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ABSTRACT 

SYNTHESIS, PHYSICOCHEMICAL CHARACTERIZATION, AND 

BIOSENSING APPLICATIONS OF GOLD NANOPARTICLES  

Cancer is one of the leading diseases that cause death all around the world. In 

Turkey, lung cancer is the most common type of cancer type in men and it is the fifth in 

women. Unfortunately, the percentage of treatment of lung cancer is too low. Gold 

nanoparticles (AuNPs) are widely used in the biotechnology as imaging, diagnosis, and 

therapeutic agents because of their unique properties such as plasmon resonance, easy 

synthesize, biocompatibility, and facile surface modification. 

In this study, it is aimed to design gold nanoparticles as biosensors for lung cancer 

cells. For this purpose, different sizes (5-40 nm) of Au nanoparticles were synthesized 

and their uptake and distribution into the lung cancer cells were investigated. The results 

of the study revealed that cellular uptake of gold nanoparticles are high for the size of 20 

and 40 nm. The optimal visibility into the cells was achieved by using DIC microscopy 

in which the particles uptaken into the cytoplasm and localized at around nucleus of cells. 

In the second part of the study, surfaces of 20 and 40 nm particles were conjugated with 

RGD peptides and their distribution and light scattering properties were investigated in 

living cells by using dark-field microscopy. Due to the receptor-mediated endocytosis, 

RGD-AuNPs showed different distribution within the cells. These results indicate that the 

RGD conjugated Au nanoparticles exhibits much higher light scattering properties than 

non-conjugated nanoparticles. In addition to this, synthesized Au nanoparticles were 

conjugated with nucleus-localized peptide (NLS) and directed to the nucleus of cancerous 

(A549, H358) and healthy (BEAS2B) lung cells. The nucleus targeting properties of the 

NLS conjugated particles were also investigated to understand if there is any cell line 

selectivity. The internalizations of peptide conjugated Au nanoparticles into cell lines 

were visualized in living cells by using DIC microscopy. NLS conjugated AuNPs 

internalized into nucleus of A549 and H358 cancer cells. Although NLS conjugated 

AuNPs present inside the cytoplasm of BEAS2B cells, they did not localize into the 

nucleus of normal cell lines. 
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¥ZET 

ALTIN NANOPAR¢ACIKLARIN SENTEZĶ, FĶZĶKOKĶMYASAL 

KARAKTERĶZASYONU VE BĶYOALGILAYICI OLARAK 

UYGULAMALARI  

Kanser, d¿nya genelinde ºl¿me neden olan hastalēklarēn baĸēnda gelmektedir. 

Kanser t¿rlerinden akciĵer kanseri, ¿lkemizde erkeklerde ilk sērada, kadēnlarda ise beĸinci 

sērada gºr¿lmektedir ve saĵ kalēm oranlarē da diĵer kanser t¿rlerine gºre olduk­a 

d¿ĸ¿kt¿r. Altēn nanotanecikler (AuNPs) y¿zey plazmon rezonans ºzelliĵi baĸta olmak 

¿zere, kolay sentezlenebilir olma, y¿ksek biyouyumluluk, ve y¿zey modifikasyonunun 

kolay olmasē gibi ºzelliklerinden dolayē gºr¿nt¿leme, tanē ve tedavi gibi biyoteknoloji 

alanlarēnda yaygēn bir ĸekilde kullanēlmaktadērlar. 

Bu ­alēĸmada altēn nanotaneciklerin akciĵer kanser h¿creleri i­in biyoalgēlayēcē 

olarak tasarlanmasē ama­lanmaktadēr. Farklē boyutlarda (5-40 nm) sentezlenen Au 

nanotaneciklerin akciĵer kanser h¿crelerine alēnēmlarē ve h¿cre i­erisindeki daĵēlēmlarē 

incelendi. 20 ve 40 nm boyutundaki taneciklerin hem h¿cre i­erisine alēnēmlarēnēn y¿ksek 

olduĵu hem de DIC mikroskobu ile h¿cre i­erisinde daha iyi gºr¿ld¿ĵ¿ ve taneciklerin 

h¿crelerin stoplazmasēna girip n¿kleusun etrafēnda lokalize olduklarē belirlendi. 20 ve 40 

nm boyutunda ki taneciklerin y¿zeyi RGD peptidleri ile konjuge edilip h¿cre i­erisindeki 

