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ABSTRACT 
 
 

This dissertation focuses on the preparation of multifunctional nanoparticles through the 

integration of iron oxide nanoparticles with other desired moieties. Iron oxide nanoparticles have 

been widely explored in localized therapy, targeted delivery, and magnetic resonance imaging. 

However, inaccessible MRI instruments for most research labs and lack of targeting ligands 

limits the further exploration of iron oxide nanoparticles in routine tumor diagnosis and efficient 

therapy. Therefore, the preparation of dual-imaging or targeted nanoparticles is highly desirable. 

In our studies, fluorescent gold nanoclusters or anti-disialoganglioside-GD2 monoclonal 

antibodies are integrated onto iron oxide nanoparticle surfaces. The gold nanoclusters provide 

additional fluorescent imaging capability, which can be easily accessed in common research labs. 

The conjugation of cancer cell-targeting antibodies allows for specific localization of 

nanoparticles. Indeed, these are the two central themes of this dissertation. 

 To prepare multifunctional nanoparticles, high-quality iron oxide nanoparticles were first 

synthesized in organic solvents following a modified "heat-up" method. During synthesis, a 

modification was made by introducing a co-surfactant (trioctylphosphine oxide-TOPO). TOPO 

facilitated the subsequent ligand exchange process because it weakly bound to nanoparticle 

surfaces and prevented the formation of densely-packed surfactant coatings. As a result, 

hydrophilic molecules (such as polyacrylic acid, polyethylenimine, glutathione and dopamine) 

were capable of replacing the original ligands, yielding water-soluble iron oxide nanoparticles. In 

addition to water solubility, dopamine coatings offered nanoparticles additional conjugation 
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capability upon surface oxidization. These surface-oxidized nanoparticles can directly conjugate 

with amine and/or thiol group-contained molecules through Michael addition and/or Schiff base 

formation.  

 Using this conjugation strategy, dual-imaging nanoparticles were prepared by integrating 

dopamine-coated nanoparticles with protein (such as bovine serum albumin, trypsin and 

lysozyme) - encapsulated fluorescent gold nanoclusters. All integrated nanoparticles maintained 

their functionalities and structural integrity in biological environments. Furthermore, effects of 

protein characteristics on the photo-chemical properties of gold nanoclusters and integrated 

nanoparticles were systematically examined.  

 Similarly, cancer cell-targeting molecules (e.g. anti-GD2 monoclonal antibodies) were 

conjugated onto dopamine-coated nanoparticles. After conjugation, antibodies retained their high 

targeting specificity, suggested by our cellular targeting studies. More promisingly, conjugated 

nanoparticles were capable of transporting into cytosols, which opens up new possibilities in 

cancer-curing drug loading and targeted therapy. 

Besides these already-published works, we have studied the biological responses of 

human monocytes to different surface-charged iron oxide nanoparticles (manuscript in 

preparation). For dual-imaging nanoparticles, their stability and bio-imaging potential will be 

evaluated in phorbol myristate acetate (PMA)-treated monocytes using differential interference 

contrast (DIC) and confocal microscopy. 
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CHAPTER 1 

INTRODUCTION 

Iron oxide nanoparticles have been extensively studied for biomedical applications, such 

as biosensing,1 magnetic resonance imaging (MRI),2 magnetic bio-separation,3 drug delivery4 

and localized hyperthermia therapy.5 Among various applications, the use of iron oxide 

nanoparticles as MRI contrast agents6 and for iron deficiency therapy7 has been clinically 

approved by the Food and Drug Administration (FDA). However, the sensitivity and imaging 

resolution of MRI limits its use in monitoring biological process on molecular level,8 and MRI 

scanners are normally inaccessible to common research labs. Therefore, introducing other 

imaging capabilities to iron oxide nanoparticles will expand their applications in both 

fundamental research and technological fields.  

 The clinical use of iron oxide nanoparticles as MRI contrast agents has been limited mainly 

due to lack of targeting ligands, and the nanoparticles could only passively accumulate in the 

liver and spleen.2, 9 Therefore, conjugation of targeting moieties onto iron oxide nanoparticle 

surfaces can greatly broaden their applicability, improve imaging efficiency, and reduce 

administration doses. 

