, novel applications. Therefore, it is expected that the use 

of supramolecular-based, solid-phase support has several advantages such as 

ON/OFF switching of supramolecular moieties in mild condition which results in 

better yield and higher endurance towards stability of AuNPs during the synthesis. 

Though an electrostatic-based synthesis of discretely functionalized AuNPs 

has been reported,^® the system only comprises electrostatic interactions that is single 

directional and relatively weak in interacting with the resin. Hence, the additional 

ligands for place exchange reaction would be inevitably detached and extremely 

sensitive to the solvent, concentration and temperature. It will lead to the formation 

of a higher portion of randomly functionalized AuNPs as in solution phase synthesis. 

Therefore, dibenzo[24]crown-8-modified (DB24C8-modified) solid-phase 

support is chosen because the crown ether-ammonium ligand pseudorotaxane 

formation comprises multiple hydrogen bonds, ion-dipole interactions and TZ-K 
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interactions. Multivalent assemblies between the molecular recognition motifs to 

form pseudorotaxane are feasible via a self-sorting process. These interactions reduce 

the chances of accidental release of the ligands which is more stable when compared 

to the electrostatic based system. While the ligands can be released easily by addition 

of base to the system, such system possesses a better control of ON/OFF switching of 

the pseudorotaxane which results in improved yield and purity of the as-synthesized 

mono-functionalized AuNPs. 

The mono-functionalized AuNPs obtained can be easily purified by magnetic 

separation using DB24C8-coated magnetic iron oxide nanoparticles. Magnetic 

nanoparticles are used since the products can be separated using magnetic separation, 

which is facile and efficient. Again, the attachment and detachment of the AuNPs on 

magnetic nanoparticles can be achieved by adding acid/base to the supramolecular 

system. All these advantages overwhelm the use of traditional, complicated, 

expensive and time-consuming chromatographic methods to purify the 

mono-functionalized AuNPs. 

Finally, the solid-phase support resin and magnetic nanoparticles are 

recyclable and reusable, so that they can be versatile tools for synthesis and 

purification of this type of discretely functionalized nanoparticles. 
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3.2 Molecular recognition between crown ether and ammonium salt 

3.2.1 The origin of recognition 

The molecular recognition between crown ether and ammonium ligands has been 

well documented .DB24C8 interacts with ammonium ligands by various 

supramolecular interactions (Scheme 21). For instance，the supramolecular species 

possesses multiple and strong [N+-H”.0] and [N+C-H…O] hydrogen bonds in 

several directions. Moreover, there are k-k interactions between the aromatic 

moieties in crown ether and ammonium ligands. Furthermore, there are ion-dipole 

interactions between ammonium cation and the neutral crown ether. 

The ammonium ligands will slip into the DB24C8 ring to form a 

pseudorotaxane which can be reversibly disassociated and associated by addition of 

base or acid as stimuli, respectively. By increasing the polarity of the solvent system, 

at elevated temperature, or dilution, the pseudorotaxane can be dissociated. 

The reversible assembly and disassembly of pseudorotaxane can apply in 

several applications with control-release properties, such as drug delivery or 

nanovalves,39j’k in contrast, a rotaxane with bulky stoppers cannot be dissociated into 

its starting components. 
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Scheme 21. Reversible assembly and disassembly of pseudorotaxane by adding acid/base to 
the system. Two types of hydrogen bonds within the pseudorotaxane were shown.'®® 

3.2.2 Formation of pseudorotaxane and binding constant measurement 

The formation of pseudorotaxane can be confirmed by 2-D NOESY NMR 

spectroscopy, while the binding constant between the self-assembly of 68 

(DB24C8-C02Me) with an ammonium ligand 69-HPF6 can be measured by 'H-NMR 

spectroscopy. 

In order to determine the binding constant and pseudorotaxane formation in 

the DB24C8-modified Wang's resin 76 with the ammonium ligand 69 for place 

exchange reaction in 6:1 dichloromethane to acetonitrile solvent system, a set of 

control pseudorotaxane was employed. 68 (DB24C8-C02Me) and 69.HPF6 were 

chosen for study. 68 was used instead of (DB24C8-CO2H), since 68 and 76 

both have an ester bond linkage in crown ether side arm and that carboxylic acid 

group may interfere the hydrogen bonds of the system. 68 and 69 were expected to 

form pseudorotaxane 6 8 � 6 9 ' H P F 6 in 1:1 ratio as reported in literatures.^^^'' 

Since the formation of pseudorotaxane is equilibrium, there are some free 
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crown ether and ammonium ligands left unbounded in the solution, while there is 

some crown ether and ammonium ligands bounded to each other to form 

pseudorotaxane. Hence’ the integration ratio of bounded and unbounded systems can 

be used to calculate the binding constant for slowly exchanged complex. 
HcHd 
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Figure 3-1. NMR spectra of DB24C8-C02Me 68; ammonium Ugand 69; and the 
pseudorotaxane 68 D 69.HPF6. (*) represents the residual solvent signal, (u) represents 
unbounded ligand and (b) represents bounded ligand. 

The binding constant (K) of an equimolar ratio of components to form a 

pseudorotaxane can be determined by 'H NMR (Figure 3-1) using the following 

equations:，® 
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丄 [ h ] q 。…⑴ 

K = [C] � _ 0 - [ C ] ) 2 … … � 
where [H]o represents the initial host concentration; [C] represents the complex 
concentration in equilibrium; m and n represent the integration of the peak for complex and 
host respectively. 

The initial concentration of host and guest are equal to 20.29 mM. By 

substituting the initial the concentration of host as well as the integration ratio of 

complex and host into equation (1)，the equilibrium concentration of complex is 

calculated as 15.35 mM, Then, the binding constant is calculated using the equation 

(2), as 652 

2-D NOESY NMR spectroscopy is capable to determine the proton-proton 

correlation through space. If the ammonium ligand slips into the crown ether, there 

will be correlation signals in both sides of spectra for hydrogen atoms in close 

proximity interacting with each other through space. 

As shown in the 2-D NOESY NMR spectrum (Figure 3-2) of the 

pseudorotaxane 6 8 � 6 9 - H P F 6 , there are proton-proton correlations through space, 

which indicates the formation of pseudorotaxane 6 8 � 6 9 . H P F 6 . Cross peaks are 

observed for benzyl proton (Hn) with protons in ethylene glycol chain (Hg-f). Benzyl 

protons (Hi) and (Hm) are also coupled with ethylene glycol chain (Ha-f). The 

aromatic protons of DB24C8-C02Me 68 and that of ammonium ligand 69'HPF6are 

also coupled through space. Meanwhile, it is worth to note that the chemical shift of 
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Figure 3-2. 2-D NOESY 'H NMR spectrum of the 
69-HPF6 from 68 and 69.HPF6. Red (*) represents 
correlation peaks. 

formation of pseudorotaxane 68 ] 
solvent peak, black (**) represents 
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benzyl proton (Hn) of the ammonium thread is significantly different upon the 

formation of the pseudorotaxane from which both peaks coexist. On the other hand. 

the benzyl protons (Hi) and (Hm) should have coupled with ethylene glycol chain 

(Ha-f) to give two sets of peaks, however, the chemical shift of Hi and Hm in the 

pseudorotaxane overlapped with (Hi) and (Hm) of the unbounded state. 
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3.3 Synthesis and characterization of supramolecular precursors 

3.3.1 Preparation of ammonium ligand 

The ammonium ligand 69-HPF6 was chosen to functionalize AuNPs because it 

possesses two aromatic groups that are relatively not bulky, which enable the 

formation of pseudorotaxane by a threading assembly with multiple supramolecular 

interactions. Moreover, in contrast to thiols, lipoic ester moiety was chosen because 

it does not form higher-order disulfide dimers or polymers during the synthesis in the 

presence of small amount of oxygen. The length of lipoic ester moiety is longer than 

n-butanethiolate on the gold surface, so that the disulfide moiety will be 

place-exchanged with a n-butanethiolate without (1) the blocking by bulkiness of 

side ligands, and (2) jeopardizing the pseudorotaxane structure. 

The synthetic scheme is shown in Scheme 22. Lipoic acid 72 was first reacted 

with isobutylchlorofommate (IBCF) to give mixed anhydride of lipoic carbonate, 

then it was reacted with the alcohol to form a lipoic ester 73 in 71 % yield. 

Deprotection of 73 by phenol/trimethylchlorosilane (PhOH/TMSCl) with 3:1 ratio in 

dichloromethane affords the amine 69 in 98 % yield. Finally, the amine was 

protonated by the addition of hexafluorophosphoric acid to give the ammonium 

thread 69-HPF6. 
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o 
H C ^ H ^ ^ N ^ ,NEt3. IBCF, CH2CI2 

72 S-S 
71 % 

o 
PhOHH-MSCI (设 

CH2CI2 

HPFe 
CH2CI2 

69 79% 

- P F s 
6 9 - H P F 6 

Scheme 22. The synthetic route of ammonium thread 69'HPF6, which is the precursor of the 
pseudorotaxane 68 D 69.HPF6, 
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3.4 Synthesis, characterization and theoretical calculation of /f-butanethiolate-
coated AuNPs 

n-Butanethiolate coated AuNP was chosen as the precursor material to synthesize the 

mono-functionalized AuNPs, the length of n-butanethiolate is shorter than the 

commonly used dodecanethiolate, so that it is less bulky for easier place exchange 

reaction within the solid-phase supported synthesis. Dodecanethiolate-coated AuNPs 

should increase the chance of multi-functionalization due to its bulkiness and long 

pathway required for entry of thiol to be exchanged. The synthesis of 

n-butanethiolate coated AuNPs can be achieved simply by using a slightly modified 

Brust-Schiffrin method (Scheme 

To synthesize the AuNPs, tetrachloroaurate, which was dissolved in aqueous 

solution, was transferred to toluene using tetraoctylammonium bromide as a phase 

transfer reagent. The organic layer was collected and then stirred vigorously with the 

addition of n-butanethiol, followed by a quick addition of sodium borohydride 

aqueous solution, giving the «-butanethiolate-coated AuNPs. The obtained organic 

layer was evaporated at reduced pressure and room temperature. Excess ethanol was 

added to the AuNPs with stirring so that all AuNPs were precipitated. The solution 

was then stored at 4 °C overnight and filtered with a membrane with a 0.25 |im pore 

size. The AuNPs were washed with cold ethanol several times to remove excess 

«-butanethiol. The AuNPs 74 were collected and dried in vacuum. 
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HAuCl4-3H20 (aq) + (octyl)4N+Br- (toluene) 1. Remove aqueous la^r 
2. ^ . ^ S H 
3. NaBH4 (aq) # 74 

Scheme 23. The synthetic scheme of n-butanethiolate coated AuNPs 74. 

n-Butanethiolate coated AuNPs 74 were characterized by TEM, FT-IR and 

TGA.42 TEM images showed that the size of nanoparticles was about 2-2.5 nm 

(Figure 3-3). FT-IR spectrum of the AuNPs showed that there were absorption peaks 

of alkane C-H stretching, corresponding to the n-butane groups in 2870, 2922，2954 

cm" and terminal CH3 symmetrical deformation at 1376 cm" 

b) Size distribution of 
AuNPs 74 

S? 9 

jk i v i 
Figure 3-3. a) The TEM image of n-butanethiolate coated AuNPs 74.; b) the size distribution 
of the AuNPs 74 by counting 50 nanoparticles in TEM images. 
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Figure 3-5. TGA result of n-butanethiolate coated AuNPs 74. 
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20M 1««0 
Figure 3-4. FT-IR spectrum of n-butanethiolate coated AuNPs 74. 

TGA result (Figure 3-5) shows that there was about 11.05 % weight loss from 

136.5-198.1 °C, such loss referred to the decomposition of n-butanethiolate ligands. 

There was more-or-less no further weight loss above 200 
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The percentage of organic matters in the AuNPs obtained in TGA results can 

be used to estimate the size of AuNPs, number of ligands on the nanoparticles and 

the cluster size of the gold core (Table 3-1). The calculations based on modeling of 

the dodecanethiolate AuNPs 7f modified to render for n-butanethiolate coated 

AuNPs 74. Noticeably, there are several assumptions for the calculations. First, all 

AuNPs are completely monodispersed. Second, all AuNPs should possess the same 

amount of organic matters. 
Table 3-L Theoretical calculation of properties of n-butanethiolate coated AuNPs 74. 

No. of Au R•时 No�of surface Surface area； Calculated No. of chains 功 

Atoms (Shape) nm atoms nm^ 

79 (TO ) 
116 (TO) 
140 (TO )̂ 
201(TO) 
225 (T0') 
309 (CO) 
314 (TO*) 
459 (TO*) 
586 (TO) 
807 (TO*) 
976 (TO) 
1289 (TO) 
2406 (TO) 
2951 (T0') 
4033 (TO) 
4794 (TO*) 
6266 (TO) 

idea] troncoctah«droii (all sides «qual); TO' = tnincoctahedrou in 
,where n is the number of atoms between (111) facets and m 
and (100) facets; T O = truncoctahedron in which (-4< n - m < 0, ra > 1). 

Surface area, number of surface atoms, number of chains on the surface of 

nanoparticles and radius of core are intrinsic properties due to the shape and number 

of atoms of gold in the gold nanoclusters. For instance, there are six 5 * 5 square 
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faces and eight equilateral triangular faces having edges of five gold atoms in the 309 

cuboctahedron gold nanoclusters. Hence, the surface area should be 6 [(5 * 0.288)] 

+ 8 [ 0.5 * (5 * 0.288)2 60°] = 19.64 nm^. Note that the diameter of one gold atom 

is 0.288 nm and the first term in surface area calculation is from the square faces 

whereas the second term is from the triangular faces. The number of alkanethiolate 

ligand chains can be determined by the surface area of AuNPs divided by the surface 

area footprint of alkanethiolate 0.214 nm."" Then, the TGA percentage of organic 

matters can be calculated since the molecular weight of ligand, the number of ligand 

chains and the number of gold atoms in nanoclusters are known. Hence, the 

following equation can be used to calculate the TGA percentage of organic matters: 

Calculated 0/0 organic mat ters 二 ” 二 c h a : … � 
Mvv(ligand)*No.of!igandchain+Mvv(goid)*No.ofgola atoms 

where Mw represents the molecular weight of the respective substrates. 

The experimental TGA percentage of organic matters was found to be about 

11.1 %, which is closer to calculated 11.6 % organic matters in 314 gold nanoclusters. 

From Table 3-1, the theoretical core size of the AuNPs is 2.0 nm, the number of 

surface atoms is 174 and the number of ligand chain was about 91. All these 

properties of the AuNPs are important for applications utilizing AuNPs. Note that the 

TGA data can only provide its average composition since the nanoparticles are not 

completely mono-dispersed. 
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3.5 Synthesis of discretely mono-functionalized AuNPs and characterization 

3.5.1 Solid-phase support polymer and site isolation effect 

Polystyrene Wang resin 75 (PS Wang resin, poly(4-(4-vinylbenzyloxy)benzyl alcohol 

with hydroxyl groups density 1.0-1.5 mmol/g) was used as the solid-phase support 

polymer and it was commonly used in solid-phase peptide chemistry�"*^® The 

hydroxyl groups resin was used because it can be coupled with carboxylic acid to 

form ester linkage without side reactions. 

PS Wang resin can be swelled and dispersed in various solvents, however, the 

extent of the swelling differs in different solvents. The resin should be completely 

swelled before solid-phase reaction take place otherwise it will result in poor 

accessibility of reaction sites with slow reaction rates.抖b 八 good solvent should give 

a swelling volume of greater than 5-fold, thereby allowing better reaction yield and 

rate 雄 

PS Wang resin 75 with particle size of 100-200 mesh and a hydroxyl group 

density of 1.0-1.5 mmol/g has a rough hydroxyl density of 1.05 g/cm，.输 This resin 

swells in dichloromethane and expand 5-10 times of its original volume. We assume 

10 times of expansion occurred at 40 Thus, there is approximately one 

hydroxyl group per 12.7 nm^ resin in dichloromethane solution. Hence, each 

hydroxyl groups are sufficiently distant from each other in terms of space and 
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volume. This site isolation effect allows one 2 nm AuNP reacting with one reactive 

functional group of the resin. 

3,5.2 Synthetic route of mono-functionalized AuNPs 

The general scheme for synthesizing the mono-functionalized AuNPs is shown in 

Scheme 24�. 

1) 2 t» 

Scheme 24. Synthetic route of mono-functionalized AuNPs 77. 

Briefly, DB24C8-CO2H was treated with isobutylchloroformate (EBCF) 

to form anhydride in DMF in situ prior to the addition of PS Wang resin 75 

the DB24C8-decorated resin 76 (PS-DB24C8) in 77 % yield. Then，76 was swelled 

in a CH2Cl2/MeCN (6:1) mixture, dibenzylamine-disulfide ligand 69-HPF6 was 

added to self-assemble"^^ with the crown ether moiety of 76 to give PS-DB24C8 D 
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[69*HPF6]n. Then, a slightly excess of AuNPs (AuNPs with average core size of 2 nm, 

74) was added to the poly(pseudorotaxane) structure PS-DB24C8 D [69.HPF6]n’ the 

disulfide in 69 on the resin will place-exchange with butanethiolate, so that the 

AuNPs will be immobilized to afford the PS-DB24C8 D [69-HPF6-AuNP]„. The 

crown ether moieties are distant from each other by site isolation effect, each 

self-assembled disulfide ligand most likely reacted with only one AuNR Finally, 

PS-DB24C8�[69_HPF6-AuNP]n was incubated with triethylamine solution in 

dichloromethane to deprotonate of all ammonium ions into amines. Hence, the crown 

ether lost its hydrogen-bonded binding affinity towards the amine and the AuNPs 77 

(69-AuNP) was separated out from the solid resin. The solution isolated after the 

deprotonation step not only contained AuNPs 77 but also might contain unreacted, 

physisorbed AuNPs 74，the unreacted amine ligand 69 and the multi-functionalized 

AuNPs (69n-AuNP). The mixture was then vacuum dried and washed by cold ethanol 

to remove the unreacted amine ligand 69, and then it was subjected to an effective 

and efficient purification by magnetic nanoparticles. 

3.5.3 Stepwise characterization of the synthesis 

In the first step of reaction, i.e. the coupling reaction of DB24C8-CO2H 70 with the 

PS Wang resin 75 to give 76 (PS-DB24C8)，the yield of the reaction was determined 

by 'H NMR spectroscopy following the below procedure. 

65 



Chapter 3 

76 (PS-DB24C8) was filtered after the reaction and washed with 

dichloromethane several times. Then, a known amount (5.4 jiL) of nitromethane was 

added to the filtrate as an internal standard, so that NMR can be used to determine 

the yield of reaction. 