daĵēlēmlarē ve ēĸēk sa­ēlēm ºzellikleri karanlēk alan mikroskobu ile canlē h¿crelerde 

incelendi. RGD konjuge Au nanotanecikler h¿cre i­erisine reseptºr aracēlēĵēyla alēnēp 

h¿cre i­erisinde farklē daĵēlēm gºsterdikleri i­in RGD konj¿ge Au nanotaneciklerin 

konj¿ge olmayan nanotaneciklere oranla ­ok daha y¿ksek ēĸēk sa­ēlēm ºzelliĵi gºsterdiĵi 

belirlendi. Bu Au nanotanecikler n¿kleus lokalize peptit (NLS) ile konj¿ge edilip kanserli 

(A549, H358) ve saĵlēklē (BEAS2B) akciĵer h¿crelerinin ­ekirdeĵine yºnlendirildi ve 

konj¿ge taneciklerin h¿cre t¿r¿ne baĵlē olarak ­ekirdeĵi hedefleme ºzelliĵi incelendi. 

NLS konj¿ge Au nanotaneciklerin A549 ve H358 kanserli h¿crelerin ­ekirdeĵine girdiĵi 

ama BEAS2B saĵlēklē h¿crenin ­ekirdeĵine girmediĵi DIC mikroskobu ile canlē 

h¿crelerde alēnan gºr¿nt¿ler ile belirlendi. 
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INTRODUCTION 

Gold is the quintessential noble element. It is by nature highly unreactive, so, 

antique artifacts made of it preserve their exquisite glitter for thousands of years without 

tarnishing (i.e. oxidation) or degradation. Uses of gold in jewelry, coinage, and 

electronics are well known in its bulk form. The word ñnanoò, derived from the Greek 

(ɜ‖ɜɞɠ(nanos), meaning dwarf, is used to describe any material or property which occurs 

with dimensions on the nanometer scale (1ï100 nm). Since nanoscale gold can display 

bright colors (Figure 1.1) unlike bulk- and molecular-scale gold, it has become a very 

popular study object among chemists, physicists, and recently, biomedical practitioners 

(Figure 1.2). 

Although gold nanoparticles inḐ5-200 nm diameter range are large enough to 

support a conduction band for they are comparable to the mean free path of electrons in 

the metal at room temperature (Ḑ100 nm), they are so small with respect to the 

wavelengths of visible light (Ḑ400-750 nm). Irradiation with light at particular 

frequencies brings about a collective oscillation of electrons known as ñplasma 

oscillationsò or ñplasmonsò(El-Sayed 2001). They are depicted generally as washing over 

the surface of the particle (ñsurface plasmonsò or ñlocalized surface plasmon resonanceò, 

LSPR) (Figure 1.3).The dielectric constant of bulk gold determines the resonance 

frequency of this plasma oscillation, which is visible light (Willets and Duyne 2007).  

The color of the particles in solution (Eustis and El-Sayed 2006, Joshi et al. 2004) 

is the result of the change in the position of the plasmon band, which in turn is bought 

about by the alteration in the size, shape and chemical environment of the particles. 

Relevance of AuNP suspensions from time immemorial to generate color spectrum in 

stained glass is a consequence of this (Edwards and Thomas 2007). The shape of the 

nanoparticle is more convenient for fine-tuning the optical properties of AuNPs, though 

size and chemical setting can too affect the position of AuNP plasma bands. To illustrate, 

-since the intensity and position of the absorption bands are relatively fixed with merely 
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a modest shift to red and widening with increased size of the particles, potential for SPR 

tuning is narrow for spherical AuNPs (Eustis and El-Sayed 2006). 

 

Figure 1.1. a) Gold nanorods, (b) silicaïgold coreïshell nanoparticles, and (c) gold 

nanocages. The intense color of these nanoparticles arises from the collective 

excitation of their conduction electrons, or surface plasmon resonance modes, 

which results in photon absorption at wavelengths, which varies with (a) 

aspect ratio, (b) shell thickness, and/or (c) galvanic displacement by gold. (d) 

Optical dark-field scattering micrograph of gold nanorods (electron 

micrograph in the inset) showing resonant scattering from their transverse 

(short-axis) plasmon mode (green) and their lower energy, longitudinal (long-

axis) plasmon mode (red)). (Source: Dreaden et al. 2012) 
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Figure 1.2. Biomedical applications of Gold nanoparticles 

 

Figure 1.3. Schematic diagrams illustrating a localized surface plasmon 

(Source: Willets and Duyne 2007). 