 In this dissertation, I mainly focus on the preparation of two types of multifunctional 

nanoparticles: (1) gold nanocluster-integrated nanoparticles for additional high-sensitivity 

fluorescent imaging, and (2) antibody-conjugated nanoparticles for efficient and selective cancer 

cell targeting. To achieve multi-functionality on a single platform, each component should be 
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well developed and characterized. Most importantly, the integration method needs to be carefully 

selected to perform efficient conjugation between components without any loss of properties. In 

vitro biological evaluations of the integrated nanostructures are also essential, which includes 

studies of the nanoparticle stability, integrity and performance in biological buffers, 

physiological conditions, and cellular cultures.  

 The first step to achieve multifunctional nanoparticles is the preparation of high quality iron 

oxide nanoparticles. Currently, high-quality nanoparticles are generally synthesized in organic 

solvents at high temperatures.10-14 For our work, iron oxide nanoparticles were prepared using a 

modified "heat-up" method, which allows the production of iron oxide nanoparticles with great 

size and shape control. This process also has great potential for scale-up reactions. One of the 

keys to our procedure is the introduction of trioctylphosphine oxide (TOPO) as a co-surfactant 

during nanoparticle synthesis. This modification is critical for the subsequent ligand exchange 

reaction for the preparation of water-soluble nanoparticles. First, TOPO weakly bound to the 

nanoparticle surfaces.15 Second, the bulky structure of TOPO prevented the formation of 

densely-packed surfactant layers on nanoparticle surfaces.16 Therefore, the weak binding and 

loose packing make TOPO sites as starting points for hydrophilic ligands to attached and 

facilitate the ligand exchange reactions. 

 Utilizing the weak binding of TOPO, we effectively attached various hydrophilic molecules 

onto iron oxide nanoparticle surfaces, such as polyacrylic acid (PAA), polyethylenimine (PEI), 

and glutathione (GSH). All three molecules have stronger binding affinity to iron oxide 

nanoparticle surfaces than that of TOPO, which enabled the successful replacement of 

hydrophobic coatings. The resultant water-soluble iron oxide nanoparticles presented great 

solubility, selective surface functionality and surface charges (positive and negative). 
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Nanoparticle surface charges resulted from ionized functional groups of hydrophilic ligands, and 

their ionizable properties varied with the pH of the nanoparticle solutions. Additionally, the iron 

oxide nanoparticles showed great stability in Good's buffers (such as 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) and 2-(N-morpholino) ethanesulfonic acid (MES)), but 

nanoparticle aggregation was observed in PBS buffer. This buffer-dependent stability provided 

new insight into the behaviors of water-soluble nanoparticles in biological environments, and 

valuable information for further bioconjugation. 

 Using the same ligand exchange method, we also successfully attached dopamine onto 

nanoparticle surfaces, and this surface functionalization is critical for the subsequent 

conjugation. The catechol groups on nanoparticle surfaces can be easily oxidized under alkaline 

conditions. The oxidized or activated form, dopamine-quinone, can effectively react with amine 

and/or thiol group-contained molecules through Michael addition and/or Schiff base formation.17 

Compared to the traditional linker-chemistry method,18 the use of activated dopamine coatings 

for direct conjugation eliminates the use of chemical linkers and harsh conjugation conditions, 

while providing robust binding and preserving the activity of conjugating molecules to the 

greatest extent. Specific affinity interaction using biotin-streptavidin was another commonly-

used conjugation route.19 But reduced specificity was observed from biotin-labeled nanoparticles 

due to their non-specific interactions with any biotin-binding proteins.  