The yield was simply determined using the integration ratio of the methyl-

protons in nitromethane and the benzene proton as shown in Figure 3-6. The NMR 

signal at 5 4.31 refers to the three protons of CH3NO2 with integration of 100.0000, 

the peak at 5 7.71-7.73 refers one aromatic proton Ha, with an integration of 

117.2578. By calculating the ratio of integration to the mole ratio of the standard to 

70 with the correction of number of protons involved, the amount of 70 

(DB24C8-CO2H) in the filtrate was found to be 0.3485 mmol. Therefore, the yield of 

the reaction was found to be 77 %. 

The site isolation effect will become stronger after the coupling reactions, 

hence, the average space for one DB24C8 crown ether should become 13.6 nm^ in 

the resin. Hence, the site isolation effect allows one 2 nm AuNPs reacting with one 

reactive functional group in the resin. 

Interestingly, the reaction was found to be unsuccessful when the solvent was 

changed to dichloromethane instead of DMF. It was found that no ester bond formed 

(FT-IR) and 100 % of 70 (NMR) was recovered. It may be attributed to the strong 
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Figure 3-6. H NMR spectrum of the filtrate from the coupling reaction of 70 with PS Wang 
resin 84.( Number of scan = 16) 

The whole synthetic processes of mono-functionalized AuNPs mixture were 

characterized step-by-step by FT-IR spectroscopy, far-IR spectroscopy and X-ray 

photoelectron spectroscopy (XPS).拟 

The FT-IR spectra of the intermediates — PS Wang resin 75，76 (PS-DB24C8), 

PS-DB24C8�[69-HPF6]„, PS-DB24C8�[69-HPF6-AuNP]„ and 77 (69-AuNP) 

were obtained (Figure 3-7)/^ For the FT-IR spectrum of PS Wang resin 75 (Figure 

3-7a), there are three main IR absorptions/® they are the O-H stretching (-3400 

cm"'), alkane C-H stretching (2920 and 2960 cm"^) and aromatic absorptions (-1600, 

1200-1500, and -900 cm"^), which show the presence of hydroxyl groups, 

polystyrene alkane backbone and benzyl aromatic rings respectively. For the FT-IR 
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hydrogen bondings between hydroxyl groups within the resin in dichloromethane, 

which reduce the rate of reaction and site accessibility. 

DB24C8-CO^H 
70 “ 

Vi -ajoiL 
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spectrum of PS-DB24C8 76 (Figure ？ t h e absorption peaks in the spectrum 

are similar to the PS Wang resin 75 expect for the appearance of a sharp absorption at 

1741 cm"' which corresponds to the C=0 absorption. It indicated that there is new 

ester linkage formation after the coupling reaction between the DB24C8-CO2H 70 

with the PS Wang resin 75. For the FT-IR spectrum of PS-DB24C8�[69'HPF6]n 

(Figure 3-7c), the ligand 69.HPF6 interacted with the crown ether moiety in the resin, 

it was proven by the appearance of two new sets of IR modes at ~3230-3260 cm"^ 

(N+—H stretching) and 840 (para-substituted aromatic C-H)�Moreover，the 

transmission percentage (% T) of C=0 absorption at 1735 increased, which 

showed that the self-assembly of the ester-containing ligand 69'HPF6 on the 76 

(PS-DB24C8) to form poly(pseudorotaxane) PS-DB24C8 D [69.HPFdn was 

successful. The FT-IR spectrum of PS-DB24C8�[69-HPF6-AuNP]n (Figure 3-7d) 

was similar to that of PS-DB24C8�[69-HPF6]„ (Figure 3-7c). However, there is a 

new absorption peak at 249 observed, which correspond to Au-S absorption/® 

in PS-DB24C8�[69-HPF6-AuNP]„ when comparing the far-IR spectrum of 

PS-DB24C8 ] [69-HPF6]„ (Figure 3-8a) with PS-DB24C8 D [69-HPF6-AuNP]n 

(Figure 3-8b). It indicated that there was successful immobilization of AuNPs onto 

PS-DB24C8 D [69-HPF6]n structure to form PS-DB24C8 D [69-HPF6-AuNP]„ 

structure. The detailed assignments of FT-ER and far-IR spectra of PS Wang resin 75, 
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76 (PS-DB24C8), PS~DB24C8� [69-HPF6]„ and P S - D B 2 4 C 8 � [ 6 9 - H P F 6 -

AuNP]n are displayed in Table 3-2. 
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%T 

2960 L 2 9 2 0 
3436�"V 

^ 2 9 3 0 

H — N—H ^^2930 1737 

Alkane C—H 
75 (PS Wang resin) 
76 (PS-DB24C8) 
PS-DB24C83(69-IIPFJ„ 
PS-DB24C8D(69-I IPFa-AuNP]„ 

Aromatic C一H 

2000 ,t 1500 
cm 

1000 450 

Figure 3-7. FT-IR spectra of a) PS Wang resin 75; b) 76 (PS-DB24C8); c) PS-DB24C8� 
[69.HPF6]„ and d) PS-DB24C8 D [69-HPF6-AuNP]„. 

70 



Chapter 3 

a) 
— ~ 一 、 、 , — ” 一 、 j � \ 

b) 

f 
Yyv/vWV 

A u — S 

PS-DB24C83[69.!!PFf,l„ 
PS-DB24C8�[69.1J PF., .AiiN P]„ 

Figure 3-8. FT-IR spectra of 
[69-HPF6-AUNP]„. 

300 
cm 

a) PS-DB24C8� 
200 100 50 

[69.HPF6]„ and b) PS-DB24C8� 
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Table 3-2. Overview of assignments of FT-IR and far -IR absorption peaks of PS Wang resin 
75; 76 (PS-DB24C8); PS-DB24C8�[69-HPF6]„ and PS-DB24C8�t69.HPEV AuNP]„. 

roinpQiiiifi'̂ «tnirtui-p n-avfiiiiinbei' (cm' 
O-H !>ti"efchui2 

PS Wang resin 
7S� 

*DB24C8 

�3400(s> 

2920 (s). 2960 (s) 

-1600 (m) 
-1200^1500(111) 

- 9 0 0 (\V> 
-3400(5,) 

2920 U). 2960 (s) 

！741 ⑴ 

-1600(111) 

- 1 2 0 0 - 1 5 0 0 {III") 
- 9 0 0 ( w ) 
- 3 4 0 0 (s) 

- 3 2 3 0 - 3 2 6 0 ( w ) 

2930 (s) 
1735 (s) 

-I600(m) 
^1200-1500 (in) 

-900 (w) 

840 (s) 

P S ~ D B 2 4 C 8 � � 6 9 H P F « - A u N P � n - 3 4 0 0 (s) 
3230 -3260 (w) 

2930 (s) 
I7i7(s) 

- 1 6 0 0 (Ml) 

PS^DB24C8���HPF6]i> 

aromatic C - H beiiduig 
aromatic out-of-plaiitf C - H bending 

O - H stietchins 
alkane C - H Mi etching 

C = 0 absoipiioti 

二 矿 A 

aromatic C-H bending 
aromatic out-of-pianc C - H bending 

O - H sdetchuig 
N ' - H $ireicliiug 

£ilkniie C-H strctching 
C - O absoipiiou 

aroiuattc overtone 
aromatic C-H benduig 

aromatic out-of-plaiic C - H beudin 穷 

pam-stibstitiued aromafic C - H 

O - H siictchuifl 
N ' - H suercbiue 

alksme c - H <.trercliinst 
O O absorption 

aromatic overtone 
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aromatic C-H beudiug 
aromatic oiit-of-plaue C-H bending 

jw/Y/—ubstitiited aromatic C-H 
Aii-S absorption 

j - s ^ 
Au- _ � 
, 一 - Au-S, Au-

The XPS spectra of PS Wang resin 75，76 (PS-DB24C8), PS-DB24C8 ] 

[69.HPF6]„，PS-DB24C8 ] [69.HPF6.AuNP]„ and 77 (69-AuNP) were also 

obtained (Figure 3-9). XPS analysis of PS Wang resin 75 (Figure 3-9a) and 76 

(PS-DB24C8) (Figure 3-9b) showed the presence of carbon and oxygen. However’ 

the XPS spectrum of PS-DB24C8�[69 'HPF6]„ showed additional peaks at 685 eV 

(F Is), 400 eV (N Is) and 162 eV (S 2p)，which indicated the self-assembly of the 

ammonium ligand 69-HPF6 onto the DB24C8 moiety on the 76 (PS-DB24C8) to 

form PS-DB24C8 D [69_HPF6]n. For XPS spectra of P S - D B 2 4 C 8 � 

[69'HPF6'AuNP]n (Figure 3-9c), it consists of the characteristic peaks for gold 86 eV 

(Au 4f5/2) and 83 eV (Au Afj/z) in addition to the characteristic peaks of fluorine, 

nitrogen and sulfur of the ligand. 
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Figure 3-9. XPS spectra of a) PS Wang resin 75; b) 76 (PS-DB24C8); c) PS-DB24C8� 
[69-HPF6]„ and d) PS-DB24C8 D [69.HPF6.AuNP]„. 

Color changes in solution were also observed during the whole synthetic 

processes. As the Wang resin possesses a lower density and insoluble in 

dichloromethane and acetonitrile, the resin will disperse on the upper portion of 

solvent upon standing for several minutes, while the resin will be dispersed in whole 

solvent upon vigorous mechanical shaking. The color of the solvent and resin can be 

observed easily, thereby characterizing the stage of reactions. When the PS-DB24C8 

][69-HPF6]n was dispersed in solvent upon standing, the resin was yellow and 

deposited on the upper portions of solvent (Figure 3-10a). When the resin was shaked 

vigorously, the resin was dispersed well in the solvent with yellow color (Figure 

3-10b). Then, the AuNPs 74 were added to undergo place exchange reaction, the 

resin became black in color and was then filtered after incubation. When the resin 

was dispersed again in solvent with vigorous shaking to give PS-DB24C8 D 

[69'HPF6'AuNP]n, the color of whole solution turned black (Figure 3-lOc). 

Subsequently, the color of solvent at the bottom became colorless while the color of 

resin was still black upon standing (Figure 3-lOd), which indicated the AuNPs have 

been immobilized with the ligand 69.HPF6 that self-assembled on the crown ether 
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moiety of the resin. After that, triethylamine was added to deprotonate the 

ammonium ligand in the AuNPs 77，the whole solution was still black (Figure 3-lOe). 

The color of solvent in the bottom became brown while the color of resin became 

paler in color upon standing (Figure 3-1 Of). It indicated that the AuNPs has been 

disassembled from the resin due to the deprotonation of the ligand 69.HPF6 in the 

AuNPs, and the lost of binding affinity of crown ether and ligand. The final resin 

became yellow which indicated that no AuNPs were attached and can be reused for 

the next preparation cycle. 
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a) 

c) d) 

e) f ) 

Boundary of layers 

Figure 3-10. Photographs of a) PS-DB24C8 ] [69-HPF6]n upon standing; b) PS-DB24C8 
〕[69-HPF6-AUNP]„ after vigorous shaking; c) PS-DB24C8 D [69-HPF6-AuNP]„ after 
vigorous shaking; d) PS-DB24C8�[69-HPF6'AuNP]„ upon standing; e) after addition of 
triethylamine to PS-DB24C8 ] [69‘HPF6. AuNPL and vigorous shaking; f) after addition of 
triethylamine to PS-DB24C8 ] [69.HPIV AuNP]„ upon standing. 
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3.6 Purification of discretely mono-functionalized AuNPs by iron oxide 
nanoparticles and characterization 

3.6.1 General considerations 

Superparamagnetic iron oxide nanoparticles (SPIO)'̂ '̂̂ ^ have been widely used in 

biomedical field and catalysis�It can be a good candidate as magnetic resonance 

imaging (MRI) agent and can be used for cell labeling. The iron oxide nanoparticles 

that functionalized with DB24C8 at the peripheries were used to purify the 

mono-functionalized AuNPs. Iron oxide nanoparticles of core about 200 nm with a 

uniform silica coating and amine peripheral functional groups was decorated with 

DB24C8-CO2H 70 by amide linkage. When a magnet was put under the containers 

with SPIO nanoparticles, the magnetic nanoparticles would be attracted by the 

magnetic field and sticked on the wall surface near the magnet Therefore, magnetic 

separation can be used to separate the desired compounds, which selectively bounded 

supramolecularly to the DB24C8-coated SPIO nanoparticles, from bulk mixtures by 

successive washing and magnetic separating procedures. 

Mono-functionalized AuNPs with amine functional group can be protonated 

and self-assembled onto the DB24C8 moieties of SPIO nanoparticles. Hence, 

magnetic separation to purify the mono-functionalized AuNPs was feasible� 

Moreover, the SPIO nanoparticles were found to be compatible with a dilute 

acid (i.e., trifluoroacetic acid, H-TFA) and a dilute base (i.e., tiiethylamine). 
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Therefore, iron oxide nanoparticles can be readily used to purify the 

mono-functionalization AuNPs by ON/OFF switching of pseudorotaxane process. 

3.6.2 Preparation of the amine functionalized iron oxide nanoparticles 

Superparamagnetic iron oxide nanoparticles were prepared by a solvothermal 

reaction.^' Iron(III) chloride hexahydrate was mixed with sodium acrylate, sodium 

acetate and ethylene glycol with stirring which was subjected to heating at 200 °C. 

The obtained SPIO nanoparticles 78 were dispersed in ethanol and possessed the 

structures of Fe304. The resulted nanoparticles can be coated by a layer of 

tetraethylorthosilicate (TEOS) and then a layer of aminopropyltriethoxysilane 

(APTES) to give SPIO nanoparticles 79 core/shell structures with an average core 

diameter of 200 nm (Scheme 25). 

Sodium acrytdte 
NaOAc J H ^ � TEOS FeCl3-6H20 

Etnyieneglycc, � APieS 
Autoclave 

SPIO-NH, 78 79 

Scheme 25. Synthetic scheme of the amine functionalized SPIO nanoparticles 79. 

3.6.3 Preparation of the crown ether-decorated iron oxide nanoparticles 

The amine functionalized SPIO nanoparticles can be decorated with DB24C8 by 

coupling reaction with DB24C8-CO2H 70 via mixed anhydride formation by 

isobutylchloroformate (Scheme 26). 
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79 80 

Scheme 26. The synthetic scheme of crown ether decorated SPIO nanoparticles 80. 

The residue from the coupling reaction by magnetic separation was collected 

whereas the amount of the crown ether decorated on the iron oxide was determined 

from the reaction yield, which was calculated from the NMR spectrum. The yield 

was determined simply using the integration ratio of the methyl protons in 

nitromethane and the benzene proton as shown in Figure 3-11. The signal at § 4.31 

ppm refers to the three protons of C//5NO2 with integration of 100.0000, the peak at 

5 7,71-7.73 ppm refers to an aromatic proton (Ha), with integration of 248.6338�By 

calculating the ratio of integration to the mole ratio of the standard to 70 with the 

correction of number of protons involved, the amount of DB24C8-C02H 70 in the 

residue was found to be 0.739 mmol. Therefore, the reaction yield was determined as 

74 %. Hence, the amount of crown ether decorated on the iron oxide nanoparticles 

was 2.20 mmol/g of iron oxide nanoparticles. 
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Figure 3-11. H NMR spectrum of the filtrate from the coupling reaction of 70 with amine 
functionalized iron oxide nanoparticles 80. (Number of scan = 16) 

3.6.4 Purification route of mono-functionalized AuNPs by magnetic separation 
The general scheme for the purification of mono-functionalized AuNPs is shown in 

Scheme 27. 
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f：：：. \J 1) ExltnaUy applitd mapftic fltld (Capturuf 69-HTFA-AuNP* ) 
2)Waih awiyAuNP 74 <rtth 01,0, 
^RtiUH 77 brd̂ rotosatioB 

1)CoIl»ci 
2)RKTCle SPIO OB24C8 J J itagawk 测 

Scheme 27. Purification of mono-functionalized AuNPs 77 by DB24C8-coated SPIO 
nanoparticles 80. 

The crude mono-functionalized AuNPs obtained from the supramolecular 

solid-phase supported synthesis was dried and washed with cold ethanol at 0 It 
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was found that the ligand 69 could be effectively washed away without jeopardizing 

the AuNPs related structures. The resulting AuNP solution mixture which contained 

the mono-functionalized AuNPs 77 and non-functionalized AuNPs 74 was 

re-dispersed in dichloromethane and treated with trifluoroacetic acid (H-TFA). 

Therefore, only the amine groups in the mono-functionalized AuNPs were protonated 

and self-assembled onto the crown ether moiety in SPIO-DB24C8 80 by forming the 

pseudorotaxane superstructures to give SPIO-DB24C8 D [69-HPF6*AuNP]n. Then, 

an external magnetic field was applied, so that all the magnetic nanoparticles, 

together with the self-assembled mono-functionalized AuNPs, were magnetically 

attracted to the wall of the containers. Any excess and unreacted non-functionalized 

AuNPs 74 were washed away. The washing steps and magnetic separation were 

repeated to ensure that all unreacted AuNPs 74 were washed away�"While the 

magnetic field was still applied on SPIO~DB24C8 3 [69-HTFA-AuNP]n, it was 

subjected to a base treatment with triethylamine to deprotonate all ammonium ions 

into amines, so that the purified mono-functionalized AuNPs 77 (69-AuNP) can be 

obtained. The iron oxide nanoparticles 80 (SPIO-DB24C8) can be recycled and 

reused. The purification process was repeated 5-7 times to give conversion yields of 

3.0 mg of 77 (69-AuNP) per gram of PS Wang resin 75 (—OH density = LO-1.5 

mmoVg) and 2.3 mg of 77 (69-AuNP) per gram of 76 (PS-DB24C8) (-DB24C8 
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density -1.0 mmol/g). The yield is near quantitative after several repeated 

purification steps. 
3.6.5 Stepwise characterization of purification process 
The whole purification process was characterized by FT-IR, EDX with TEM imaging. 

Moreover, the whole purification process can also be monitored by color change of 

the solution. 

From the FT-IR spectrum of 79 (SPIO-NH2) (Figure 3-12a), there were 

characteristic peaks of 3401 cm~\ 1092 and 588 cm"̂  which corresponded to 

the amine N-H stretching, Si-O and Fe-O absorption, respectively. For the FT-IR 

spectrum of 80 (SPIO-DB24C8) (Figure 3-12b), the amide absorption peak at 1629 

cm—i was in higher intensity than that of 79, which indicated there was amide 

formation after the crown ether was coupled to the amine on the iron oxide periphery. 