Principally, the ratio of atoms localized on the particle surface to those confined 

in the particle increases as the as particle size decreases. New thermal, optical, electrical, 

magnetic, electronic and catalytic properties are emanated from this (Roduner 2006). 

Figure 1.4 summarized that the optical properties of gold nanoparticles and their 

applications. 
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Figure 1.4. Schematic showing of the physical events that occur as a result of satisfying 

the localized surface plasmon resonance condition, with the corresponding 

applications. See text for details (Source: Roduner 2006). 

The plasmon frequency is delicately susceptible to the dielectric nature of its 

interface (refractive index with the medium) since nanoparticles have a high surface area 

to volume ratio. Therefore, colorimetric shifts in dispersions occur due to changes in the 

surroundings (surface modification, aggregation, medium refractive index, etc.) (Kelly et 

al. 2003, Burda et al. 2005). 

Different from conventional dyes, AuNPs have a tunability of their optical 

properties thanks to the resulting effects of these changes in the shapes, sizes and 

compositions (Huang et al. 2007). In this way, the absorption and scattering cross-section 

of AuNPs are better than those of conventional dyes. The absorption cross-section of 

AuNPs is four to five orders of magnitude larger than that of strongest absorbing 

rhodamine-6 G dye molecules (Huang et al. 2007, Radwan and Azzazy 2009). Moreover, 

the light scattering from 80 nm AuNPs is 105 times higher than the light emission from 

fluorescein molecules. Besides, contrary to molecular fluorophores, badly affected by 

photobleaching and can be detected by only a few techniques, AuNPs are not sensitive to 

photobleaching (Rosi and Mirkin 2005, Jain et al. 2006a). Furthermore, AuNP-based 

probes surmount some limitations of conventional organic dyes, like poor hydrophilicity 

and photostability, low quantum yield and detection sensitivity, insufficient stability in 

biological systems, and weak multiplexing capability (Jain et al. 2006b, Radwan and 

Azzazy 2009, 2007). 
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Colloidal gold had been synthesized long before scientific literature grown 

mature, but the first scientific reporting of the colloidal gold nanoparticles is attributed to 

Michael Faraday, who in 1857 wrote that the óófine particlesôô formed from the aqueous 

reduction of gold chloride by phosphorus could be stabilized by the addition of carbon 

disulfide, resulting in a óóbeautiful ruby fluidôô (Faraday 1857). The approaches for most 

colloidal syntheses to produce gold nanoparticles (Figure 1.5a) today are similar in that 

solvated gold salt is reduced in surface capping ligands that saves the particles from 

aggregation by electrostatic and/or physical repulsion. Particle size can be manipulated 

by altering the gold ion: reducing agent or gold ion: stabilizer ratio, with larger sizes (and 

typically less monodisperse) acquired from larger ratios. 

In 1908, Mie showed that the intensity of colors in Faradayôs gold solutions are 

the result of the absorption and scattering of light by spherical gold nanoparticles in those 

solutions (Mie 1908). Using electron microscope, invented in 1932 by Knoll and Ruska, 

(Knoll and Ruska 1932), Turkevich et al. studied the structure of gold nanoparticles under 

different synthetic conditions in 1951 (Turkevich, Stevenson, and Hillier 1951). Frens 

studied Turkevichôs procedures of mediation by citrates methodically in 1973. Those 

procedures give 16-150 nm-diameter monodisperse spherical gold nanoparticle (Frens 

1973). 

20 nm gold spheres are produced throughout the reaction in which HAuCl4 boils 

at a point where a trisodium citrate dihydrate solution is added. The reaction that takes 

place in the methods used by Turkevich and in most other in situ spherical AuNP 

synthesis schemes has two major phases, viz. nucleation and growth that seem to occur 

concurrently. In the first stage, citrate is oxidized and dicarboxyacetone is composed as 

Au3+ ions are reduced to Au1+. Generation of gold atoms constitutes the second step in 

which the disproportionation of aurous chloride molecules allowing gold ions to adsorb 

on the surface to make aggregates. Numerous researchers have adapted this synthesis to 

accommodate the adjustment of size. Teams came to scene thereafter have developed a 

variety of methods (Frens 1973). Numerous groups observed the effects of citrate over 

the final surface of gold nanoparticles since the Turkevich method of spherical AuNP 

synthesis has been extensively used. In dealing with further surface functionalization, 
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scientists suffer from the effects of the negative charge of the citrate coating on the 

interactions of the particles with other species. 