 With our innovative and facile conjugation  strategy, magnetic-fluorescent nanoparticles 

were prepared by integrating dopamine-coated nanoparticles with protein (such as bovine serum 

albumin, trypsin and lysozyme) - encapsulated fluorescent gold nanoclusters.20, 21 Fluorescent 

components were chosen because of their high sensitivity of in vitro biomolecule detection22, 23 

and in vivo tumor imaging,24 which compensated for the MRI sensitivity limitation. All 
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integrated nanoparticles maintained their functionalities and structural integrity in biological 

environments. Furthermore, the effects of protein characteristics on formation and fluorescent 

properties of gold nanoclusters were systematically examined. The experimental results indicated 

that the nanocluster formation was greatly affected by the balance of amine- and 

tyrosine/tryptophan-containing residues. The cysteine contents had great impact on the 

nanocluster fluorescent properties. The protein size critically influenced the nanocluster long-

term stability and photo-stability, and also had effects on fluorescent properties of immobilized 

nanoclusters. These detailed studies provide valuable information in the design and synthesis of 

fluorescent gold nanoclusters, subsequently benefiting their potential applications in biological 

and biomedical fields. 

 Iron oxide nanoparticles with cancer cell-targeting functionality were also successfully 

prepared by conjugating anti-disialoganglioside-GD2 monoclonal antibodies with activated, 

dopamine-coated nanoparticles. Disialoganglioside-GD2 antigens are expressed on 

neuroblastoma cancer cells, tumors of neuroectodermal origin, as well as most melanomas,27, 28 

but rarely on healthy tissues.29 With the specific reorganization of GD2 antigen-expressing cells, 

efficient targeting and therapy can be accomplished. The biological activities of the antibody 

were fully retained after conjugation onto nanoparticles, suggested by the selective targeting 

experiments performed on GD2-positive cancer cells. Promisingly, the membrane-anchored 

nanoparticles were capable of transporting into cytosols, which open up new possibilities in 

cancer-curing drug loading and targeted therapy in the future. 

 Chapter 2 presents the preparation and characterization of high-quality water-soluble iron 

oxide nanoparticles, including buffer-dependent nanoparticle stability tests. In chapter 3, iron 

oxide nanoparticles were functionalized with dopamine, a molecule that can be activated in basic 
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solution for further conjugation. After activation, the nanoparticles can directly integrate with 

protein-encapsulated gold nanoclusters for the preparation of magnetic-fluorescent dual-imaging 

nanoparticles. The integrated nanostructures of dopamine-coated nanoparticles with trypsin- and 

lysozyme-gold nanoclusters are presented in chapter 4. In this chapter, the effects of protein 

characteristics on the formation, fluorescence, photo-stability and immobilization of gold 

nanoclusters are also discussed in detail. Chapter 5 mainly focuses on the preparation and 

characterization of antibody-conjugated nanoparticles. The targeting capability of the antibody 

after conjugation was further studied on GD2 positive cancer cells. Finally, the on-going work of 

the effects of nanoparticle surface charges on the innate immune response of human monocyte 

cells and future work on the integrity of the integrated nanostructures in biological systems will 

be introduced in Chapter 6.. 
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CHAPTER 2 

WATER-SOLUBLE IRON OXIDE NANOPARTICLES WITH HIGH STABILITY AND 
SELECTIVE SURFACE FUNCTIONALITY  

(Published in Langmuir 2011, 27, 8990-8997) 

Yaolin Xu, Ying Qin, Soubantika Palchoudhury, and Yuping Bao* 

 

ABSTRACT 

The water dispensability and stability of high quality iron oxide nanoparticles synthesized 

in organic solvents are major issues for biomedical and biological applications. In this paper, a 

versatile approach for preparing water soluble iron oxide nanoparticles with great stability and 

selective surface functionality (–COOH, –NH2, or –SH) was demonstrated. The hydrophobic 

nanoparticles were first synthesized by the thermal decomposition of an iron oleate complex in 

organic solvent. Subsequently, the hydrophobic coatings of nanoparticles were replaced with 

polyacrylic acid, polyethylenimine, or glutathione, yielding charged nanoparticles in aqueous 

solution. Two parameters were found to be critical for obtaining highly stable nanoparticle 

dispersions: the original coating and the surfactant-to-nanoparticle ratio. These charged 

nanoparticles exhibited different stabilities in biological buffers, which were directly influenced 

by the surface coatings. This report will provide significant practical value in exploring the 

biological or biomedical applications of iron oxide nanoparticles. 
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2.1 Introduction 