The characteristic peaks of 1093 and 586 corresponded to Si-O and Fe-O 

absorption, respectively. From the FT-IR spectrum of S P I O - D B 2 4 C 8 � 

[69-HTFA-AuNP]n (Figure 3-12c), the absorption peaks from the ligand 69-HTFA 

were hardly observed since the size ratio of SPIO nanoparticles was much larger than 

the AuNPs. The content of iron oxide coating was also dominant in their IR 

absorption signals with characteristic peaks of 1095 cm"' and 587 cm~\ 

corresponding to Si-O and Fe-O absorption, respectively. 
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Figure 3-12. FT-IR spectra of a) 79 (SPIO-NH2); b) 80 (SPIO-DB24C8); c) SPIO-DB24C8 
][69-HTFA-AuNP]„. 
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The purification processes were also monitored by characterizing the 

respective nanostructures obtained at different purification steps by TEM. Figure 

3-13a shows the typical 80 (SPIO-DB24C8) microsphere with diameter about 200 

nm�Afte r the self-assembling process of mono-functionalized AuNPs 77 on the 

crown ether moiety of the SPIO nanoparticles, the nanostructures of SPIO-DB24C8 

D [69-HTFA-AuNP]„ was obtained. TEM (Figure 3-12b-e) images showed that 

there were smaller AuNPs (2 nm) well deposited on the periphery of the 80 

(SPIO-DB24C8) microspheres. After the successive washing and magnetic 

separation process, triethylamine was added to release the mono-functionalized 

AuNPs 77, the TEM of remaining SPIO nanoparticles showed that there were no 

AuNPs deposited (Figure 3-12f). It showed that such process of ON/OFF switching 

of pseudorotaxane chemistry of mono-functionalized AuNPs 77 was complete and 

the SPIO nanoparticles can be recycled and reused� 

Energy dispersive X-ray (EDX) spectroscopy were also performed for the 

elemental analysis of 80 (SPIO-DB24C8) microsphere (Figure 3-13a), 

SPIO-DB24C8 D [69-HTFA-AuNP]„ before (Figure 3-13b) and after the base 

treatment (Figure 3-13c). The results show the presence of Cu (from copper grid), Fe, 

O, C and Si in all the spectra corresponded to the iron oxide nanoparticles and 

organic matters. Moreover, there was characteristic peak of Au in 2-3 keV and 8-10 
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keV region in SPIO-DB24C8�[69.HTFA.AuNP]n，which is different from the 

EDX spectra of 80 (SPIO-DB24C8) and SPIO-DB24C8 D [69.HTFA.AuNP]n after 

the base treatment. Hence, it proved again the complete ON/OFF switching of 

mono-functionalized AuNPs 77 pseudorotaxane by acid/base condition on the crown 

ether modified SPIO nanoparticles. 
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a 

20 nm 

Figure 3-12. TEM images of a) 80 (SPIO—DB24C8); b’c) SPIO-DB24C8 D 
[69.HTFA.AuNP]„ with lower magnification; d，e) SPIO-DB24C8 D [69-HTFA-AuNP]„ 
with higher magnification and f) the remaining 80 (SPIO—DB24C8) nanoparticles after base 
treatment of SPIO-DB24C8 ] [69.HTFA.AuNP]„. 
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C) 

Ch 

Figure 3-13. EDX spectra of a) 80 (SPIO-DB24C8); b) SPIO-DB24C8� 
[69'HTFA-AuNP]„; c) the remaining 80 (SPIO-DB24C8) nanopaiticles after base treatment 
ofSPIO-DB24C8D [69-HTFA-AuNP]„. 

Color changes of solution were also observed during the magnetic 

purification process. The iron oxide nanoparticles will be magnetically attracted to 

the wall of the reaction vial upon applying a magnetic field. The nanoparticle 80 

(SPIO-DB24C8) was ultrasonically dispersed in dichloromethane to give a brown 

solution (Figure 3-14a). Self-assembling of AuNPs to 80 (SPIO-DB24C8) 

nanoparticle solution gave SPIO~DB24C8�[69-HTFA-AuNP]„ with a black 

solution (Figure 3-14b). After several successive washing processes to remove the 

unreacted AuNPs, the upper portion of solution upon the magnetic separation became 

clear (Figure 3-14c)，which indicated that all unreacted AuNPs were washed away. 

The re-dispersed solution was subjected to a base treatment whereas a magnetic 
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separation gave a brown solution on the upper portion of the solution (Figure 3-14d), 

indicating the release of AuNPs into the bulk solution. 

Figure 3-14. Photographs of a) 80 (SPIO-DB24C8); b) SPIO-DB24C8 D 
[69-HTFA-AuNP]„; c) SPIO-DB24C8 ] [69-HTFA-AuNP]„ under magnetic field (the third 
times washing process); d) SPIO~DB24C8 D [69'HTFA'AuNP]„ after the base treatment 
and under magnetic field. 
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3.7 Instrumental characterization of discretely mono-functionalized AuNPs 
3.7.1 FT-IR spectroscopy and far-IR spectroscopy 

After the magnetic purification steps of AuNPs, the purified mono-functionalized 

AuNPs 77 (69-AuNP) were subjected to FT-IR and far-IR analyses. Major absorption 

peaks were observed (Figure 3-15a’b) at -3400 (N-H stretching), 2852 and 

2925 cm—i (alkane C-H stretching), 1733 cm"̂  (C=0 absorption), 1600 cm"' 

(aromatics overtone), 1384 cm~' (CH3 symmetrical deformation from 

n-butanethiolate ligands), 804 cm~' (para-substituted aromatic C-H), 249 and 250 

cm-i (Au-S absorption)�The absorption peaks of C-H asymmetric and symmetric 

methylene stretching vibration are shifted to lower wavenumbers from 2920 to 2852 

cm-i and from 2960 to 2925 Among these observed major IR absorption 

peaks, the secondary amine (R2N-H) bending, (R2N+-H) stretching, C-S and S-S 

absorption peaks are too weak to be observed. 
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Figure 3-15. a) FT-IR spectrum and b) far-IR spectrum of mono-functionalized AuNPs 77 
(69-AuNP). 
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Figure 3-16, XPS spectrum of 77 (69-AuNP). 
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3.7.2 X-ray photoelectron spectroscopy 

For XPS spectra of 77 (69-AuNP) (Figure 3-16), it renders the characteristic peaks 

for gold 86 eV (Au AUii) and 83 eV (Au Afm) in addition to the characteristic peaks 

of fluorine, nitrogen and sulfur of the ligand corresponding to the ligand 69. 
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Figure 3-17. Stacked UV/visible spectra (CH2CI2, 298 K) ofAuNP74, 77 (69-AuNP) and 
the ligand 69 with concentration of -0.20 mg/mL in CH2CI2. 
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3.7.3 UV/visible absorption spectroscopy 

The UV/visible absorption spectra of AuNPs 74，mono-functionalized AuNPs 77 

(69-AuNP) and the ligand 69 are shown in Figure 3-17. The AuNPs 74 and 

mono-functionalized AuNPs 77 (69-AuNP) possess a plasmon resonance absorption 

peak at about 520 nin/2a，i5a’33M8b Moreover，there is an absorption peak at about 

~260 nm in the spectra of ligand 69 and mono-functionalized AuNPs 77 (69-AuNP), 

but not found in spectrum of AuNPs 74. Hence, the mono-functionalized AuNPs 77 

should be consisted of the ligand 69. 
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3.7.4High resolution transmission electron microscopy 

The TEM image of mono-functionalized AuNPs 77 (69-AuNP) (Figure 3-18) reveals 

that the mono-functionalized AuNPs (with average core diameter of 2 nm) did not 

form aggregates. 
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Figure 3-18. a) TEM images of 77 (69-AuNP); b) the size distribution of the 
mono-functionalized AuNPs 77 by counting 50 nanoparticles in TEM images. 
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3.8 Characterization of discretely mono-functionalized AuNP via formation of 
supramolecular dinners and trimers with bis- and tris- crown ether linkers 

3,8.1 General considerations 

Generally, the purified mono-functionalized AuNPs should be self-assembled to form 

dimers and trimers in the presence of divalent linkers and trivalent linkers, 

respectively. These dimeric or trimeric AuNP nanostructures can be visualized in 

TEM images and characterized by a change in their UV/visible absorption spectra. 

Such change in UV/visible absorption can only be observed when the interparticle 

distance becomes smaller than the average diameter of the AuNPs upon formation of 

dimers or trimers, so the SPR effect of the AuNPs induces a shift in UV/visible 

absorption (See section L4 and 1.6)� 

If the AuNPs contains any higher-ordered functionalization (e.g., 

di-functionalized, tri-functionalized, etc), the self-assemblies with divalent or 

trivalent linkers should possess aggregations rather than specific dimeric or trimeric 

structures. The aggregated AuNP nanostructures can be easily observed in their TEM 

images. 

Therefore, a divalent linker BisDB24C8 82 and a trivalent linker TrisDB24C8 

86 were synthesized in order to help characterizing the mono-functionalized AuNPs 

77 by forming supramolecular AuNP dimers and trimers, respectively. The resulted 

nanostructures are novel supramolecular AuNPs dimers and trimers which are also 
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acid/base switchable. The use of such supramolecular systems has several advantages 

over the covalent dimeiization in terms of (1) a milder condition of reversible 

formation and disassembly of the pseudorotaxane dimers and trimers; and (2) a 

readily available amine reactivity of the mono-functionalized AuNPs. 

The design of the divalent and trivalent linkers should be well addressed so 

that the supramolecular dimer and trimer nanostmctures should possess interparticle 

distances similar or smaller than the average diameter of the individual AuNPs. Thus, 

the SPR band shift can be observed by using UV/visible spectroscopy. Several 

computational models of the AuNPs supramolecular dimers and trimers were created 

in order to estimate the respective supramolecular nanostmctures and their 

interparticle distances (See Section 3.8.5). 

3,8.2 Synthesis ofbis-crown ether linker 

In order to minimize the interparticle distance of AuNPs, the divalent linker should 

be short and rigid to reduce a large variation of interparticle distance due to 

conformational changes. Bis-crown ether linker was chosen since it is necessary to 

form the supramolecular dimers by molecular recognition of dibenzylammonium and 

dibenzo crown ether. 

BisDB24C8 82 was synthesized by the coupling reaction of DB24C8-CO2H 70 

with hydroquinone 81 by //.N'-dicyclohexylcarbodiimide (DCC) in 42 % yield 
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(Scheme 28). Hydroquinone core was chosen since the resulted compound should be 

in planar and rigid. Then, the conformation changes of the linker can be minimized, 

and that the major conformation changes should be originated from the AuNPs 

alignments. 

hoĥOH O -
SI W o 分 o W 

DCC t DMAP (cat) DB24C8-CO2H CHjClj I THF 
70 42% 82 

Scheme 28. The synthetic scheme of divalent linker 82 BisDB24C8. 

3.8.3 Synthesis of tris-crown ether linker 

Owning to the difficulties to purify the relatively polar crown ether-containing 

compounds and the low yield of coupling reactions with three crown ethers by ester 

formation, an efficient and simple "click" chemistry approach was adopted to 

synthesize the tris-crown ether linker. The resulted linker can be precipitated out 

from acetonitrile in quantitative yield without any complicated purification. 

DB24C8-CO2H 70 was first coupled with propargyl alcohol 83 by 

l-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) to afford the DB24C8-Act 

84 in 62 % yield. The TrisDB24C8 86 was then synthesized from the copper(I) 
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catalyzed l，3-dipolar cycloaddition (click) reaction of DB24C8-Act 84 and 

tris(azidomethyl)benzene 85 to give the TrisDB24C8 86 in 85 % yield (Scheme 29). 
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Scheme 29. The synthetic scheme of trivalent linker 86 TrisDB24C8. 

3.8.4 Formation ofAuNPs supramolecular dimers and trimers 

The general scheme for formation of supramolecular AuNP dimers and trimers is 

shown in Scheme 3 0 � T h e purified mono-functionalized AuNPs 77 were first 

protonated by trifluoroacetic acid in dichloromethane, which was then either mixed 

with BisDB24C8 82 or TrisDB24C8 86 to give the respective supramolecular dimers 

BisDB24C8�[69.HTFA.AuNP]2 or supramolecular trimers T r i sDB24C8� 

[69-HTFA-AUNP]3). 
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Scheme 30. The formation of supramolecular dimers and trimers using the BisDB24C8 82 
andTrisDB24C8 86. 

The amount of the BisDB24C8 82 and TrisDB24C8 86 required for exact 

stoichiometric ratio for self-assembling with the mono-functionalized AuNPs 77 

were difficult to be achieved. Hence, several titration experiments were performed 

with different ratios of 77 and the linkers (w/w). 

For the formation of supramolecular dimers, the ratios of mixing the mono-

functionalized AuNPs 77 with BisDB24C8 82 were 1:1, 2:1 and 3.5:1 (w/w). For the 

mixing ratio with 1:1 (w/w) of the mono-functionalized AuNPs 77 with BisDB24C8 

82, the UV/visible spectrum showed that the absorption increased in intensity and 

completely shifted to 620 nm and -700 nm (Figure 3-19a), The red-shifted 

absorption peaks corresponded to the formation of AuNPs aggregates resulting in 

decrease of the interparticle distance. When the amount of mono-functionalized 
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AuNPs 77 increased with the BisDB24C8 82 (w/w - 2:1 and 3.5:1), the plasmonic 

absorption band at -700 nm disappeared with the appearance of new red-shifted local 

absorption peaks at about 580 nm. It indicated that there were still modest amount of 

AuNPs aggregates. 

The UV/visible spectroscopic titration experiment of the mono-functionalized 

AuNPs 77 with TrisDB24C8 86 in different ratios (w/w= 1:1，1:2.5，1:4) showed 

similar results. For the mixing ratio 1:2.5 (w/w) of the mono-functionalized AuNPs 

77 with TrisDB24C8 86, there was a sharp plasmonic absorption peak at ~700 nm 

corresponded to the AuNPs aggregation (Figure 3-1%). The intensity of the 

plasmonic absorption peak was not as strong as the supramolecular dimers 

BisDB24C8 D[69-HTFA-AuNP]2 with the use of BisDB24C8 82. Such difference 

may be attributed to the interparticle distance of AuNPs in supramolecular trimers 

TrisDB24C8 ] [69.HTFA.AuNP]3 which was longer than that in supramolecular 

dimers BisDB24C8�[69.HTFA*AuNP]2 (see later section). While for other ratios 

of mixing the mono-functionalized AuNPs 77 with TrisDB24C8 86 (w/w = 1:1 and 

1:4)，the plasmonic absorption was not observed clearly, which indicated the 

incorrect stoichiometric ratios of the components. The stoichiometric ratio of the 

components was important because there exists in excess or short of the tris-crown 

ether linker. With an excess of tris-crown ether linker, a mono-functionalized AuNP 
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can be interacted with only one tris-crown ether linker, resulting in the fact that 

plasmonic absorption was not observed. For the situation of insufficient tris-crown 

ether linker, the mono-functionalized AuNPs would be in excess so that the 

individual mono-functionalized AuNP absorption dominant in the UV/visible 

absorption. 

The addition of base to the supramolecular nanostructures BisDB24C8 ] 

[69-HTFA-AUNP]2 and TrisDB24C8�[69-HTFA-AuNP]3 can disrupt the dimeric 

and trimeric self-assemblies, giving the UV/visible spectra simply as the sum of their 

separate components. These observations concluded the successful self-assembly 

between the mono-functionalized AuNPs 77 with the divalent (82) and trivalent (86) 

linkers to form supramolecular nanostructures BisDB24C8 ] [69.HTFA'AuNP]2 

and TrisDB24C8 ] [69.HTFA.AuNP]3 respectively. 
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(b) ——77 (69.AUNP) 

——77 (69.AUNP)/ TrlsDB24C8 86 (1:1) 

77 (69-AuNP)/ TrisDB24C8 86 (1:2.5) 

——77 (69-AuNP)/ TrisDB24C8 86 (1:4) 
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Figure 3-19. Staked UV/visible absorption spectra (CH2CI2, 298 K) of a) 77 (69-AuNP) 
titrated with different amounts of BisDB24C8 82 (w/w = 1:1，2:1, 3.5:1) and b) 77 
(69-AuNP) titrated with different amounts of TrisDB24C8 86 (w/w = 1:1, 1:2.5，1:4). 
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The titrated solutions were analyzed by TEM. For solution of 77 (69-AuNP) 

titrated with BisDB24C8 82 (w/w = 1:1), there were significant amounts of dimer 

pairs observed in the TEM (Figure 3-20a’b). The apparent interparticle spacing 

between the AuNP dimers ranges from 2.8 to 4.7 nm (See Section 3.8.5). For the 

solutions with other different titration ratios, the percentages of dimers over 

monomer were lower than that with the titration ratio of 1:1 (w/w)�Moreover, there 

were no higher order supramolecular structures, such as trimers or tetramers, 

observed under TEM (Figure 3-21 a). Hence, the obtained product should not contain 

multi-functionalized AuNPs, such as di-functionalized, tri-functionalized, etc, but 

contain mono-functionalized AuNPs 77 in near quantitative yield. Since the 

formation of supramolecular structures is concentration dependent, the observation 

of individual nanoparticles in the mixture can be due to the lowered binding affinity 

of the supramolecular species at low concentration during sample coatings. 

For the solutions containing the supramolecular trimers, the nanoparticles 77 

(69-AuNP) which were titrated with TrisDB24C8 86 (w/w = 1:2.5)，were analyzed 

by TEM. It possessed the sharpest red-shifted plasmonic absorption among all 

trimers containing solutions. There were dimers and trimers found in the solution 

(Figure 3-20c,d； blue circle for dimers; red circle for trimers). The apparent 

interparticle spacing between the AuNPs in trimers ranges from 1.5 to 5�1 nm (See 
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Figure 3-20. TEM images of a,b) the supramolecular dimers prepared by mixing 77 
(69-AuNP) (~ 0.2 mg/mL) with BisDB24C8 82 in ratio 1:1 w/w, and c’d) the supramolecular 
trimers prepared by mixing 77 (69-AuNP) (- 0.2 mg/mL) with TrisDB24C8 86 in ratio 1:2.5 
w/w with blue circle indicated for dimers and red circle indicated for trimers. 
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Section 3.8.5). For the solutions with other different titration ratios, the percentages 

of trimers were lower than that with the titration ratio of 1:2.5 (w/w). Moreover, 

there were no higher order supramolecular structures, such as tetramers, observed 

under TEM (Figure 3-21b). 
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(a) 

Dimer 
Monomer 
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Dimer 
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Figure 3-21. Statistical distributions in TEM analysis of a) 77 (69-AuNP) with BisDB24C8 
82 with titration ratios of 1:1,2:1 and 3.5:1; and b) 77 (69-AuNP) with TrisDB24C8 86 with 
titration ratios of 1:1，1:2.5 and 1:4, 

It was found that the trimers were mostly appeared as triangular shapes with a 

small amount of near-linear shapes. The formation of the novel near-linear shaped 

trimers was due to the adaptation of a folded TrisDB24C8 86 conformation in the 
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addition to the aliphatic attractive forces between the AuNPs，surfaces coated by 

numerous n-butyl groups (Figure 3-22). 