Under ambient conditions, sodium borohydride and alike which are stronger 

reducing agents provide a seemingly instant reduction of gold ions under ambient 

conditions, yielding smaller and less polydisperse particles compared to those achieved 

by sodium citrate.  

New ways other than the size-controlled AuNPs synthesis of Frensô to adjust size 

were needed since polydispersity in particles larger than 30 nm was considerable. As 

characterized by Schmid, seed mediated growth (originally, ôôgerm-growthò) is employed 

in another procedure for the enlargement of gold nanoparticles (Schmid 1992). In this 

way, small-scale AuNPs serve as nucleation zones for developing larger ones. Adjusting 

three factors, the final size of a particle can be determined ð the diameter of the original 

seed particles, the seed amount included in the solution, and the ionic gold amount in the 

solution. Since the seed particle size determines the size of the resulting particles, it is of 

paramount importance.  

That even smaller (1.4 Ñ0.4 nm diameter) phosphine-stabilized gold particles 

could be obtained from the reduction of PPh3AuCl by diborane in benzene, yielding 

Au55(PPh3)12Cl6 was shown by Schmid et al in 1981 (Schmid et al. 1981). According to 

Hutchison, gold clusters of 1.4ï10 nm diameter could be produced through ligand 

exchange and that these particles could be similarly obtained under ambient conditions  

without the need for diborane gas (Weare et al. 2000). In 1994, applying a two-stage 

procedure in which gold chloride was solvated in toluene via a phase-transfer reagent 

(tetraoctylammonium bromide), Brust et al. investigated the synthesis of thiol-stabilized 

gold clusters (Brust et al. 1994). In this system, as reducing sodium borohydride was 

added to the aqueous stage, dodecanethiol was used as a stabilizer for gold clusters formed 

in the organic phase. 

In 1990s, shape controlled synthesis of gold nanoparticles was studied by same 

researchers.  Colloidal growth method was developed by Murphy et al. (Jana, Gearheart, 

and Murphy 2001) and Nikoobakht and El-Sayed (Nikoobakht and El-Sayed 2003), by 

which monodisperse gold nanorods in high yield based on seeded growth is obtained 

(Figure 1.5c). In this method, single-crystal seed particles with diameters of 

approximately 1.5 nm, which were produced from the reduction of chloroauric acid by 

borohydride in the presence of CTAB, are aliquoted into Au(I) growth solution 

formulated with moderate reduction of chloroauric acid by ascorbate and inclusion of 
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AgNO3 and CTAB. Using this method, gold nanorods as long as 300 nm with diameters 

of approximately 10ï20 nm can be formed in relatively high yield, thus their subsequent 

biomedical use (Sau and Murphy 2004). Aspect ratio for these nanorods can be adjusted 

by the seed/gold salt ratio or by the relative concentration of additive impurity ions. 

Liz-MarzaËn and coworkers demonstrated that by using poly(vinylpyrrolidone) 

(PVP) functionalized gold nanorods as seeds for the ultrasound-induced reduction of 

chloroauric acid by N,N-dimethylformamide (DMF) in the presence of PVP (Carbo-

Argibay et al. 2007), spherically-capped colloidal gold nanorods can be modified into 

single-crystal octahedra. In their study, the subsequent morphology changed from 

sharpened (octagonal) rods to tetragons to octahedra (Figure 1.5d) by increased ratio of 

gold salt to nanorod seeds. 

Because of their impressive optical characteristics and various biomedical 

applications, silica-gold coreïshell nanoparticles, or gold nanoshells (Figure 1.5e), have 

recently had an appeal among researchers. According to the 1951 prediction of Aden and 

Kerker (Aden and Kerker 1951), concentric spherical particles could exhibit tunable 

plasmon resonance changing as a function of the shell thickness to core radius ratio. In 

1998, Halas and his colleagues demonstrated that preparation of near-infrared absorbing 

gold nanoshells can be achieved by adsorption of small gold nanoparticles to the surfaces 

of silica nanoparticles electrostatically and as a result, additional gold onto the structures 

to form a conformal shell is reduced (Oldenburg et al. 1998). Other similar structures like 

asymmetric óónanoeggsôô and quadruply concentric óônanomatryoshkasôô that reveal 

unique optical characteristics have been obtained as well (Wang et al. 2007). 