 Iron oxide nanoparticles (NPs) have been extensively studied for biomedical applications, 

such as in targeted delivery, localized therapy, and as contrast agents for magnetic resonance 

imaging (MRI).1-3 The water solubility and surface functionality of NPs are key parameters to 

their interactions with biological systems. The surface coating, in particular, directly affects NP 

cellular uptake,4 biodistribution,5 blood circulation,6 and metabolism.7 Depending on the 

application, the efficacy of NPs can be directly influenced by the surface coatings. For example, 

the surface coatings significantly alter the relaxivity of iron oxide NPs as MRI contrast agents.8 

Currently, high quality iron oxide NPs regarding monodispersity, size distribution, and 

crystallinity are normally produced in organic solvents at high temperatures.9-13 Therefore, using 

surface modification to achieve NP water solubility and functionality for further conjugation is 

essential and remains an outstanding challenge. An ideal method should offer efficient phase 

transfer, minimal aggregation, great stability, and versatile functional groups for further 

conjugation.  

 Typically, the NPs can be transferred from organic solvents to aqueous solutions through 

attachment of an amphiphilic layer14-17 or replacement of the hydrophobic coatings by 

hydrophilic molecules.8,18,19 The attachment of an amphiphilic layer via hydrophobic-

hydrophobic interactions forms a lipid-bilayer like structure, leading to a full encapsulation of 

the NP core and its original ligands. The great challenge with this process is the possibility of 

encapsulation of multiple NPs, causing much increase in the hydrodynamic sizes. Filtration and 

separation are always performed to get small sized and well dispersed water soluble NPs.15  

Furthermore, this process creates an immediate hydrophobic layer (~ 3 nm) around the NP core, 

which limits water access and affects the efficacy of iron oxide NPs as MRI contrast agents.20 
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Alternatively, several ligands have been explored to replace the hydrophobic coatings of iron 

oxide NPs, such as polyethylene glycol (PEG),21 polyethylenimine (PEI),8 dendrons,22 and 1,2-

diols.18,19 These reports provide an important conceptual foundation for our systematic study of 

the exchange process. To the best of our knowledge, studies have not been performed to 

investigate the effects of the NP original coatings on the subsequent ligand exchange process. 

Further, detailed studies on the stability of the NP water dispersions in various biological 

conditions are needed. 

Here, we have systematically investigated parameters affecting the phase transfer process 

of iron oxide NPs from organic solvent to aqueous solutions. It was discovered that the original 

coatings of the NPs and the ligand-to-NP ratio were critical to achieve efficient ligand exchange. 

This process generates well-dispersed water soluble NPs with selective surface functionality 

(e.g., -COOH, -NH2, and -SH). These functional groups offer various bio-conjugation 

possibilities, one of which was demonstrated using thiol-reactive dye molecules. These 

functionalized NPs showed great stability in Goods buffers, such as 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) and 2-(N-morpholino)ethanesulfonic acid (MES). 

However, buffer concentration-dependent aggregation was observed for all three types of NPs in 

phosphate buffered saline (PBS). This phenomenon was attributed to the formation of salt 

bridges from the multivalent ions with the charged functional groups on NP surfaces. 

Interestingly, this aggregation behavior was reversible by removing the multivalent ions. This set 

of data will provide great practical value for exploring the biological and biomedical applications 

of iron oxide NPs.  

2.2 Experimental Methods 

2.2.1 Chemicals  
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Reagents were purchased from Sigma–Aldrich, otherwise as indicated, including: iron 

chloride (FeCl3, ACROS, 98 %), sodium oleate (TCL, 95 %), oleic acid (OA, Fisher, 95 %), 

trioctylphosphine oxide (TOPO, 90%), 1-octadecene (90 %), chloroform (99%), polyacrylic acid 

(PAA) (5 kDa – 50 wt%, partial salt, 15 kDa – 35 wt%, sodium salt, and 100 kDa – 35 wt%), 

polyethylenimine (PEI) (10 kDa and 60 kDa – 50 wt% aqueous solution), glutathione (GSH, 

Alfa Aesar, 97 %, reduced), dimethyl sulfoxide (DMSO,VWR, 99 %). 