Linear 
Supramolecular 

Trimer 

Aliphatic attractive Force between 
"sticky" n-butyl chains 

Figure 3-22. The near-linear shaped supramoelcular trimers and the graphical representation 
of formation with the aliphatic attractive force between AuNPs' surfaces coated by the 
numerous of n-butyl groups. 
3.8.5 Computational models of the AuNPs supramolecular dimers and trimers 

Molecular models were constructed using ChemSD Ultra 8.0 with built-in MM2 

simulations. AuNPs were omitted. The simulation pictures demonstrated the 

self-assemblies between the disulfide ligand and BisDB24C8 or TrisDB24C8 linkers. 

There are two scenarios for the supramolecular AuNP dimers. Figure 3-23 

reveals the supramolecular dimers where the disulfides (which are attached to AuNPs, 

but are omitted here) are positioned in opposite side from the linker with the 

disulfides distance 4.7 nm. Figure 3-24 shows the supramolecular dimers where the 

disulfides are positioned in same side from the linker with the disulfides distance 4.7 
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nm. Figure 3-25 shows the supramolecular dimers where the disulfides 

positioned in same side from the linker with a distance of 2.8 nm. 

Figure 3-23. The supramolecular dimers BisDB24C8 ] [69- HTFA- AnNPh with a distance 
of 4.7 nm between the two disulfides. (Key: Carbon: gray; hydrogen: white; oxygen: red; 
nitrogen: blue; sulfur: yellow.) 

Figure 3-24. The supramolecular dimers BisDB24C8 ] [69.HTFA.AuNP]2 with a distance 
of 3.5 nm between the two disulfides. (Key: Carbon: gray; hydrogen: white; oxygen: red; 
nitrogen: blue; sulfur: yellow.) 
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Figure 3-25. The supramolecular dimers BisDB24C8 D [69-HTFA-AuNP]2 with a distance 
of 2.8 nm between the two disulfides. (Key: Carbon: gray; hydrogen: white; oxygen: red; 
nitrogen: blue; sulfur: yellow.) 

There are three scenarios for the supramolecular AuNPs trimers. Figure 3-26 

shows the supramolecular trimers where the disulfides are in triangular shaped with 

the distance 2.8-5.1 nm between the two disulfides. Figure 3-27 shows the 

supramolecular trimers where the disulfides are in triangular shaped with the distance 

2.8-3.6 nm between the two disulfides. Figure 3-28 shows the supramolecular 

trimers where the disulfides are in near-linear shaped with the distance 1.5—3,7 nm 

between the two disulfides� 

110 



斤 V 1 

rU 

Chapter 3 

Figure 3-26. The supramolecular trimers TrisDB24C8 D [69.HTFA-AuNP]3 with the 
distance 2.8-5.1 nm between the two disulfides. (Key: Carbon: gray; hydrogen: white; 
oxygen: red; nitrogen: blue; sulfur: yellow.) 

Figure 3-27. The supramolecular trimers TrisDB24C8�[69-HTFA-AuNP]3 with the 
distance 2.8-3.6 nm between the two disulfides. (Key: Carbon: gray; hydrogen: white; 
oxygen: red; nitrogen: blue; sulfur: yellow.) 
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Figure 3-28. The supramolecular trimers TrisDB24C8�[69-HTFA'AuNP]3 with the 
distance 1.5-3,7 nm between the two disulfides. (Key: Carbon: gray; hydrogen: white; 
oxygen: red; nitrogen: blue; sulfur: yellow.) 

3.8.6 Control experiments 

A control experiment has been performed without the use of solid-phase support 

polymer PS Wang resin 75�The resulted AuNPs were randomly functionalized with 

more than one amine 69 functional group on each AuNP due to the uncontrolled 

place exchange reaction. After the addition of the trifluoroacetic acid, these randomly 

functionalized AuNPs 87 were treated with different amounts of BisDB24C8 82 

(w/w = 1:1，2:1 and 4:1)，3-D networks of AuNPs were formed (Figure 3-29) and 

gave maximum plasmonic absorption bands at 620 nm and 700 nm (Figure 3-30)� 
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Figure 3-30. UV/visible absorption spectrum of randomly functionalized AuNPs treated with 
different amounts of BisDB24C8 82 with ratios 1:1. 

Another control experiment has been performed with mono-functionalized 

AuNPs 77 (69-AuNP) by treating with trifluoroacetic acid and DB24C8 instead of 

linkers 82 and 86. The crown ether and the ammonium ligand on the AuNPs 77 

self-assembled to form DB24C8 ] [69.HTFA.AuNP]. Such mixture was analyzed 

by TEM and showed only segregated nanoparticles (Figure 3-31). 
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Figure 3-29. TEM images of randomly functionalized AuNPs 87 treated with different 
amounts of BisDB24C8 82 with ratios a) 1:1’ b) 2:1 and c) 4:1. 
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Figure 3-31. TEM image of DB24C8�[69.HTFA.AuNP]. 
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3.9 Section conclusion 

To conclude, novel amine mono-functionalized AuNPs 77 were synthesized and 

purified with supramolecular assisted method utilizing a crown ether-modified 

polystyrene Wang resin 76 and crown ether-modified superparamagnetic iron oxide 

nanoparticles 80. The synthetic process was characterized by FT-IR, far-IR，XPS and 

visualized by color changes. The purification process was characterized by FT-IR, 

TEM and EDX. The purified mono-functionalized AuNPs 77 were characterized by 

TEM, FT-IR, XPS and UV/visible absorption spectroscopy. The supramolecular 

motifs with acid/base switchability have been found as satisfactory templates for the 

synthesis and purification of mono-functionalized AuNPs. Our approach enables us 

to obtain mono-functionalized AuNPs 77 with near quantitative yield with 

characterization through formation of novel supramolecular dimers and trimers. Such 

supramolecular nanostructures were observed under TEM and characterized with 

sharp plasmonic absorptions. Furthermore, the material system could be recycled and 

reused, so that the preparation and purification could be repeated numerous times 

instead of time-consuming chromatographic separation of products. 
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Chapter Four - Superficial Application of Discretely 
Functionalized AuNPs 
4.1 Surface plasmon resonance characterization - General considerations 

In this chapter, mechanoresponsive, acid/base-driven self-assembly/disassembly of 

discretely mono-functionalized AuNPs 77 on crown ether-modified gold thin film via 

pseudorotaxane chemistry^® based on a novel lab-on-a-chip technique, is discussed.^^ 

The aims of the experiment are (1) to simultaneously purify and characterize the 

mono-functionalized AuNPs 77 with SPR and (2) to study the different behaviors of 

mono-functionalized AuNPs with the randomly functionalized AuNPs in terms of the 

ON/OFF switchable capability of the pseudorotaxanes and their SPR signals. The 

mono-functionalized AuNPs should possess different SPR properties compared to the 

randomly functionalized AuNPs. This is because the number of ligands and the 

distance of agglomerates of them will render distinctive properties?'̂ ® "̂® Since the 

discretely functionalized AuNPs contain only few and known number of recognition 

functional groups on the AuNPs, the discretely functionalized AuNPs are believed to 

provide more quantitative information for biosensing applications.^''^^ Hence, our 

method which utilizes the mono-functionalized AuNPs with only one recognition 

functional group，can open up future applications for single molecule detection�The 

strategy of the experiment was to employ the SPR microfludic device which fits on 
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top of a gold thin film to detect the surface plasmon polariton (SPP) absorption 

signals. The microfluidic device with the gold thin film experimental setup was 

equipped with prism settings for total internal reflection. SPP absorption signals 

originated from the gold thin film were observed by a charge-coupled device (CCD) 

camera (See Chapter Towards the applications utilizing AuNPs on the 

surface of gold thin film, SPR coupling with enhanced signal was expected to be 

observed. The acid/base-driven self-assembling and disassembling process of both 

the mono-functionalized AuNPs 77 and the randomly functionalized AuNPs 87 can 

be characterized through the changes in the SPP absorption signals in real-time. 

Moreover, the mono-functionalized AuNPs 77 can be purified and separated from the 

non-functionalized AuNPs 74 by such self-assembling and disassembling processes. 

Quantification study can also be studied to determine the amount of 

mono-functionalized AuNPs 77 obtained after the purification. 

Such method for characterizing discretely functionalized AuNPs has several 

advantages over the conventional methods such as transmission electron microscopy 

(TEM), UV/visible absorption spectroscopy, and gel electrophoresis, etc. First, our 

method enables real-time monitoring of the self-assembling and disassembling 

processes of the AuNPs on the gold thin film, while all these conventional methods 

are difficult to be monitored in real-time. Second, additional linkers are required for 
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forming dimers, trimers, etc., for further UV/visible absorption spectroscopy and 

TEM analysis. Exact stoichiometry of the linker and AuNP is necessary to produce 

significant signals. Third, our mono-functionalized AuNPs 77 possess only one 

positive charge on the ammonium group, such small mass-to-charge ratio has 

negligible difference compared to the non-functional AuNPs 74. Therefore, 

purification and characterization of the mono-functionalized AuNPs 77 from their 

crude mixture with an excess of non-functionalized AuNPs 74 cannot be performed 

by using gel electrophoresis. Fourth, isolation of the mono-functionalized AuNPs 77 

after the characterization is inconvenient or not applicable for the conventional 

methods. That is, the AuNP dimers or trimers after the UV/visible spectroscopy and 

TEM analysis are difficult to be separated, whereas any sample coated on the copper 

grid for TEM analysis is also difficult to be recovered. Most importantly, the 

sensitivity of SPP absorption is much higher than the UV/visible absorption by at 

least lOO-fold.32 
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4.2 Device fabrication 

The microfluidic device setup is shown in Figure 4-la and Figure 4-lb. The device 

consists of a microfluidic chamber with a modified gold thin film (45 nm) on the 

glass surface. The gold thin film with dimension of 5 mm x 5 mm was coated on the 

glass surface by DC sputtering method.，® Simplified procedure of the setup is shown 

in Figure 4-lc. A polydimethylsiloxane (PDMS) chamber was made by mixing the 

PDMS prepolymer and the curing agent (tridecafluoro-1,1,2,2-tetrahydroocty 1 

trichlorosilane) in a volume ratio of Then, the uncured PDMS was coated on a 

SU-8 2100 (a epoxy-based negative photoresist, 120 jjm) master m o u l d � T h e mold 

with patterned PDMS was cured at 80 °C in the oven for 1 hour. The glass plate was 

then bonded to a polydimethylsiloxane (PDMS) chamber by exposing to oxygen 

plasma with 77 W reflected power, 90 mTorr chamber pressure, and an exposure 

time of 30 seconds. The as-fabricated PDMS chamber and the glass were compressed 

immediately together with a clamp after the plasma process. The PDMS-glass 

structure was put in the oven at 80 ®C for 2 hours which can strengthen the 

PDMS-glass layer bond. Two fluidic ports were then inserted. 
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b) 

C) Master Mold: SU-8 (Height 100 稱m) on Si substrate 

Peel off the PDMS layer after hard baking 

Bond the PDMS layer on top of the glass plate with 
sputtered gold {45 nm) 

Insert JL 
Figure 4-1. The PDMS-based microfluidic device with a gold thin layer platform illustrated 
by a) graphically representation and b) camera picture. The simplified procedure of 
preparation of the microfluidic device is shown in c). 

4.3 General instrumental setup 

The microfludic device was put on a 25 mm equilateral triangular prism coated with 

layer of index matching oil to provide optical continuity between the two 

accessories. A helium-neon laser with a laser with a central wavelength of 632.8 nm 

used as the laser source in the experiment，the laser beam was expanded by 
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1.875 times by using two plano-convex lenses with focal lengths 16 mm and 30 mm 

respectively. The light intensity was controlled by placing a polarizer and a 10 nm 

slit between the lenses. A 2048 effective pixels one-dimensional linear array of CCD 

detector with personal computer and self-written programs were used to capture and 

process the signals (Figure 4-2a-c). 

The signals received by the CCD was extremely sensitive to light, hence, the 

experiment was conducted in a dark room�While the light source traversed through 

several optical lenses, an optical split and equilateral triangular prism, the resulted 

light intensity had been attenuated. Moreover, there were electronic noises as 

received by the CCD because the raw signals received should contain noises and 

fluctuations. These noises and fluctuations were minimized with a three-step 

denoising process in self-written program operated in Microsoft® Windows® 

developed by our group. Firstly, background signal subtraction was performed to 

remove any spurious signals due to the optical interference effects. Secondly, 30 

signal traces per second were obtained from the CCD arrays with the removal of the 

high frequency components. Thirdly, the data points were fitted to a three order curve 

to refine the resolution by a least square method. The SPR dip measurements with 

high resolution were found to be effective with this processing. The physical 

meaning of the changes in refractive index and hence, the pixel changes (+ or - ) 
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equal to the angle shift in the resonance angle 17m 
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Figure 4-2. Experimental setup with microfluidic device in a) graphical representation; b) 
and c) camera pictures� 
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4.4 Synthesis and characterization of precursor 

The gold thin film was modified by DB24C8, therefore, a DB24C8 with disulfides 

functionality was synthesized for the surface functionalization of the gold thin film. 

CHCI3 

90 

Scheme 31. The synthetic route of the disulphides (DB24C8CH2S)2 100. 

To begin with, DB24C8CH20H 88 e was reacted with thioacetic acid in the 

presence of zinc iodide in 1,2-(iichloroethane to afford DB24C8CH2SAC 89 with 55 

% yield (Scheme 31). The thioacetate was deprotected by the addition of ammonia in 

methanol and chloroform with stirring in air. Finally, the disulfides (DB24C8CH2S)2 

90 was obtained with 60 % yield. The obtained disulfides should be able to interact 

with the gold surface to form new Au-S bonds. 
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4.5 Self-assembling monolayer of crown ether on gold surface 

The disulfides (DB24C8CH2S)2 90 (2 mg in 10 mL chloroform) solution was 

injected into the sensor chamber and stored at room temperature for 12 hours to 

allow complete self-assembly of the crown ethers onto the gold surface (Scheme 32). 
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Scheme 32. Self-assembling monolayer of crown ether on gold surface by formation of Au-S 
bonds. 

The whole modification process was shortened to around 100 minutes so that it 

can be easier to be monitored on the microfluidic device. The SPR dip location 

change showed that the crown ether had been self-assembled on the gold surface 

(Figure 4-3). For instance, the SPR dip location shifted to about -875 pixels upon the 

addition of the crown ether solution with a flow rate 600 (xLmin-i, It should be 

noticed that the SPR dip location shifted gradually for 1000 seconds instead of a 

sharp shift. It may be attributed to the dissociation reaction of the disulfide bonds for 

the formation of new Au-S bonds. Addition of a second batch of crown ether 

solution at 3000 second gradually shifted the SPR dip location in 500 seconds to the 

previous -875 pixels. However, upon the third and the fourth batch addition of the 

crown ether solution at 4800 and 5200 second, the SPR dip location shifted to -700 
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Figure 4-3. Modification of gold thin film by (DB24C8-CH2S)2 90，which was characterized 
and monitored by SPR trace in real-time. 
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pixels, indicating that the crown ethers were self-assembled onto the gold surface. 

The sensitivity of the SPR dip shift decreases upon the surface modification since the 

distance between bare gold and the analytes will be separated by a mono-layer thin 

film of organic matter, and hence, the distance-dependent surface plasmon polaritons 

effect will be decreased. Therefore, further addition of crown ether solution did not 

give a more negative shift in SPR dip location, but a less negative shift at -700 pixels. 

Finally, pure chloroform was injected to remove any free crown ether in the solution 

in the device and the SPR dip location gave a permanent negative shift at -430 pixels 

from the baseline. Hence, the crown ether has been self-assembled on the surface of 

the gold thin film by the formation of Au-S bond. 
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4.6 SPR characterization of the self-assembling and disassembling process 

The SPR trace of the mono-functionalized, crude, randomly functionalized AuNPs 

during self-assembling and disassembling on the gold surface and the 

non-functionalized AuNPs were monitored carefully in real-time in order to achieve 

the aims of the experiments. 

4.6.1 n-butanethiolate coated AuNPs 

A control experiment was first performed with n-butanethiolate AuNPs 74 (Scheme 

33). Since the /i-butanethiolate AuNPs 74 was coated with n-butanethiolate without 

any functional groups that can be self-assembled with the crown ether, it is regarded 

as non-functionalized AuNPs. It was expected that such AuNPs would not be 

self-assembled on the gold surface and can be washed away by the addition of 

solvent. Hence, the SPR trace should return to its baseline as the dip shift due to the 

absence of AuNPs. 

1) 赛赛眷 

職 f ) 勢 h h h h 
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‘ Qo 4 CHCI3 QD ^ 

Scheme 33. The injection of non-functionalized AuNPs to the crown ether-coated gold 
surface and the washing process to remove the nanopaiticles. 



Chapter 7 

For instance, the non-functionalized AuNPs 74 was injected to the microfluidic 

device with a flow rate 600 nLmin"' (Figure 4-4), the dip shifted to an average -50 

pixel over about 600 seconds with the three successive additions. When pure 

chloroform was injected at 800 second, the SPR dip returned back to the baseline, 

indicating that, expectedly, the non-functionalized AuNPs were not self-assembled 

onto the gold surface. 

150 
^ Nonfunctional 
I 100 AuNP 
c CHCI Nonfunctional i ！ o) cl • 
6 0 ：^' 

AuNP(refill) Nonfunctional CHCIj 
AuNP (refill) 

^ …•…………i f ，产. 

-100 
0 200 400 600 800 

Time (sec) 

Figure 4-4. The SPR trace of non-functionalized AuNPs 74, 

4.6.2 Purified discretely mono-functionalized AuNPs 

The purified mono-functionalized AuNPs 77 were obtained from the supramolecular 

solid-phase site-isolation method after magnetic purification (See Chapter 3).42 It was 

expected that the secondary ammonium mono-functionalized AuNPs 

(69- HTFA- AuNPs) were self-assembled with the crown ether of the gold surface by 

forming pseudorotaxanes via multiple hydrogen bonds, such as [C-0" 'H_N+] and 

[C-O.…H-C-N+]，ion-dipole interactions and n-n interactions, etc. The 
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pseudorotaxane formation can be switched ON or OFF by adding acid/base to the 

system so that the amine on AuNPs was protonated or the ammonium on AuNPs was 

deprotonated, respectively (Scheme 34). 
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Scheme 34. The self-assembling and disassembling processes of the mono-functionalized 
AuNPs 77. 