Xia and colleagues have developed gold nanocages and nanoframes (Figure 1.5f) 

which have numerous potential uses in biomedicine thanks to their optical properties and 

hollow structures seemingly capable of holding cargo (Chen et al. 2006, Skrabalak et al. 

2008). A process called galvanic replacement, which lets more noble metal ions (e.g. Au, 

Pt) spontaneously oxidize the surface atoms of a less noble metal (e.g. Ag, Cu) with 

concomitant reduction of the more noble metal, allows formation of these structures. For 

drug loading/delivery and photothermal therapy applications, gold nanoparticles that are 

near-infrared absorbing (spherical) hollow (Figure 1.5g) have been developed as well. 

Hollow gold nanospheres were produced by Caruso and coworkers through calcination 

or dissolution of polystyreneïgold coreïshell nanoparticles (Liang, Susha, and Caruso 

2003). In this process, polystyrene nanospheres were coated in polyelectrolyte multilayer 

films and tiny, 4-(dimethylamino) pyridine (DMAP) stabilized gold nanospheres (6 nm 
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diameter) were adsorbed to the polyelectrolyte surface electrostatically. After that, to 

finish a virtually conformal gold shell, hydroxylamine was used to further reduce 

chloroauric acid onto the seed-coated polystyrene spheres. Then, to obtain hollow gold 

spheres with diameters of about 650 nm, the polystyrene cores were pulled out via 

dissolution in tetrahydrofuran (THF) or calcination at 310 0C. 

That more geometrically complex gold nanostructures (100ï300 nm in size) could 

be produced through a polyol process variation was shown in 2004 by Yang, et al. (Figure 

1.5h) (Kim et al. 2004). Tetrahedra, cubes, octahedra, and icosahedra were obtained in 

high yield with good monodispersity by using ethylene glycol as a solvent/reducing agent 

and PVP as a particle stabilizer. According to the findings of the authors, the subsequent 

nanoparticle morphology depends profoundly on the gold concentration in the solution, 

with tetrahedra formed at high concentrations and icosahedra (with a few octahedra) at 

lower concentrations. Gold nanocubes were obtained, too, by adding a small amount of 

silver nitrate during the reaction. 

According to Niu and coworkers, new complex gold nanostructures can be 

obtained in high yield (over 96%) through a related seeded growth method (Niu et al. 

2009) where CTAB-capped gold nanorods were amplified in a Au(III)/CTAB solution 

and functionalized with cetylpyridinium chloride (CPC) to serve as single-crystalline 

seeds (with a diameter of approximately 40 nm) for the following rhombic dodecahedral, 

octahedral, and cubic gold nanocrystal growth from Au(I). The authors curiously saw that 

the CPC surfactant preferentially stabilized {100} > {110} > {111} facets, just in contrast 

to their typically observed surface free energies (i.e. > {100} > {111}). They also saw a 

rhombic dodecahedral morphology (Figure 1.5i) when CPC-Au{100} (and to a lesser 

extent, -Au{110}) association was dominant and octahedral geometries (Figure 1.5j) 

when CPC-Au{111} association was found to dominate. 

More recently, Mirkin, et al. proposed a production method for monodisperse gold 

nanocubes in high yield (Figure 1.5k) that includes a seeded growth technique similar to 

the one used to obtain nanorods. But Mirkin and coworkers used the chloride analog of 

CTAB: cetyltrimethylammonium chloride, CTAC (Zhang et al. 2010). The authors 

observed that it is possible to adjust the size of the nanocubes by simply changing the 

seed quantity in the growth solution, subsequently getting cubes with edge lengths 

ranging from 38 Ñ7 nm to 269 Ñ18 nm with yields of as high as 95%.  
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Figure 1.5. Gold nanoparticles of various size and shape with potential applications in 

biomedicine. Small (a) (Source: Shimizu et al. 2003) and large (b) (Source: 

Pong et al. 2007), (c) nanorods (Source: Wang et al. 1999, Sau and Murphy 

2004), (d) sharpened nanorods (Source: Carbo-Argibay et al. 2007), (e) 

nanoshells (Source: Oldenburg et al. 1998), (f) nanocages/frames (Source: Lu 

et al. 2007), (g) hollow nanospheres (Source: Liang et al. 2005), (h) 

tetrahedral/octahedral/cubes/icosahedra (Source: Kim et al. 2004), (i) 

rhombic dodecahedra (Source: Niu et al. 2009), (j) octahedral (Source: Niu et 

al. 2009) (k) concave nanocubes (Source: Zhang et al. 2010), (l) 

tetrahexahedra (Source: Ming et al. 2009), (mïn) rhombic dodecahedra- 

obtuse triangular bipyramids (Source: Personick et al. 2011), (o) trisoctahedra 

(Source: Ma et al. 2008), and (p) nanoprisms (Source: Millstone et al. 2005). 