The SPR dip shift was monitored carefully for the whole self-assembling and 

disassembling processes (Figure 4-5a). The SPR dip location was calibrated to zero 

as baseline for pure chloroform in the microfluidic device (Figure 4-5a, zone A). The 

amine group in mono-functionalized AuNPs was first protonated by trifluoroacetic 

acid to give ammonium mono-functionalized AuNPs in chloroform. At 150 second 

(Figure 4-5a, zone B), mono-functionalized AuNPs in chloroform was injected to the 
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device with a flow rate 600 |xLmin~' at 300 second with sharp shift of -110 pixels. 

The system was settled for 600 seconds and then a steady signal at -40 pixels was 

observed. In order to maximize the amount of the mono-functionalized AuNPs that 

was self-assembled on the gold surface, another batch of the mono-functionalized 

AuNPs was injected with the same flow rate at 900 seconds to the device. Again, a 

sharp shift in dip location was finally steady at -70 pixels. The second injection gave 

a more negative pixel shift than the first injection, which indicated that more 

mono-functionalized AuNPs were self-assembled on the gold surface on the addition 

of free mono-functionalized AuNPs floating in the solution within the volume space 

of the device. Then, pure chloroform was injected to the device (Figure 4-5a, zone C) 

to wash away the free mono-functionalized AuNPs. The SPR dip shift was steady 

at -30 pixels for 400 seconds until the addition of base, which showed that the 

mono-functionalized AuNPs was self-assembled on the crown ether of the gold 

surface successfully. The pseudorotaxane structure was stable in the chloroform flow. 

Then, the injection of triethylamine base solution (11 % in chloroform) with a flow 

rate 600 iiLmin"' continuously twice was performed so as to disassemble the 

mono-functionalized AuNPs (Figure 4-5a, zone D).^�*^ The dip location shifted to 

steady positive pixel values between +60 and +70 pixels. The deprotonated 

mono-functionalized AuNPs were disassembled from the gold surface. Finally, pure 
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chloroform was injected with the same flow rate to the device to wash away any free 

AuNPs left in addition to the base solution and excess salts (Figure 4-5a，zone E). 

The dip location was then returned to zero pixel (the baseline). 
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Figure 4-5. a) The real-time SPR trace of the self-assembling and disassembling processes of 
the mono-functionalized AuNPs on the crown ether-coated gold surface. Additional SPR 
trace of the processes was shown in b). 

Hence, no AuNPs remained on the gold surface of the device. A complete 

acid/base-driven self-assembling and disassembling process of the 
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mono-functionalized AuNPs on the crown ether-coated gold surface was achieved. 

The SPR device can be reused for repeated experiments whereas similar results were 

achieved with a high reproducibility (Figure 4-5b). 

4,6.3 Crude AuNPs from the synthetic process 

In order to test the feasibility of purifying the mono-functionalized AuNPs, a 

significant amount of the interfering species (non-functionalized AuNPs 74) is 

present as a crude mixture of the mono-functionalized AuNPs 77. Therefore, the 

crude mixture of AuNPs obtained from the preparation of the mono-functionalized 

AuNPs 77 by supramolecular solid phase site isolation method in the presence of 

significant amounts of the non-functionalized AuNPs 74，were tested for the 

purification analysis. The ratio of the mono-functionalized AuNPs 77 to the 

non-functionalized AuNPs 74 in the crude mixture was approximately 1.8:1 based on 

the calculation from the recovery of the mono-functionalized AuNPs (6.3 mg) 

starting from 10.0 mg non-functionalized AuNPs. Though it has been explored by us 

that the magnetic separation'*^ was efficient to give the mono-functionalized AuNPs, 

a novel SPR technique to simultaneously purify and characterized the 

mono-functionalized AuNPs was developed and compared to their efficiencies. 
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Scheme 35. The self-assembling and disassembling processes of the crude mixture of AuNPs. 
For instance (Scheme 35), the crude mixture of AuNPs obtained from the 

synthesis of the mono-functionalized AuNPs was injected to the device with a flow 

rate 600 pLmin"' at 140 second (Figure 4-6, zone A), The SPR dip shift changed 

to -200 pixels, gradually from 140 second to 750 second (Figure 4-6，zone B). While 

the injection of the second batch of the AuNPs solution further changed the dip shift 

to -400 pixels, gradually from 750 second to 1350 second. It was noticed that the dip 

shift changed gradually which was similar to that in the case of non-functionalized 

AuNPs�Such phenomenon may be explained that the non-functionalized AuNPs did 

not consist of ammonium functional groups and hence, they would not be 
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self-assembled on the crown ether-coated gold surface, and they were just dispersed 

in the solution and slowly diffused to the gaps between crown ether or defects of the 

gold surface, resulting in a decrease in distance between AuNPs and gold surface. 

While the self-assembling process of the mono-functionalized AuNPs gave fast 

responses to give a steady SPR dip shift (see previous section) which showed that the 

formation of pseudorotaxane was highly favorable�Since the crude mixture of 

AuNPs consisted of both types of nanoparticles, the properties of the SPR dip shift 

were expected to combine with the properties of these nanoparticles, which gave an 

overall change in SPR dip shift gradually. The injection of pure chloroform to the 

device (Figure 4-6’ zone C) to remove any excess mono-functionalized AuNPs and 

the free non-functionalized AuNPs gave a rapid dip shift to —110 pixels (Figure 4-6， 

zone C, blue arrow), which corresponded to the self-assembled mono-functionalized 

AuNPs, Hence, the injection of triethylamine solution (11 % in chloroform) would 

deprotonate the ammonium group on the AuNPs and also the mono-functionalized 

AuNPs would be disassembled (Figure 4-6, zone D). 
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Crude AuNP» 

Non-functionalized 
AuNPs 74 

Mono-functionalized AuNP 
69-HTFA.AuNP 

Tim» (s«c) 

Figure 4-6. The real-time SPR trace of the self-assembling and disassembling processes of 
the mono-functionalized AuNPs on the crown ether-coated gold surface in the presence of 
the non-functionalized AuNPs (crude mixture). 

Finally, the subsequent washing step for the device by injecting pure 

chloroform twice (Figure 4-6，zone E) gave a SPR dip shift at zero pixel (baseline), 

which indicated that all mono-functionalized AuNPs were washed away. The 

ON/OFF switching of the pseudorotaxane was also complete in this case which was 

the same as that with purified mono-functionalized AuNPs. The mono-functionalized 

AuNPs were obtained with excellent efficiency whereas a quantification study was 

performed and discussed in section 4.2.1. 
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4.6.4 Randomly functionalized AuNPs 

Randomly functionalized AuNPs 87 with an uncertain number of amine ligand 69 on 

the surface of the AuNPs were synthesized from an uncontrolled ligand place 

exchange reaction in the absence of the solid phase support resin�^^ The number of 

amine groups on each nanoparticle may vary from particles to particles. The study of 

the self-assembling and disassembling properties of the randomly functionalized 

AuNPs by SPR device was crucially important since most of the current applications 

are involved with randomly functionalized AuNPs (See section 1.6), It was expected 

that the SPR properties of the randomly functionalized AuNPs and 

mono-functionalized AuNPs are different due to different numbers and nature of the 

ligand on the AuNPs, leading to different applications. Moreover, the ligands on each 

randomly functionalized nanoparticles may interact strongly and multivalently with 

themselves to form an aggregated shell�Therefore, the interactions between a 

functionalized ligand with target molecules could be difficult to proceed. Moreover, 

the SPR signals of the resulting AuNP aggregates may not be quantitative to the 

target detection since randomly functionalized AuNPs usually formed a network of 

aggregates. These aggregates will perhaps contain any unbounded AuNPs by a 

trapping effect. The amount of target interacts with each randomly functionalized 

nanoparticle could be different and that the degree of network aggregation varies 
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from time-to-time for repeated measurements. 
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Scheme 36. The self-assembling and disassembling process of the randomly functionalized 
AuNPs 97. 

Therefore, the self-assembling and disassembling processes of the randomly 

functionalized AuNPs were subjected to the SPR characterization (Scheme 36). The 

randomly functionalized AuNPs solution was injected to the device three times 

(Figure 4-7, zone B). The SPR dip location shifted to -130，-170 and -180 pixels 

respectively. It was worth to point out that the dip shift was also sharp and fast 

responsive as the mono-functionalized AuNPs. Hence, the self-assembling process of 

the randomly amine-functionalized AuNPs was also a fast and efficient process. 

There were no gradual shifts in dip location, so the nanoparticles solution should not 
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consist of any non-functionalized AuNPs. The triple addition of the randomly 

functionalized AuNPs gave also more negative shifts each time�After the AuNPs 

were self-assembled onto crown ether-coated gold surface, the solution was more 

saturated with the free randomly functionalized AuNPs dispersed throughout the 

solution. Then, pure chloroform was injected to the device to remove any free 

randomly functionalized AuNPs (Figure 4-7, zone C). It indicated that the randomly 

functionalized AuNPs were successfully self-assembled onto the crown ether-coated 

gold surface. After that, a base (pure triethylamine) was injected (Figure 4-7, zone D) 

to the device, and the device was washed with pure chloroform four times to remove 

any free AuNPs, base and salts (Figure 4-7，zone E). It was quite surprising that there 

was residue permanent dip shift at -40 pixels (Figure 4-7，zone E, blue arrow). The 

disassembling process of the randomly functionalized AuNPs on the crown 

ether-coated gold surface was different from that of mono-functionalized AuNPs and 

their crude mixture with non-functionalized AuNPs. Hence, the result showed that 

partial randomly functionalized AuNPs were still assembled onto the gold surface. 
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Figure 4-7. The real-time SPR trace of the self-assembling and disassembling processes of 
the randomly functionalized AuNPs 87 on the crown ether-coated gold surface. 

It was reasonable that after the extensive washing process with chloroform 

and base treatment, there were smaller number of functional groups could be 

deprotonated and washed away. As proposed in the beginning of this section, a series 

of randomly functionalized AuNPs with a larger number of functional groups were 

still interacted to the crown ether-coated gold surface by multivalent binding mode 

with enhanced stability towards the base, such as multiple hydrogen bonds and n-n 

interactions 156 
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4.7 Atomic force microscopy 

The morphologies of the crown ether-coated gold surface (Figure 4-8a), the crown 

ether-coated gold surface upon self-assembling of mono-functionalized AuNPs 

(Figure 4-8b) and randomly functionalized AuNPs (Figure 4-8c) were determined by 

atomic force microscopy (AFM). The crown ether coated-gold surface was relatively 

flat (Figure 4-8a) and the surface became rougher upon self assembling of the 

mono-functionalized AuNPs (Figure 4-8b). The spherical domains observed on such 

rough surface are believed to be the AuNPs. On the other hand, the crown 

ether-coated gold surface upon self-assembling of randomly functionalized AuNPs 

(Figure 4-7c) had a rough surface with more spherical domains, which were the 

AuNPs. Meanwhile, the randomly functionalized gold nanopartices self-assembled 

the crown ether-coated gold surface after the base treatment (Figure 4-7，zone D and 

E) showed significant amount of spherical domains after washing with chloroform 

extensively. Such observation matched with the SPR dip shift result, and our 

hypothesis that a series of randomly functionalized AuNPs were still intact of the 

crown ether coated-gold surface with enhanced base stability. 
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Figure 4-8. lum x lutn 2-D (above) and 3-D (below) atomic force microscopic images of a) 
crown ether-coated gold surface; b) crown ether-coated surface self-assembled with 
mono-functionalized AuNPs; c) crown ether-coated gold surface self-assembled with 
randomly functionalized AuNPs and d) crown ether-coated gold surface self-assembled with 
randomly functionalized AuNPs after washing with base and chloroform. 
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4.8 Purification of mono-functionalized AuNP from crude mixture 

The mono-functionalized AuNPs were obtained from purification by the microfluidic 

device. Following the same procedure as in section 4.1.6.3 and started with 0.4 mg 

crude AuNPs with a concentration of 2.5 |ig/mL, the final AuNP solutions obtained 

from the injection of base and chloroform were collected and dried in vacuum. Then, 

it was subjected to the ^H NMR spectroscopic analysis. 

4.8.1 Quantification study 

Nitromethane was used as the internal standard to determine the yield of the 

mono-functionalized AuNPs obtained from the microfluidic device. For instance, 

known amount of the nitromethane (0.05 |iL) was added to the CDCI3 solution of the 

obtained mono-functionalized AuNPs and subjected to ^H NMR spectroscopic 

analysis for about 1000 scans (Figure 4-9). The ratio of benzyl-C//?」！ at chemical 

shift § 5.16 to the internal standard CH3- at the chemical shift at 8 4.33 was 0.1813 

to 100. Hence, there was about 0.19 mg mono-functionalized AuNPs obtained, the 

percentage yield was about 48 % with relative error of 5 %.柳 Since the percentage 

yield of mono-functionalized AuNPs after magnetic separation, the purification 

efficacy after microfluidic purification was comparable. 
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Figure 4-9. Stacked H NMR of a) 1-butanethiolate (nonfunctional) AuNPs (2 nm); b) 
specific ligand for discrete functionalized AuNPs; and c) mono-functionalized AuNPs after 
purification by the SPR microfluidic device (Number of scan = 1567, relaxation delay (dl) 
=1 sec). 
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4.9 Section conclusion 

Chloroform-compatible microfluidic device for real-time surface plasmon resonance 

characterization was developed to monitor the self-assembling and disassembling 

processes of mono-functionalized AuNPs 77， non-functionalized/mono-

functionalized (crude) AuNPs, and the randomly functionalized AuNPs 87. The SPR 

response trace of mono-functionalized AuNPs showed complete acid/base-driven 

ON/OFF switching of pseudorotaxane on the gold surface. The mono-functionalized 

AuNPs 77 can be simultaneously characterized by SPR dip shifts and isolated from 

the non-functionalized AuNPs 74 in the crude mixture solution with comparable 

efficacy to the magnetic separation. On the other hand, the randomly functionalized 

AuNPs showed incomplete disassembling from the gold surface upon base 

treatment. The residue randomly functionalized AuNPs should possess a higher 

number of functional groups on each nanoparticle, so that the multivalent binding 

was feasible with enhanced stability to base. The SPR response traces of 

mono-functionalized AuNPs and randomly functionalized AuNPs were different, 

which was an important finding towards applications. Since the mono-functionalized 

AuNPs showed complete ON/OFF switchable pseudorotaxane properties, the 

reusability, and quantification were expected to give better result than the commonly 

used randomly functionalized AuNPs for further applications. 
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Moreover, the characterization and purification processes could be repeated 

several times and using a larger area of gold plate, so that larger quantity of AuNPs 

can be synthesized and purified. Since each mono-functionalized AuNPs possess one 

specific functional group, so it can open up the future applications of single molecule 

detection. These mono-functionalized AuNPs would be eventually immobilized^" 

with oligonucleotides for improved DNA sensing applications compared with the 

commonly used randomly functionalized AuNPs. 
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Chapter Five - Applications as Short Base-pairing 
DNA Sensors 
5.1 General considerations 

DNA sensors have been greatly investigated in recent years because these sensors 

can be used to detect some pathogenic and genetic diseases.®' Many sensors rely on 

the chemical post-modification on the target polynucleotides by adding fluorescent 

probes or other types of labeling moieties，： These processes are somewhat 

time-consuming and costly. In recent advance in nanotechnology, sensors that are 

combined with polynucleotides, can be directly used for DNA detection without any 

chemical modification. AuNPs is a desirable and outstanding candidate for this 

application because it is relatively stable, non-aggregated compared to other 

nanoparticles (e.g., magnetic particles), size tunable (down to sub-nanometer), shape 

tunable (e.g., spheres, cube, rod，etc.)，and size/shape/distance-dependent optical 
I r iro 

properties, ’ Most of the sensor applications employ the use of randomly 

functionalized AuNPs as the components for further DNA attachments.̂ ^®'*̂ '̂ ^̂ ''̂ '̂  

DNA primers are usually attached on the surface of AuNPs by a place exchange 

reaction of thiolate. After addition of the target DNAs, there exists a change of UV 

absorbance at the characteristic peaks of gold-DNA complexes at 260 nm, 520 nm 

and beyond, which correspond to the formation of the gold-DNA complexes and 
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hence, a decrease in the interparticle distance between AuNPs.!:�’级 

However, there exists particle-particle repulsions between bulky and negatively 

charged DNA, thereby affecting the "melting point" of the gold-DNA complexes in 

randomly functionalized A u N P s . 必 Such deviations may be different from 

batch-to-batch and depend on different lengths and sequences of DNA used. 

Calibration of such AuNP-based sensors would be required for individual 

experiments when different lengths and sequences of DNA are used. 

It was also found that the probe density of the AuNPs alter the properties of 

gold-DNA complexes，i2b i.e., the "melting point" of the gold-DNA complexes 

decreased with the decrease in probe density. Such probe density change was 

achieved by adding some diluent strands onto the AuNPs via place exchange reaction, 

which was an average (by estimation) in all of the AuNPs present. It is unsure that all 

AuNPs possess the same or very close for the probe density and that the probe 

density would approximately go down to 33%. 

Herein, we report the use of mono-functionalized AuNPs for the attachment of 

short single-strand DNA (10 base pairs) by simple and quantitative thiol-maleimide 

click reaction to afford the mono-functionalized AuNP-based DNA sensorsJ^ It is not 

necessary to synthesize additional mercaptoalkyloligonucleotide or to use a longer 

sequence of DNA, which is essential for the randomly functionalized AuNPs to have 
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some spaces for effective agglomeration/^^ Hence，commercially available 

mercapto-oligonucleotide can be used. Moreover, a relatively short sequence of DNA 

(10 base pairs) was attached to the mono-functionalized AuNPs to provide minimal 

steric and electrostatic repulsions between AuNPs during DNA assemblies. We report, 

for the first time, the use of mono-functionalized oligonucleotide AuNPs as sensor 

for a polynucleotide related to Pathogenicity island of vancomycin-resistant 

Enterococcus faecalis at sub-nanomole concentrations. Tail-to-tail and head-to-head 

i/jDNA-AuNP dimeric assemblies can be formed and characterized by UV/visible 

absorption spectroscopy, providing future nano-medicinal applications.^^'®' 

The i/jDNA-AuNP complexes studied are dissolved in mixture of organic 

solvents {N,!^ -dimethylformamide (DMF) and CHCI3) with specific amounts of 

NaCl solution. The use of organic solvents for DNA assembly provides new 

approaches for novel structural gene delivery，Moreover, <M)NA-AuNP sensors 

could be operated in alcoholic solvents.^^ Because of the DNA denaturing nature 

involving DMF, <isDNA-AuNP sensors that are compatible with DMF solvent, have 

not been reported yet. However, it was found that DNA assemblies of short 

sequences (21 base pairs) were basically intact even in 95% DMF solution, while 

longer sequences DNA were denatured,® The melting temperature study of the short 

sequences DNA has been done by the authors.幼 Such findings support that our target 
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double stranded DNA (10 base pairs) AuNPs would be stable in the organic solvent 

systems. 

5.2 Synthesis of the mono-maleimide functionalized AuNPs 

Mono-amine functionalized AuNPs 77 was simply reacted with A^-succinimido 

4-maleimidobutanoate 91 (Scheme 37). After purification with repeated vacuum 

drying, sonicating in and washing with acetontrile, mono-maleimide functionalized 

AuNPs 92 was obtained which have been characterized by the appearance of 

maleimide JR absorption band at 1707 cm"' (Figure 5-1).的 Moreover, there are new 

amide C=0 absorption peak at about 1651 cm"' with the shift of the para-substituted 

aromatic C-H stretching from 804 cm"' to 827 cm_� 

IMono-functionalized AuNP 

•pFBn 5 
92 

Scheme 37. The synthesis of mono-maleimide functionalized AuNPs. 
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Figure 5-1. The FT-IR spectrum of the mono-functionalized AuNPs 77 and mono-maleimide 
functionalized AuNPs 92. 

5.3 Synthesis of the mono-ssPrimer functionalized AuNPs and JsDNA-AuNP 
dimers 

Thiolate primers (type A and type B) that were complementary to the target DNA 

A’B’（5，—3，，TGACTCTTAA), were attached independently to the mono-maleimide 

functionalized AuNPs by thiol-maleimide click reaction (Scheme 38) to give 

mono-Ji'PrimerA functionalized AuNPs 93a and 93b and mono-^sPrimerB 

functionalized AuNPs 94a and 94b. To achieve a tail-to-tail dimeric AuNP 

nanostructure, primers A and B are HS-TTAAG and AGTCA-SH (5' to 3’）， 

respectively. On the other hand, primers A and B are TTAAG-SH and HS-AGTCA (5’ 

to 3，）to achieve a head-to-head dimeric AuNP nanostructure. Thiol-maleimide click 

reaction was used since the reaction condition was mild and the reaction yield was 
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quantitative.^ The target DNA A'B' was then added to a pair of mono-jsPrimerA and 

mono-jjPrimerB functionalized AuNPs for DNA hybridization, which will lead to 

tail-to-tail and head-to-head alignments of ^/^DNA-AuNP dimers 95 and 96 

respectively. 

HS-ssPrimer A 

•pFBn g 

HS-ssPrlmer B 

Primer B 

Sequence (5' • 3') 

93a Au-S-TTAAG 
931) Au—S-AGTCA 

Sequence {5' 3') 

94i ACTGA-S-Au 
94h TTAAG-S—Au 

AU� 

Target ssONA A.B’ (TGACTCTTAA) 

Au 

96 
Tail-to.tail dimer 

Sequence <5' — 3') 

Au-S-TTAAG 
AGTCA-S-Au 

Au Head-to* 

A 
Sequence (5"争 3') 

AU-«S-AGTCA 
TTAAG-S 屏 Au 

Scheme 38. The formation of i/^DNA-AuNP dimers with head-to-head and tail-to-tail 
alignments, utilizing mono-functionalized AuNPs. 
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The success of the thiol-maleimide click reaction has been characterized by the 

disappearance of maleimide IR absorption band at 1707 cmT' and the appearance of 

DNA symmetric PO2' at 1094 cm~' (head-to-head) and 1097 cm** (tail-to-tail) 

(Figure 5-2). Detailed IR assignments were tabulated in Table 5-1. 

2936 

2924 I^V 

V / 

1744 

I 
( 1 6 5 1 
1707 

837 

2924 
830 

17221633 

Head-to-tiead dimer 

Tail-to-tail dimer 

n 

AUJ 

1097 

Figure 5-2. FT-IR spectra of mono-maleimide functionalized AuNPs 92, <iyDNA—AuNP 
dimers with head-to-head alignments 96 and with tail-to-tail alignments 95. 
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Table 5-1. The FT-IR absorption peaks assignments 
AuNPs 92，rf̂ DNA-AuNP dimers with head-to-head 
alignments 95. 

of mono-maleimide functionalized 
alignments 96 and with tail-to-tail 

IR stretching 
frequency 

Assignments 

Mono-maleimido 2936 cm" Alkane C-H stretching 
functionalized AuNP 1744 cm" Ester C=0 stretching 
92 1707 cm" Asymmetric maleimide C=0 

stretching 
1651cm" Amide C=0 stretching 
837 cm-i Para-substituted aromatics C-H 

dsDNA-AuNF (head-to 2924 cm" Alkane C-H stretching 
head dimer) 1722 cm" Ester C=0 stretching 
96 1631cnT Amide C=0 stretching 

1094 cm" (broad) Symmetric PCV stretching (DNA) 
828 cm"' Para-substituted aromatics C-H 

細 NA-AuNP (tail-to tail 2924 cm" Alkane C-H stretching 
dimer) 1722 cm" Ester C=0 stretching 
95 1633 cm— Amide C=0 stretching 

1097 cm— (broad) Symmetric PO2" stretching (DNA) 
830 cm"' Para-substituted aromatics C-H 

5.4 Synthesis of random-ssPrimer functionalized AuNPs and rfsDNA-AuNP 
random structures 

Random-amine functionalized AuNPs was reacted with yV-succinimido 

4-maleimidobutanoate 91，the obtained random-maleimide functionalized AuNPs 

97 after purification was subjected to thiol-maleimide click reaction with two 

different thiolate primers (Scheme 39) to give random-^jPrimerA and 

random-^jPrimerB functionalized AuNPs 98 and 99 respectively. Then the target 

DNA was added to undergo hybridization, which will lead to ^MDNA-AuNP 
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oligomers with head-to-head alignments 100. 

Rnndom fiinrtiontili/ed AiiNPs 

Au f MH 
\ pFBn. 

Au 

O . 

pFBn “ / 

HS-ssPrimer A 

AU 卿 A ) AU L l ^ ^ S ' 
\ pFBn 8 i \ pFBn I 

Primer B 

Sequence (5' — 3.) 

98 Au—S-AGTCA 

Sequence (5' • 3') 

99 TTAAG-S—Au 

Target ssONA A.B。(TGACTCTTAA) 

Head-to-head oligomers 

Sequence (5' • 3') 
-AGTCA 

- S — A u 

Scheme 39. The formation of f/^DNA-AuNP oligomers with head-to-head alignments, 
utilizing random-functionalized AuNPs. 
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5.5 Melting temperature analysis 

The i/jDNA will dissociate into its •wDNA upon increasing in temperature of the 

system. Upon dissociation, the absorption peaks in 260 nm will increase due to 

hyperchromic effect. The melting temperature of the dsDNA referred to the 

maximum point of the first derivative of the melting temperature curve, which is the 

temperature at which half of the DNA is in random coil and half of the DNA is in 

double-helical form^ic Noticeably, DMF has a UV cut-off wavelength at 268 nm so 

that the typical DNA melting characteristic peak at 260 nm would not be feasible for 

monitoring the /̂̂ DNA assembly and disassembly. Herein, the absorbance change at 

521 nm was monitored to evaluate the properties of the <isDNA-AuNP complexes. 

The concentration of the primers and AuNPs used for UV/visible absorption 

spectroscopic measurements are denoted in Table 5-2. 
Table 5-2. Concentration of primer and AuNPs for UV/visible absorption spectroscopic and 
transmission electron microscopic measurements. *Randomly functionalized AuNPs are 
used. 

Entry [Primer A] = [Primer B] = [Target A'B'] 
OiM) [AuNP] (mg/mL) 

1-6 0.3989 0.0614 
7-12 0.3991 0.0614 

(13-15)* 1.9515 0.0601 
Upon addition of the target j^DNA A'B' to the mono-jjPrimer functionalized 

AuNPs, the absorbance of AuNP at 521 nm would be disappeared, indicating that 

new <ijDNA-AuNP nanostructures were formed. Upon the melting temperature 
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analysis, the increase of temperature of the ^/^DNA-AuNP would increase the 

relative absorbance at 521 nm, indicating that the AuNPs were dissociated into its 

monomelic state. Melting curves were plotted wherein the melting temperatures were 

determined according to the first derivatives of the curves (Table 5-3 and Figure 5-3). 

The f/^DNA-AuNP complexes possess two structural alignments: tail-to-tail and 

head-to-head. For tail-to-tail alignment, two AuNPs were expected to align at the 

each ends connected with the target dsDNA strand. For head-to-head alignment, two 

AuNPs were expected to align closely at the middle of the target dsDNA strand. 

However, red shift of characteristic absorption wavelength from 520 nm to 650 nm 

was not observed in both cases. It may be attributed that the formation of AuNP 

dimers having small agglomeration and the interparticle distance are longer than the 

average size of nanoparticles, whereas such shifts are too weak to be detected?2d’ 29 

By comparing the melting temperature results (Table 5-2), the head-to-head 

alignments possess similar melting temperatures than that of the tail-to-tail 

alignments with the same conditions. It is an exceptional finding when randomly 

functionalized AuNPs were used. It is believed that they possess enhanced steric and 

electrostatic repulsions between DNAs in the randomly functionalized AuNPs in 

close proximity. This effect can be minimized by using mono-functionalized AuNR 
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Table 5-3. a) Primer sequences of different entries; b) Melting temperature of ctsDNA-AuNP 
nanostructures by observing the absorbance change at 521 nm. *Randonily functionalized 
AuNPs are used. (Errors < 3%) 
a) 

Entry jsPrimer A 55Primer B 
(5，—3，） 

•wTargetA'B’ 碰 NA-AuNP 
alignment 

1 - 6 

7 - 1 2 
( 1 3 - 1 5 ) * 

HS-TTAAG 
TTAAG-SH 
TTAAG-SH 

AGTCA-SH TGACTCTTAA Tail-to-tail 
HS-AGTCA TGACTCTTAA Head-to-head 
HS-AGTCA TGACTCTTAA Head-to-head 

b ) 

Entry Melting 
temperature (°C) 

Solvent ratio 
(DMF/CHCI3/H2O) 

[NaCl] (mM) dsDNA-AuNP 
alignment 

2 
3 
4 

5 
6 
7 

8 

9 
10 
11 
12 

13* 
14* 
15* 

24 .1 
26.6 
29 .3 
2 4 , 9 
2 7 . 8 
3 0 . 0 
2 3 . 8 
2 6 . 5 
2 9 . 0 
2 5 . 2 
2 7 . 0 
3 0 . 3 
2 7 . 1 
28.6 
31 .7 

0 . 0 3 
0 . 0 3 
0 . 0 3 
0 . 0 3 
0 . 0 3 
0 . 0 3 
0 . 0 3 
0 . 0 3 
0 . 0 3 
0 . 0 3 
0 . 0 3 
0 . 0 3 
0 . 0 3 
0 . 0 3 
0 . 0 3 

1 |jM 
5 jiM 
10 | I M 
1 iiM 
5|iM 
lOjjM 
1 [iM 
5nM 
10 îM 
1 mM 
5MM 
10 ^M 
1 mM 
5|uM 
10|iM 

Tail-to-tail 
Tail-to-tail 
Tail-to-tail 
Tail-to-tail 
Tail-to-tail 
Tail-to-tail 

Head-to-head 
Head-to-head 
Head-to-head 
Head-to-head 
Head-to-head 
Head-to-head 
Head-to-head 
Head-to-head 
Head-to-head 
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Salts are essential for DNA assembly for charge balance in the f^^DNA 

structures, especially in the presence of organic solvents. The salt effect on the 

formation of J^DNA-AuNP nanostructures was studied (Figure 5-4). Three different 

concentrations of sodium chloride solution (1，5，and 10 pM) were added to the 

mixtures. It was found that the melting temperature (Table 5-3) of the <ijDNA-AuNP 

complexes increases with increasing salt concentrations for both tail-to-tail and 

head-to-head alignments. 

[NaO] added (uM) 

Figure 5-4, Relationship between salt concentration and melting temperature of 
<M)NA-AuNP nanostructures. 

Solvent effect on forming the ^/^DNA-AuNP complexes is also studied by 

increasing the ratio of CHCI3 to DMR Since the target DNA consists of 10 base pairs, 

such short DNA increases the hydrophobicity and hence reduces the free energy in 

the annealing process. Moreover, the mono-jjPrimer functionalized AuNPs are more 
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soluble in CHCI3 than in DMR Therefore, addition of CHCI3 should also increase the 

stability of the rf^DNA-AuNP nanostructures. As a result, the melting temperatures 

of c/^DNA-AuNP nanostructures increase with increasing CHCI3 ratio. 

The melting temperature difference of tMDNA between the 

mono-functionalized AuNPs (entry 7-9) and the randomly functionalized AuNPs 

(entry 13-15) is compared. The melting temperatures using the randomly 

functionalized AuNPs for dsDNA assembly are higher than those of the 

mono-functionalized AuNPs by 1.9-3.3�C with the same conditions. That is, the 

melting temperature increases with increasing probe density. Therefore, the probe 

density was tunable not only by diluents stranded place exchange reaction, but also 

by controlling the functional ligand density of the particle's surface� 

5.6 TEM characterization of </sDNA-AuNP structures 

The i/jDNA-AuNP solutions were analyzed by TEM with nearly the same AuNP 

concentrations (Table 5-2). The TEM images of solutions of entries 3 and 6, which 

contain the tail-to-tail dimeric species, reveal significant amounts of AuNP dimer 

pairs (Figure 5-5, pairing of dark dots). Similarly, significant amounts of AuNP dimer 

pairs are also observed in their TEM images for the solutions of entries 9 and 12 

from which they contain head-to-head dimeric species. In contrast, the TEM image 
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Tail-to-tail 

TGACT-CTTAA 

Au 

Figure 5-5. Transmission electron microscopic images of entries 3 and 6 (<M)NA-AuNP’ 
tail-to-tail alignment); entries 9 and 12 (rfjDNA-AuNP, head-to-head alignment); and entry 
15 (rfsDNA-randomly functionalized AuNP, head-to-head alignment). The scale bar (white) 
represents 20 nm. 
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of the solution of entry 15 reveals agglomerated AuNP nanostructures. This 

observation demonstrates that the randomly functionalized AuNPs involve the 

formation of a network of AuNPs while the mono-functionalized AuNPs form 

discrete nanostructures. 
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5.7 Section conclusion 

In conclusion, short ŷ̂ yDNA sensors that involve mono-functionalized AuNPs are first 

reported. By way of an example, the hybridization and the detection of a 10 base-pair 

oligonucleotide which relates to Pathogenicity island of vancomycin-resistant 

Enterococcus faecalis, have been demonstrated in organic solvent mixtures at 

sub-nanomole concentrations. It was found that the melting temperature of the 

J^DNA-AuNP complexes increases with increasing salt concentrations as well as the 

chloroform in the solvent ratio, demonstrated in both tail-to-tail and head-to-head 

alignments. Transmission electron microscopic images of the J^^DNA-AuNP 

complexes with mono-functionalized AuNPs reveal significant amounts of dimeric 

AuNP species while that of randomly functionalized AuNPs reveal an agglomerated 

AuNP nanostructures. This randomly agglomerated nanostructure may result in cross 

binding of non-hybridized DNA and AuNP trapping within the network, leading to 

inaccurate shifts of UV/visible absorption signals. While our mono-functionalized 

AuNPs which provide one to one DNA annealing to AuNP, the spectroscopic signals 

are revealed from the formation of discrete ^/jDNA-AuNP dimeric complexes. This 

approach based on the formation of less-steric head-to-head alignment may provide a 

more quantitative sensing property, providing a great potential in future applications 

in nanomedicine and sensor development. 

165 



Chapter 4 

Chapter Six — Conclusion and Outlook 
Novel discretely mono-functionalized AuNPs were synthesized by supramolecular 

solid-phase chemistry, which was then purified by crown ether-coated iron oxide via 

magnetic separation with high efficiency. The synthetic strategy provided a mild 

condition of reaction with improved yield when compared with the traditional 

covalent synthesis� Moreover, the intermediates of resin structures and 

nanostmctures were first characterized step-by-step in the syntheses, by FT-IR and 

XPS. The novel supramolecular dimers and trimers with discretely 

mono-functionalized AuNPs were also reported with significant changes of SPR dip 

shifts. 

The discretely mono-functionalized AuNPs were expected to possess different 

physical and chemical properties compared to the commonly used randomly 

functionalized AuNPs. Moreover, the discretely mono-functionalized AuNPs should 

provide more quantitative results in several sensing applications since they enabled 

single molecule detection rather than unknown, on an average number of targets 

detection. Such hypothesis was supported by (1) the simultaneously purification and 

SPR characterization of mono-functionalized AuNPs and randomly functionalized 

AuNPs by a SPR microfluidic device; (2) the differences of melting temperature of 

fM)NA-AuNP complexes formed by mono-functionalized AuNPs and randomly 



Chapters 

functionalized AuNPs. 

The mono-functionalized AuNPs were found to possess complete ON/OFF 

switching properties of pseudorotaxane structures while the randomly functionalized 

AuNPs were found to possess incomplete ON/OFF switching properties. Such 

difference in chemical properties affected the reaction involving the AuNPs so as to 

their sensor applications in giving a more sensitive and quantitative results�For 

instance, there may be a residual signal of target with the randomly functionalized 

AuNPs when the AuNPs pseudorotaxane was in the OFF state. 

The melting temperatures of 10 base pairs J^DNA-AuNP complexes formed by 

mono-functionalized AuNPs were also found to be lower than that of the randomly 

functionalized AuNPs. Such difference in physical properties of the complexes 

would also affect the quantitative result of sensor applications. For instance, the 

multiple DNA chains of randomly functionalized AuNPs increased the stability of the 

i/jDNA-AuNP complexes. Hence, the melting temperature of the complexes did not 

reflect the real, discrete double-stranded DNA melting temperature. 

The mono-functionalized AuNPs were effectively synthesized and characterized 

as well as to give a more sensitive and quantitative result in terms of DNA sensing 

applications. This research would open up the future of single molecule detection. 
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Chapter Seven 一 Experimental Procedures 
7.1 General Information 

For experiments related to Chapter 3 

General consideration 

All chemicals were purchased from Aldrich or Acros and used without further 
o 

purification. All solvents were dried, distilled and stored with molecular sieves (4 A). 