Before this, structurally-related, near-infrared absorbing tetrahexahedral gold 

nanoparticles enclosed by 24 {037} facets were produced by Ming et al. by using a related 

synthetic approach involving CTAB (>95% yield) (Figure 1.5l) (Ming et al. 2009). 
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According to the study of Personick et al., rhombic dodecahedra (Figure 1.5m) and obtuse 

triangular bipyramids (Figure 1.5n) can be produced by a seeded (7 nm diameter) growth 

involving CTAC and dilute Ag+ concentrations, obtaining the sole {110}- faceted 

bipyrimidal gold nanostructures reported yet (31 Ñ5 nm and 270 Ñ26 nm edge length, 

respectively) (Personick et al. 2011). 

By aqueous reduction of chloroauric acid, some interesting compositions like gold 

trisoctahedra can be produced (Figure 1.5o) (Ma et al. 2008). These nanostructures with 

diameters of 100ï200 nm and enclosed by 24 {221} facets were formed by the ascorbic 

acid reduction of chloroauric acid in the presence of CTAC (a yield of ca. 85%) as shown 

by Zheng et al. 

Some methods including photoreduction, seed mediated growth, plasmon-driven 

synthesis, and biosynthesis deliver triangular, or prismatic nanoparticles. Sastry and 

colleagues first produced gold nanoprismatic structures in fair yield (ca. 200ï500 nm in 

size, 45% yield) from the aqueous reduction of chloroauric acid by lemongrass extract 

(Shankar et al. 2004). According to the authors, this transformation was the result of the 

reducing capacity of aldose sugars present in the plant extract, with shape-directing 

formation due to the crystallographically preferential adsorption of aldehydes/ketones 

present in the extract. That similar gold nanoprisms (144 Ñ30 nm edge length) could be 

synthesized in high yield using a seeded growth method (Figure 1.5p) was shown later by 

Schatz and coworkers (Millstone et al. 2005). 

To impart biological compatibility and specificity to gold nanoparticles, chemical 

adjustment of the surface of the nanoparticle is essential. Studies of Nuzzo and Whitesides 

on the formation of self-assembled monolayers (SAMs) of molecules on planar gold 

(Bain et al. 1989, Love et al. 2005) and later by Bard (Hu and Bard 1998) and Murray 

(Hostetler, Templeton, and Murray 1999, Sardar et al. 2009, Templeton, Wuelfing, and 

Murray 2000) in studying the dynamics and conformations of these assemblies by 

electrochemical, scanning probe, and mass spectrometric methods constitute the basis for 

the functionalization of gold nanoparticles for biomedical applications. A wide spectrum 

of functional molecular linkers and passivating agents are presently used for the 
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conjugation of gold nanoparticles utilized in biomedical applications. Yet, the anchoring 

groups employed for fixing these molecules onto the surface of gold usually include: 

thiolate (Brust et al. 1994, Martin et al. 1999, Walter et al. 2008), dithiolate (Hou, Dasog, 

and Scott 2009), dithiocarbamate (Zhao et al. 2005), amine (Daniel and Astruc 2004), 

carboxylate (Daniel and Astruc 2004), selenide (Yee et al. 2003), isothiocyanate (Martin 

et al. 1999, Daniel and Astruc 2004), or phosphine (Schmid et al. 1981, Walter et al. 2008) 

moieties. While labile applications often employ amine or carboxylate surface anchors, 

non-labile ones often use thiol-based anchoring groups. To illustrate, the study by Burda 

et al. has demonstrated that therapeutic results of gold nanoparticle-mediated delivery of 

photodynamic therapy agents benefits immensely from the use of more labile amino 

linkers with respect to stronger thiol groups because of the vesicular sequestration of 

particle-bound drug molecules (Cheng et al. 2010, Cheng et al. 2011). 