Tetrahydrofuran (THF) was dried with Na-benzophenone; CH2CI2 was dried with 

NaH and N,N '-dimethylformamide (DMF) was dried with CaH�. Polystyrene Wang 

resin (PS resin) which was purchased from Aldrich, composed of a 1% 

1,4-divinylbenzene (DVB) cross-linked 4-benzoxybenzyl alcohol, polymer-bound 

resin with particle size of 100-200 mesh and a hydroxyl group density of 1.0-L5 

mmol/g. All reactions were performed under high purity nitrogen. Thin layer 

chromatography (TLC) was performed on silica gel 60 F254 (Merck), Column 

chromatography was performed on silica gel 60F (Merck 9385, 0.040-0.063 mm). 

Neodymium-iron-boron (NIB) magnets were used. 

Characterization 

All nuclear magnetic resonance (NMR) spectra were recorded on either a Bmker 

DPX 300 (1h: 300 MHz; ^̂ C: 76 MHz) or Bmker Advance 400 (丨H: 400 MHz; '^C: 

101 MHz) spectrometer at 298 K and CDCI3 was used as the solvent unless 
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Otherwise stated. The residual proton resonance signals of the non-deuterated 

solvents were used as reference calibration. Chemical shifts are reported as parts per 

million (ppm) for both ^H and ^̂ C NMR spectroscopies. Electrospray ionization (ESI) 

mass spectra were measured on a Thermo Finnigan MAT95XL mass spectrometer 

with CH2Cl2/MeOH (1:1) as the mobile phase. The reported molecular mass (m/z) 

values correspond to the most abundant monoisotopic masses. Melting points were 

measured on an Electrothermal 9100 digital melting point apparatus and are 

uncorrected. Thermogravimetiic analysis (TGA) were performed on a TA 

Instruments Hi-Res TGA 2950 Thermogravimetric Analyzer from 30 to 800 °C 

(heating rate = 50�C/min) . FTIR spectra were recorded using a Perkin Elmer 

Spectrum I while far-IR spectra were recorded using a Nicolet-Nexus 670 FTIR ESP. 

Prior to recording the FTIR spectra, solid samples were grounded with analytical 

grade KBr (10:1 KBr:sample) and that powder was pressed with pressure to produce 

a pellet for IR measurement. For recording the far-IR spectra, the sample chamber of 

the instrument was flashed with anhydrous N2 for 4 h. Solid samples were grounded 

into fine powder followed by the addition of a few drops of analytical paraffin oil. 

The powder/oil mixture was then subjected to further grinding. Subsequently, the 

mixture was placed on a polystyrene pellet for IR measurement. UV/Visible 

absorption spectra were obtained using a Gary 5G UV-Vis-NIR spectrophotometer. 
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High-resolution transmission electron microscopic (TEM) images were obtained 

under a FBI TecnaiF20 Field Emission Transmission Electron Microscope. A drop of 

the sample solution with a concentration approximately 0.2 mg/mL was added to a 

carbon-coated copper grid for TEM analysis. X-ray powder diffraction patterns 

(XRD) of the products were obtained on a Japan Rigaku DMax-yA rotation anode 

X-ray diffractometer equipped with graphite monochromatized Cu Ka radiation (X = 

1.54178 A). 

For experiments related to Chapter 4 

General methods 

25 mm x 25 mm x 1 mm N-BAFIO glass and 25 mm equilateral prism with a 

refractive index of 1.67003 were purchased from TEMTO Technology Co, Ltd. 

Polydimethylsiloxane (PDMS) was prepared by SYLGARD 184 silicone elastomer 

kit from Dow Coming. KDS Gemini 88 dual rate syringe pump was used. 

Monofunctional (secondary amine) AuNPs, nonfunctional («-butanethiolate) AuNPs, 

and their crude mixtures were prepared according to the Chapter 3. All chemicals 

were purchased from Aldrich or Acros and used without further purification. Thin 

layer chromatography (TLC) was performed on silica gel 60 F254 (Merck). Column 

chromatography was performed on silica gel 60F (Merck 9385, 0.040^.063 mm). 
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Characterization 

All nuclear magnetic resonance (NMR) spectra were recorded on Bruker Avance 400 

(^H: 400 MHz; 13c: 101 MHz) spectrometer at 298 K and CDCI3 was used as the 

solvent. The residual proton resonance signals of the non-deuterated solvents were 

used as reference calibration. Chemical shifts 5 are reported as parts per million (ppm) 

for both ^H and ^̂ C NMR spectroscopies�Electrospray ionization (ESI) mass spectra 

were measured on a Thermo Finnigan MAT95XL mass spectrometer with 

CH2Cl2/MeOH (1:1) as the mobile phase. The reported molecular mass (m/z) values 

correspond to the most abundant monoisotopic masses. Melting points were 

measured on an Electrothermal 9100 digital melting point apparatus and are 

uncorrected. Atomic force microscopy (AFM) spectra were measured with scan size 

5.000 X 5.000 |im and a scan rate of 1.001 Hz. 

For experiments related to Chapter 5 

General Consideration 

Chemicals were purchased from Aldrich unless otherwise specified. 

NJ f -Dimethylformamide (DMF) was distilled and dried with 4 A molecular sieves. 

Analytical grade chloroform (CHCI3) was used without further purification. Custom 

DNA primers with HPLC purification were purchased from Invitrogen. 
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Characterization 

Temperature-controlled UV/visible measurements were performed with a Beckman 

DU-7500 photo-diode array spectrophotometer. High-resolution transmission 

electron microscopic (HR-TEM) images were obtained with a FEI TecnaiF20 Field 

Emission Transmission Electron Microscope. Deionized water was obtained from a 

Barastead RO pure system�FTIR spectra were recorded using a Perkin Elmer 

Spectrum I. Prior to the recording of FTIR spectra, solid samples were grounded with 

analytical grade KBr (10:1 KBr:sample) and that powder was pressed with pressure 

to produce a pellet for IR measurement. 
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7.2 Experimental Procedures 

For experiments related to Chapter 3 

Amine 69. To a solution of compound 73 (2.98 g, 5.58 mmol) and phenol (8.40 g, 

89.3 mmol) in CH2CI2 (10 mL) at ambient temperature, trimethylsilyl chloride 

(TMSCl, 3,90 mL, 30.7 mmol) in CH2CI2 (10 mL) was added dropwise. The reaction 

mixture was then stirred for 4 h. Subsequently, the reaction mixture was quenched 

with 2 M NaOH and extracted with CHCI3. The organic extract was washed with 

saturated NaCl, dried (anhydrous MgS04) and filtered. The filtrate was concentrated 

under reduced pressure to give a residue. The residue was purified by column 

chromatography using hexane/EtOAc (2:1 gradient to 1:2) as the eluent to give an oil 

(2.40 g，98%). ^H NMR (CD3CN, 400 MHz) 6 L35-L46 (m’ 2H), 1.53-L71 (tn, 

4H), 1.79-1.88 (m, IH), 2.31-2.42 (m，3H), 3.03-3J7 (m, 2H)，3.53 (quin, J = 3.2 

Hz, IH), 3.70 (s, 2H), 3.72 (s, 2H), 5.07 (s, 2H), 7.02-7.07 (m’ 2H), 7.30-7.36 (m, 

6H); 13c NMR (CD3CN, 101 MHz) 8 25.4’ 29.3, 34.6’ 35.2, 39.2, 41.0, 52.8, 53.2, 

57.3, 66.5, 115.6，115.8，129.0，130.7，130.8，136.0，137.9，138.0，141.9, 161.4，163.8， 

173.9; MS(HR-ESI) calcd for C23H29FNO2S2 m/z = 434.1618 (Theory); Found m/z = 

434.1632 ([M+H], 100%). 

Ammonium 69*HPFg. Compound 69 (2.40 g, 5.47 mmol) was dissolved in CH2CI2 

(10 mL) with vigorous stirring. Hexafluorophosphoric acid (60% in water, 1.13 mL, 
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8.21 mmol) was added dropwise into the solution. After 10 min, water was added to 

dilute the reaction mixture. The reaction mixture was then extracted with CH2CI2 

twice, the combined organic layers were dried with anhydrous NazSO*. After the 

filtration of the solids, the filtrate was evaporated under reduced pressure to give a 

pale yellow solid (2.50 g, 79%). M.p. 141.9-142.9 ^H NMR (CD3CN, 400 MHz) 

5 1.38-1.46 (m, 2H), 1.56-1.73 (m, 4H), 1.85-1.91 (m, IH), 2.35-2.45 (m，3H), 

3.09-3.18 (m, 2H), 3.58 (quin, J = 3.2 Hz, IH), 4.18 (s, 2H), 4.18 (s，2H), 5.11 (s, 

2H), 7.16-7.20 (m, 2H), 7.41-7.53 (m, 6H); " C NMR (CD3CN，101 MHz) 5 25.4, 

29.4, 34.5，35.3，39.3，41.1，51.6，52.0, 57.4，66.1, 116.7, 116.9, 128.0，129.4，13L4, 

131.5，131.6, 133.6，133.7，139.2, 163.0，165.5，174.1; MS(HR-ESI) calcd for 

C23H29FNO2S2 m/z = 434.1618; Found m/z = 434.1616 ([M-PF6]+，100%). 

Boc-protected amine 73. To a solution of (土)-thioctic acid (72，1.62 g, 7.87 mmol) 

in NEt3 (1.10 mL, 7.86 mmol) and THF (10 mL) at - 3 isobutyl chloroformate 

(IBCF, 1.02 mL 7.86 mmol) was added to give a pale yellow solution. After 30 min, 

the ,-butyloxycarbonyl (Boc)-protected compound (3.21 g, 7.86 mmol) and 

catalytic amount of 4-dimethylaminopyridme (DMAP) were added to the mixture. 

The reaction mixture was stirred for 4 h at ambient temperature. Subsequently, the 

excess solvents were evaporated in vacuo and the residue was dissolved in CHCI3. 

The solution was washed with saturated NaHCOs, H2O, 2 M HCl and saturated NaCl 
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and finally taken up with CHCI3. The organic layer was dried (anhydrous MgS04) 

and filtered. The filtrate was concentrated under reduced pressure to give a residue. 

The residue was purified by column chromatography using hexane/EtOAc (8:1 

gradient to 4:1) as the eluent to give an oil (2.98 g，71%). ^H NMR (CDCI3, 300 

MHz) 5 1.43-1.48 (m, IIH), 1.65-1.67 (m, 4H), 1,85-1.87 (m, IH), 2.33-2.40 (m, 

3H), 3.08-3.11 (m, 2H), 3.53 (qu in , /=3 .2 Hz, IH), 4.21-4.33 (bs, 2H), 4.33-4.47 

(bs, 2H), 5.09 (s’ 2H), 6.95-7.00 (m，2H)，7.05-7.25 (bs, 4H), 7.30 (d, J = 7.8 Hz, 

2H); 13c NMR (CDCl3’76 MHz) 5 25.1’ 28.8, 29.1，34.4’ 35.0, 38.9，40.6，48.8，49.2， 

56.7, 66.3，80.6, 115.6,115.9, 128.0，128.5，128.9, 129.5, 130.0，134.1，135.1，138.4， 

156.2, 160.8，164.1,173.6; MS (HR-ESI) calcd for CzsHbeFNCUSzNa m/z = 556.1962; 

Found tn/z =556.1960 ([M+Na], 100%). 

PS—DB24C8 76, To a mixture of DB24C8-CO2H TÔ ^̂ *' (0.74 g, 1,51 mmol) in 

DMF (5 mL) and NEts (0.21 mL, 1.50 mmol) at - 3 � C was added IBCF (0.20 mL, 

1.54 mmol) to give a pale yellow solution. After 30 min, PS Wang resin 75 (2.13 g, 

preswollen in DMF (10 mL) for 1 h) and a catalytic amount of DMAP were added to 

give a pale brown solution with the dispersion of resin. The reaction was stirred 

overnight at ambient temperature. The resulting solution was filtered and washed 

with CH2CI2 several t imes�The filtered resin was obtained as the PS-DB24C8 76. 

Furthermore, the excess solvents of the filtrate were evaporated. The resulting solid 
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was redissolved in CHCI3, and the solution was washed with saturated NaHCOs, 

water, and 2 M HCL The pH of the solution was carefully adjusted to 4. The organic 

layer was washed with saturated NaCl, dried (anhydrous MgS04)，and filtered. Then, 

the filtrate was evaporated to dryness under reduced pressure to give a white solid 

The remaining amount of the DB24C8-CO2H 70 as in the filtrate was determined by 

^H NMR with the addition of known amount of MeN02 (5.4 pL) as an internal 

standard. By comparing the integration ratio between the methyl hydrogen signal 

from the internal standard and the ethylene glycol hydrogen signal from the crown 

ether, the yield of the reaction was found to be 77%. The PS-DB24C8 76 was 

characterized by the presence of the significant C=0 absorption band at 1741 cm"^ in 

the FT-IR spectrum (KBr, solid). A control experiment was done with the same 

procedure, but the solvent was changed to CH2CI2, from which no reaction occurred, 

that is, 100% of the DB24C8-CO2H 70 was present in the filtrate. 

PS-DB24C8�[69 .HPF6]n. All the resin PS-DB24C8 76 prepared from the 

previous step was swelled in CH2CI2 (103 mL) and MeCN (1.7 mL) with gentle 

mechanical shaking. Compound 69 HPF6 (0.48 g，0.82 mmol) was added to the resin 

suspension at 40 for 1 h and at ambient temperature for 2 h. Subsequently, the 

resin was filtered and washed with CH2CI2 (10 mL): FTIR (KBr, solid) v = 3231 and 

3252 cm-i [N+H2]，1735 cm"^ [0=0]� 
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PS-DB24C8�[69-HPF6-AuNP]„. n-Butanethiolate-coated AuNPs (10.0 mg)，as 

prepared from the modified literature procedure, were added to a solution of 

PS-DB24C8�[69 .HPF6]n in CH2CI2 (10,3 mL) and MeCN (1.7 mL). The mixture 

was shaken gently at 40 for 4 h and at ambient temperature for 24 h. The resulting 

resin was then filtered and washed with CH2CI2 (10 mL): FTIR (KBr, solid) v = 233 

cm-i [NTHz], 1737 [C=0]; far-IR (suspension in paraffin oil) v = 249 cm"^ 

[Au-S]. 

69-AuNP 77. The resin PS-DB24C8 D [69-HPF6-AuNP]„. was suspended in 

CH2CI2 (10.3 mL) and MeCN (1.7 mL). NEtj (0.23 mL) was added to the suspension 

with gentle mechanical shaking for 40 min at ambient temperature. The resin was 

then filtered and washed with CH2CI2 (10 mL). The filtrate was evaporated in vacuo, 

and the residue was washed with cold EtOH�Finally，the resulting solid was 

dissolved in CH2CI2. Purification was facilitated with SPIO-DB24C8 80: First, a 

solution of SPIO-DB24C8 80 (1.0 g) in CH2CI2 (3 mL) was sonicated for 10 min. 

The crude 69-AuNP products in CH2CI2 were mixed with the SPIO-DB24C8 80 

solution. H-TFA (0.15 mL, L95 mmol) was added to the mixture and shaken 

mechanically for 15 min. A magnet was placed near the reaction flask to 

magnetically attract all of the magnetic particles. The supernatant was discarded and 

placed aside, while the magnetic particles were washed with CH2CI2 under the 
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application of magnetic field. A solution of EtaN (0.28 mL, 2.00 mmol) in CH2CI2 (5 

mL) was added to the resulting magnetic particles. The solution was then 

mechanically shaked for 15 min, A magnet was placed near the reaction flask to 

magnetically attract all the magnetic particles, and then the supernatant was collected, 

washed with H2O, and dried in vacuo to give the purified 69-AuNPs (6.3 mg): FTIR 

(KBr, solid) v = 1733 cm"^ [C=0], 804 cm"̂  [para-subsituted aromatic C-H]; far-IR 

(suspension in paraffin oil) v = 249 cm'̂  [Au-S]; UV/visible (CH2CI2, L mg~' cm"') 

£ = 2.00，0.84, Xmax = 265,5 and 525 nm. Conversion yields: 3,0 mg of 69-AuNP per 

gram of PS Wang resin 75 (-OH density = 1.0-1.5 mmol/g) and 2.3 mg of 69-AuNP 

per gram ofPS-DB24C8 76 (-DB24C8 density - 1.0 mmol/g). 

SPIO 78. The superparamagnetic iron oxide (SPIO, FcsCU) particles were prepared 

through a solvothermal reaction. Briefly, FeCb.GH^O (0.54 g), sodium acrylate (1.5 

g) and NaOAc (1.5 g) were dissolved in ethylene glycol (20 mL) under magnetic 

stirring. The obtained homogeneous yellow solution was transferred to a Teflon-lined 

stainless-steel autoclave and sealed to heat at 200 °C. After the reaction for 10 h, the 

autoclave was cooled to room temperature. The obtained magnetite particles were 

washed with EtOH and doubly deionized water for several times, and finally 

dispersed in EtOH (25 mL). 

SPIO-NH2 79. In a typical process, the as-prepared Fe304 / EtOH solution (2 mL) 
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was mixed with H2O (3 mL), NH4OH (1 mL) and EtOH (20 mL). The mixture was 

homogenized by ultrasonication. After 30 min, tetraethylorthosilicate (TEOS, 0.1 mL) 

in EtOH (6 mL) was injected into the solution within 30 min. After the reaction was 

performed for 1 h, the products were collected by the help of a magnet, washed with 

EtOH and H20 several times. Then, the products (0.1 g) were re-dispersed in EtOH 

(50 mL) by ultrasonication. Subsequently, aminopropyltriethoxysilane (APTES, 2 

mL) solution was introduced into the solution and stirred for 48 h to complete the 

grafting experiment. The products were collected by the help of a magnet, washed 

with EtOH and H20 several times. Finally, the product was dried in vacuum for 12 h 

to obtain the SPIO-NH2 microspheres. FTIR (KBr, solid) v = 1092 cm"̂  [Si-O], 588 

cm-i [Fe-O]. 

SPIO-DB24C8 80. A solution of DB24C8-CO2H 70 (1.42 g, 2.88 mmol) in CH2CI2 

(5 mL) was shaken with a mechanical shaker at - 3 under N2. NEta (0.40 mL, 2.88 

mmol) was added to the solution. After 15 min, IBCF (0.37 mL, 2.85 mmol) was 

added to the solution. After 30 min, a sonicated (30 min) solution of SPIO-NH2 79 

microspheres (0.97 g) and catalytic amount of DMAP in CH2CI2 (5 mL) were added. 

The reaction mixture was stirred for 24 h at ambient temperature. A magnet was 

placed near the reaction flask to magnetically attract all the magnetic particles�The 

supernatant was discarded and the magnetic particles were washed with CH2CI2 
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under the application of magnetic field. The magnetic particles were further treated 

with dilute acetic acid to consume any free amine moiety on the SPIO-DB24C8 80 

particles. A magnet was placed near the reaction flask to magnetically attract all the 

particles. The supernatant was discarded and the magnetic particles were washed 

with CH2CI2 under the application of magnetic field. The pale brown solid 

SPIO-DB24C8 80 obtained was dried in vacuum. The discarded solution which 

contains DB24C8-CO2H 70 was concentrated under reduced pressure and then 

subjected for 'h NMR analysis with an internal standard (MeNO?)�The amount of 

the residue DB24C8-CO2H 70 was determined in order to calculate the amount of 

DB24C8-CO2H 70 that was reacted with the SPIO-NH2 79. FTIR (KBr, solid) v = 

1629 cm—1 [amide N-H], 1093 cm"^ [Si—O]’ 586 cm'^ [Fe-O]. 

BisDB24C8 82. To a mixture of DB24C8-CO2H 70 (0.40 g, 0.81 mmol), 

hydroquinone (81，0.045 g, 0.41 mmol) and catalytic amount of DMAP in CH2CI2 (5 

mL) and THF (2.5 mL) at 0 °C，dicyclohexyl carbodiimide (DCC, 0.32 g, 1.54 mmol) 

was added. The mixture was stirred for 24 h at ambient temperature�A precipitate 

was formed Subsequently，the precipitate was filtered off and then the filtrate was 

concentrated under reduced pressure to give a residue. The residue was purified by 

column chromatography using EtOAc/EtOH (3:1) as the eluent to give the product as 

a white solid (0.18 g, 42%). M.p. 101.9-102.8 ^H NMR (CDCI3，400 MHz) 8 
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3.84-3.86 (m’ 16H), 3.93 (m, 16H)，4.15-4.20 (m, 16H), 6.79-6.95 (m, 14H), 7.61 

(s, 2H), 7.80 (d, 7 = 8 Hz, 2H); ^̂ C NMR (CDCI3, 101 MHz) 5 69.4，69.47, 69.59， 

69.74，69.88，70.06，71.39，71.55，112.15’ 114.14, 114.75，116.16, 121.58，121.61， 

122.28, 122.63, 124.81’ 144.22，148.42，148.96’ 153.46, 165.52; MS(HR-ESI): calcd 

for C3iH360iiNa m/z = 607.1550 (Theory); Found m/z = 607.2178 ([M+Na+Cs]^^ 

100%). 

DB24C8-Act 8 4 To a mixture of DB24C8-CO2H 70 (2.01 g，4.07 mmol) and 

propargyl alcohol (83’ 1.70 mL, 29.2 mmol) in CH2CI2 (20 mL) at 0 "C, 

l-ethyl-3-(3-dimethylaminopropyl) carbodiimide methiodide (EDCI, 2.67 g, 8.98 

mmol) and a catalytic amount of DMAP were added and stirred for overnight. After 

that, the excess solvent was evaporated in vacuo to give a residue. The residue was 

purified by column chromatography using EtOAc as the eluent to give a pale brown 

solid (1.34 g, 62%). M.p. 97.9—98.4�C. ^H NMR (CDCI3, 400 MHz) 5 2.50-2.51 (t, 

J = 2.4 Hz, IH), 3.83 (s, 4H), 3.83 (s, 4H), 3.90-3.94 (m, 8H), 4.13-4.15 (t, J = 4.0 

Hz, 4H)，4.17—4.19 (t, 7 = 4.0 Hz, 4H), 4.87-4.88 (d, J = 2.4 Hz, 2H), 6.83-6.89 (m, 

5H), 7.52 (s, IH), 7.67 (d, J = 8.6 Hz, IH); " c NMR (CDCI3, 101 MHz) 5 52.4，69.4， 

69.5，69.6, 69.7, 69.8, 70.0, 71.4，71.5, 71.6，75.0, 78.0，112.0, 114.0，114.4，121.5, 

122.0, 124.4，148.4，149.0，153.3，165.6; MS(HR-ESI) calcd for CzsHsdChoNa m/z = 

553.2044; Found m/z = 553.2055 ([M+Na]+，100%). 
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TrisDB24C8 86. To a mixture of DB24C8-Act 84 (1.22 g，2.31 mmol)’ 

diisopropylethylamine (DIPEA, 0.81 mL, 4.65 mmol) and l，3，5-tris(azidoniethyl)-

benzene (85，0.17 g, 0.71 mmol) in MeCN (20 mL), Cul (0.10 g, 0.53 mmol) was 

added to give a bright yellow mixture. The solution became pale yellow after the 

stirring for overnight and became pale brown after the stirring for a week. A solid 

precipitate was formed. The solid was filtered and washed with MeCN. Then, the 

solid was dissolved in chloroform and washed with saturated NH4CI, 2 M HCl, 

saturated NaHCOa and then 2 M HCl, saturated NaCL The organic layer was dried 

with anhydrous MgS04. After filtration, the filtrate was concentrated to give a pale 

brown solid (1.12 g, 85%). M.p. 50.0—50.8�C. ^H NMR (CDCI3, 400 MHz) 5 3.81 (s, 

12H), 3.82 (s, 12H), 3.89-3.93 (m, 24H), 4.12-4.17 (m, 24H), 5.40 (s, 6H), 5.44 (s， 

6H), 6.81-6.89 (m, 15H), 7.13 (s, 3H)，7.48-7.49 (d, J = 8.4 Hz, 3H), 7.61-7.63 (m, 

6H); 13c NMR (CDCI3，101 MHz) 5 53.5，57.9’ 69.4, 69,5，69.6，69.7, 69.8, 70.0, 

71,4，71.5, 71.6, 112.0, 114.1, 114.4，121.5, 122.3，124.3, 127.8，136.9, 143.9, 

148.4,149.0, 1533, 166.3; MS(HR-ESI) calcd for CgaHmNgOsoNa m/z = 1856.7329; 

Found m/z = 1856.7249 ([M+Na]+，100%). 

Randomly functionalized AuNPs 87. The synthetic route of the randomly 

functionalized AuNPs 87 followed the same procedure of synthesis of 69-AuNPs 

without the solid phase support resin. The AuNPs were randomly functionalized with 
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more than one amine 69 functional groups on each AuNP due to the uncontrolled 

place exchange reaction. 

General procedures for the self-assembly of supramolecular dimers and trimers. 

The purified 69-AuNPs were mixed with different ratios (w/w) of BisDB24C8 82 

and TrisDB24C8 86 in a CH2CI2/H-TFA (22:1) solution to form the BisDB24C8 ] 

[69- H T F A ' A U N P ]2 and TVisDB24C8 D [69 HTFA.AUNP]3，respectively. The 

concentration of the 69-AuNP was 0.2 土 0.05 mg/mL in CH2CI2/H-TFA (22:1). 

Aliquots of these solutions were used directly for TEM and UV/visible spectroscopic 

measurements. 

For experiments related to Chapter 4 

SU-8 mold. The experimental procedure SU-8 molding can be found in 

http://engineering.tufts.edu/microfab/index_files/SOP/SU-8%20Processing.pdf. 

PDMS molding. The simplified experimental procedures of PDMS molding have 

been discussed in the Chapter 4. A more detail experimental procedure can be found 

in http://engineering.tufts.edu/microfab/index_files/SOP/PDMS%20on%20SU8%20 

Mold%20SOP.pdf. 

Mono-functionalized AuNPs (69-AuNPs), nonfunctional (/i-butanethiolate) AuNPs 

74，and their crude mixtures were prepared according to Chapter 3. 

Randomly functionalized AuNPs 87. n-Butanethio丨ate-coated (nonfunctional) 

http://engineering.tufts.edu/microfab/index_files/SOP/SU-8%20Processing.pdf
http://engineering.tufts.edu/microfab/index_files/SOP/PDMS%20on%20SU8%20
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AuNPs (10.0 mg) were added to the secondary amine ligand compound 69 (0.36 g， 

0.82 mmol) in CH2CI2 (10.3 mL) and MeCN (1.7 mL) with gentle shaking at 40 °C 

for 4 h and then at ambient temperature for 24 h. The mixture was then vacuum dried 

and washed by cold ethanol several times with vigorous shaking to remove any 

unreacted ligand compound. Subsequently, CHCI3 (10 mL) was added to dissolve the 

AuNPs. The AuNP solution was then centrifuged (4400 rpm, 20 s) whereas the 

soluble AuNPs layer was collected and then vacuum dried to afford the randomly 

functionalized AuNPs� 

DB24C8-CH2SAC 89. DB24C8-CH20H884丨d (1.20 g, 2.49 mmol) was dissolved in 

CICH2CH2CI (10 mL) and stirred under N2. Znh (0,91 g, 2.85 mmol) was added to 

the solution. Thioacetic acid (AcSH) (0.9 mL, 12.59 mmol) was added to the solution 

and stirred overnight at room temperature under N2. Water was added and the 

product was extracted with chloroform twice. The product was then purified by flash 

column chromatography using hexane/ethyl acetate (1:2 v/v) gradient to 1:4 v/v as 

the eluent to give an off-white solid (0.73 g，55%). Mp 68.2-69.5 ^H NMR (400 

MHz，CDCI3，8): 2.33 (s, 3 H)，3.82-3.83 (m，8 H), 3.88-3.92 (m，8 H), 4.04 (s, 2 H), 

4.10-4.15 (m, 8 H), 6.75-6.81 (m, 3 H), 6.85-6.90 (m，4 H); ^̂ C NMR (101 MHz, 

CDCI3, 6): 30.5，33.4, 69.5，69.6, 70.0’ 70.0, 71.4，113.9, 114.0，114.1，114.5’ 121.5, 

121.7，130.7, 148.2, 149.0，149.0; MS(HR-ESI) calcd for C27H3609SNa m/z = 
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559.1972; Found m/z = 559.1980 ([M + Na]+ , 100%). 

(DB24C8CH2S)2 90. Minimum amount of chloroform was added to dissolve 

DB24C8-CH2SAC 89 (0.10 g, 0.19 mmol) with stirring. Ammonia in methanol (2 M, 

15 mL, 901 mmol) was then added to the solution. After three days reaction in air, 

water was added and the product was extracted with chloroform twice. The excess of 

solvent of the organic layer was evaporated in vacuo to give an off-white solid (0.11 

g, 60%). Mp 1093-109.7 °C; ^H NMR (400 MHz, CDCI3, 5): 3.54 (s, 4 H)， 

3.79-3.80 (m, 16 H), 3.88-3.89 (m, 16 H), 4.09-4.12 (m, 16 H)’ 6.73-6.78 (m’ 6 H), 

6.83-6.88 (m’ 8 H); ^^C NMR (101 MHz, CDCI3，8): 43.1，69.3, 69.4, 69.8，69.8’ 

71.2，113.6，114.0，114.9，130.3，148.3，148.7，148,8; MS(HR-ESI) calcd for 

CsoHeeOieSzNa m/z = 1009.3684; Found m/z = 1009.3671 ([M + Na]+，100%). 

General preparation procedure of AuNPs samples for SPR analysis 

AuNPs were dissolved in CHCI3 (3 mL) and washed with deionized water. The 

CHCI3 layer was vacuum dried for 24 h. The AuNPs were made up to 2.5 mgmL~^ in 

CHCI3. Four drops of 11% trifluoroacetic acid in CHCI3 were added to the solution. 

The solution was gently shaked until all AuNPs were dissolved, AuNP solutions 

were injected to the microfluidic device via a syringe pump with flow rate of 600 mL 

min—1 for 150 s and the solution was then left or 300 to 500 seconds for SPR 

measurements at ambient temperature. 



Chapter 7 

For experiments related to Chapter 5 

Mono-maleimide functionalized AuNPs 92. Mono-amine functionalized AuNPs 77 

(0.7 mg) was dissolved in CHCI3 (1 mL) followed by addition of iV-succinimido 

4-maleimidobutanoate 91 (0.7 mg). The reaction was vigorously shaked overnight in 

a water bath. The solvent was then evaporated in vacuo, followed by an addition of 

an excess of MeCN and sonicated for 30 seconds. Excess of solvent was discarded 

and the washing process was repeated three times. Then, the mixture was evaporated 

to dryness, CHCI3 (1.40 mL) and DMF (1.40 mL) were added to re-dissolve the 

AuNPs to obtain the series of 1:1 CHCI3/DMF solvent ratio. CHCI3 (1.87 mL) and 

DMF (0.93 mL) were added to re-dissolve the AuNPs to obtain the series of 2:1 

CHCI3/DMF solvent ratio. FT-IR (KBr, solid) v= 2936 cm-^[Alkane C-H], 1744 

cm—1 [Ester C=0], 1707 [Asymmetric maleimide C=0], 1651 cm"^Amide C=0], 

837 cm"^[Para-substituted aromatics C-H]. 

Mono-ssPrimer functionalized AuNPs (93a，b-94a，b). j^PrimerA-SH and 

^jPrimerB-SH were dissolved in DMF/H2O (91:9), To 200 pL of the above AuNP 

solution was added 0.32 nmoles 5\sPrimer A-SH and 0.32 nmoles j'^Primer B-SH 

(Chapter 5’ Table 5-3a) by extraction from primers bulk solutions. Two drops of 1% 

EtaN in CHCI3 was added. Then, 300 pL CHCI3 and 300 [xL DMF were added to the 

solution. Then, 10 |aL of three different concentrations (1,5，and 10 |liM) of NaCl 
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solution were added to the three batches of solution, which were then vigorously 

shaked overnight. 

<?sDNA-AuNP dimers (95-96). To prepare the dsDNA-AuNF dimers, target DNA 

with sequence TGACTCTTAA (0.32 nmoles) was added to the reaction mixture of 

mono-ssPrimer functionalized AuNPs (with type A and B) and was vigorously 

shaked overnight. Tail-to-tail dimer 95，FT-IR (KBr, solid) v = 2924 cm"' [alkane 

C-H], 1722 cm—i [ester C=0], 1631 cm"̂  [amide C=0], 1094 cm"̂  (broad) 

[symmetric PCV stretching (DNA)]，828 cm"̂  [para-substituted aromatics C-H]. 

Head-to-head dimer 96, FT-IR (KBr, solid) v = 2924 cm—i [alkane C-H], 1722 cm"^ 

[ester C=0], 1633 cm"' [amide C=0]，1097 cm(broad) [symmetric PO2" stretching 

(DNA)], 830 cm"' [para-substituted aromatics C-H]. 

Random-maleimide functionalized AuNPs 97, Random-amine functionalized 

AuNPs (0.7 mg) was dissolved in CHCI3 (1 mL) followed by addition of 

A^-succinimido 4-maleimidobutanoate (3.5 mg). The reaction was vigorously shaked 

overnight in a water bath. The solvent was then evaporated in vacuo, followed by an 

addition of an excess of MeCN and sonicated for 30 seconds. Excess of solvent was 

discarded and the washing process was repeated three times. Then, the mixture was 

evaporated to dryness. CHCI3 (1.40 mL) and DMF (1.40 mL) were added to 

re-dissolve the AuNPs to obtain a 1:1 CHCl3:DMF ratio. 
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Random-ssPrimer functionalized AuNPs (98-99). jjPrimerA-SH and 

jjPrimerB-SH were dissolved in DMF/H2O (91:9). To 200 |iL of the above AuNP 

solution was added 1.6 nmoles •ŝ sPrimer A-SH and 1.6 nmoles ^^Primer B-SH 

(Chapter 5，Table 5-3a) by extraction from primers bulk solutions. Two drops of 1% 

EtsN in CHCI3 was added. Then, 300 P L CHCI3 and 300 |liL D M F were added to the 

solution. Then, 10 |aL of three different concentrations (1,5，and 10 _ ) of NaCl 

solution were added to the three batches of solution, which were then vigorously 

shaked overnight. 

rfsDNA-AuNPs random structures 100. To prepare the random 

fisDNA-functionalized AuNPs, target DNA with sequence TGACTCTTAA (1.6 

nmoles) was added to the reaction mixture of random-^^Primer functionalized 

AuNPs (with type A and B) and was vigorously shaked overnight. 

General procedure for UV/visible absorption spectroscopy measurement 

UV/visible absorption spectroscopy was performed at 15 Solutions of 

mono-maleimide functionalized AuNPs were further diluted with CHCI3 (300 piL) 

and DMF (300 |liL). The concentrations of primers and AuNPs used for UV/visible 

absorption spectroscopic measurements are denoted in Table 5-2 of Chapter 5. 

General procedure for melting temperature measurement 

Solutions of mono- and random-rf^DNA functionalized AuNPs were transferred to a 
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quartz cuvettee for UV/visible absorption spectroscopic measurements. The 

temperature of the cuvettee was increased from 15 to 40 ®C (for 1 and 5 {iM NaCl 

series) and from 15 to 45 °C (for 10 jiM NaCl series) with 1.0 °C increases per 

minute�The normalized increases in absorbance of 521 nm (corresponded to 

monomer of AuNPs) were analyzed whereas their first derivatives were evaluated to 

obtain the melting temperature of the cf^DNA-AuNP dimer nanostructures. 

General procedure for transmission electron spectroscopy analysis 

Based on the sample concentrations list in Table 5-2 of Chapter 5，a drop of sample 

solution was drop-casted on a carbon-coated copper grid for TEM analysis. 
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Appendix 
List ofNMR Spectra and Mass spectra 

1. ^HNMR spectrum of 69 .A2 

2. 13c nMR spectrum of 69 A3 

3. Mass spectrum of 69 A4 

4. 1H NMR spectrum of 69-HPF6 A5 

5. 13c NMR spectrum of 69-HPF6. A6 

6. Mass spectrum of 69.HPF6 A7 

7. 2D NMR spectrum of 68 D69-HPF6 A8 

8. ^H NMR spectrum of 73. …�…“•’……A9 

9. 13c NMR spectrum of 73 ……�.………•�…•.……..…A10 

10.Mass spectrum of 73 ………… …… A 

11. ^H NMR spectrum of 82. ……… A12 

12. ^̂ C NMR spectrum of 82 ……………..…A 

13. Mass spectrum of 82 A 

14. 1h NMR spectrum of 84 A15 

15. 13c NMR spectrum of 84. …… A 

16. Mass spectrum of 84 -••A 

17. ^HNMR spectrum of 86. A 
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18.13c NMR spectrum of 86. .A19 

19. Mass spectrum of 86 A20 

20. ^H NMR spectrum of 89 A21 

21 • 13c NMR spectrum of 89 A22 

22. Mass spectrum of 89 A23 

23. ^H NMR spectrum of 90 A24 

24.13c NMR spectrum of 90 …… A25 

25. Mass spectrum of 90. ………A26 
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