Surface adsorption in room temperature for most alkanethiols is spontaneous, 

taking place over milliseconds to minutes (Love et al. 2005). Although monolayer 

packing/reordering can take several hours, for optimal results, overnight particle-ligand 

incubation with additional sonication or gentle heating is usually sufficient. 

While the bond strength between anchoring groups and the gold surface have a 

crucial place in determining the subsequent functionality, packing density and surface 

energetics present equally important contributions. Although dithiolates are generally 

regarded as preferable to their mono-thiolate counterparts because of multivalent binding 

avidity, these molecules are actually more inclined to oxidative desorption due to 

inefficient packing (Hou, Dasog, and Scott 2009). According to the studies of Cima et al., 

thiolates, whose most common use is in non-labile biomedical applications where they 

are employed for attachment to gold nanoparticles, can remain stably adsorbed for up to 

35 days under physiologic conditions (Flynn et al. 2003). This suggests that for 

attachment of biological molecules to gold surfaces in various biomedical applications, 

thiolates might be a preferred functional group. 

The need for sufficient stabilization in biological environments containing high 

serum concentrations and high ionic strengths is common among most applications of 

gold nanoparticles in biomedicine. The most commonly employed surface ligand used 

with biomedical gold nanoparticles is thiolated poly(ethylene glycol), PEGïSH. Its 

hydrophilicity, which has been documented comprehensively, allows the aqueous 

dispersion of gold nanoparticles conjugated with a wide range of lipophilic molecules 

(Dreaden et al. 2009) and increases circulatory half-life (Dickerson et al. 2008) by 
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blocking adsorption of serum proteins and opsonins that help uptake and clearance by the 

reticuloendothelial system (RES) (Harris and Chess 2003, Zheng, Davidson, and Huang 

2003, Niidome et al. 2006, von Maltzahn et al. 2009). 

Various biofunctional molecules can be used for conjugation with gold 

nanoparticles by simple physical methods like hydrophobicïhydrophobic interaction 

(Figure 1.6a) and charge pairing (Figure 1.6b). Highly hydrophobic molecules (e.g. 

chemotherapeutics such as paclitaxel and doxorubicin) can be labily bound to biomedical 

gold nanoparticle conjugates via the use of amphiphilic ligands as demonstrated by 

Rotello et al. (Kim et al. 2009). Classical cross coupling reagents can also be used for the 

non-labile conjugation of a wide variety of biofunctional targeting, therapeutic, and 

imaging contrast agents (Figure 1.6c). 

Most applications involving amine-containing molecules/proteins employ 

classical carbodiimide cross coupling (carboxylate+amine-amide) with some commercial 

manufacturers producing ready-made N-hydroxysuccinimide (NHS)-activated 

heterobifunctional polymers and ligands (Gibson, Khanal, and Zubarev 2007, Gole and 

Murphy 2008). In a number of gold nanoparticle conjugation strategies, Huisgen 

cycloaddition (click, or azideïalkyne coupling) has been similarly employed (Gole and 

Murphy 2008). Inorganic complexes like cisplatin or its prodrug forms can also be 

datively bound to gold nanoparticle ligands by way of appropriate ligands (Figure 1.7a) 

(Brown et al. 2010). Mirkin and coworkers were first to utilize oligonucleotide-

functionalized gold nanoparticles, employing thiolated ssDNA as surface linkers to which 

targeting ligand-, biomolecule-, and/or imaging contrast agent-tethered complementary 

ssDNA could be hybridized (Figure 1.7b) (Rosi et al. 2006, Seferos et al. 2007). Recently, 

Rotello and colleagues have shown the synthesis, gold nanoparticle conjugation, and 

phototriggered release of the cytotoxic thymidylate synthase inhibitor 5-fluorouracil (5-

FU) via a photocleavable, o-nitrobenzyl PEGïSH linker, demonstrating significant 

toxicity following UV exposure and diminished cytotoxicity drastically in its absence 

(Figure 1.7c) (Agasti et al. 2009). 
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Figure 1.6. Schematics illustrating various methods by which gold nanoparticles can be 

conjugated with biofunctional molecules. (a) hydrophobic entrapment 

(Source: Kim et al. 2009), (b) electrostatic adsorption, and (c) covalent cross 

coupling by carbodiimide, maleimide, and click chemistry (Source: Gibson, 

Khanal, and Zubarev 2007, Gole and Murphy 2008, Oh et al. 2010). 




































































































































