2.2.2 Preparation of the iron–oleate complex 

Iron oleate complex was prepared as follows: ferric chloride (6.5 g) was mixed with 

sodium oleate (36.5 g) in a solvent mixture (hexane, 140 mL and ethanol, 80 mL, and 60 mL de-

ionized water) at 65 ºC for four hours. After phase separation, the organic phase containing iron 

oleate complex was washed with de-ionized water and dried inside a chemical hood overnight at 

room temperature. The entire process was performed in air without inert gas protection, and the 

obtained brown paste was used as the precursor for iron oxide NP synthesis. 

2.2.3 Synthesis of iron oxide NPs 

Iron oxide NPs were synthesized by heating the iron oleate complex (2.5 g) in 1-

octadecene (10 mL) in the presence of TOPO/OA (TOPO-0.2 g, OA-0.22 mL).  The reactants 

were kept at 100 °C for 1 hour to remove the residual solvents before heating up to 320 °C. After 

reacting at 320 °C for 2.5 hours, the reaction mixture was cooled down to room temperature. The 

as–synthesized NPs were precipitated out of solution by centrifugation and then dried under 

vacuum overnight. The well-dried powder was then re-dispersed into chloroform under 

sonication to obtain the stock solution of 5 mg / mL for the ligand exchange process. 

2.2.4 The ligand exchange process 
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The ligand exchange process was conducted by mixing the NP stock solution with the 

exchange ligands in a bipolar solvent, DMSO, at room temperature for 48 hours. Specifically, 1 

ml stock solution (5 mg/ mL) was mixed with PAA (5, 15, or 100 kDa), PEI (10 or 60 kDa), or 

GSH in 50 mL DMSO. The molar ratio of the exchange ligand-to-NP surface Fe atoms was set 

roughly at 5:1. After 48 hour reaction at room temperature, the iron oxide NPs were magnetically 

collected and re-dispersed into water (pH = 7) at a concentration of 1 mg / mL. These water-

soluble NPs were stable at room temperature for months without notable precipitation.  

2.2.5 Stability tests 

The pH dependent tests were conducted by carefully adjusting the NP dispersion (pH = 7) 

to the target values (5 or 9) with HCl or NaOH. The pH-adjusted NP dispersions were then 

sonicated in water bath for 10 min to ensure the uniformity across the solution. After set at room 

temperature for another 10 min, the pH value was rechecked to ensure the targeted pH values. 

When no pH changes of the NP solution, the hydrodynamic size of the NP dispersion was 

studied with DLS.  The stability study in various buffer solutions was started with the 

preparation of buffer stock solution (100 mM, pH = 7). The stock solution for PBS buffer (10x) 

was used as purchased. Subsequently, the NP solution was added into the stock solutions to 

reach three targetted concentration (5, 10, and 50 mM). The well mixed buffer solution was set at 

room temperture for 10 min and then their hydrodynamic sizes and zeta-potentials were studied.   

2.2.6 Characterization of iron oxide NPs 

The morphology and size of iron oxide NPs were studied using Hitachi 7860 

Transmission electron microscope (TEM). The Fourier transform infrared spectroscopy (FTIR) 

spectra were collected on a PerkinElmer Spectrum 100 FT-IR spectrometer (Bucks, UK), 

equipped with an attenuated total reflectance (ATR) cell by accumulation of 4 scans with a 
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resolution of 2 cm-1. The hydrodynamic size and surface charges of NPs in aqueous solution 

were evaluated using Zetasizer nano series dynamic light scattering (DLS). 

2.3 Results and discussions 

This work presents a systematic study of creating stable aqueous dispersion of iron oxide 

NPs with selective functionality through ligand exchange. The exchange process is illustrated in 

Figure 2.1, where the original coatings of iron oxide NPs (oleic acid -OA and trioctylphosphine 

oxide-TOPO) are replaced by three biocompatible molecules: polyacrylic acid (PAA), PEI, or 

glutathione (GSH). The PAA polymer is a very common electrolyte used for controlling the 

adsorption behaviors of surfaces; the PEI polymer is a widely used cation polymer for cell 

adhesion23 and gene delivery.24 GSH is a tri-peptide with a special peptide linkage between the 

carboxyl group of the glutamic acid side-chain and the amino group of the cysteine, which is a 

natural antioxidant in cellular system.25   

The original coatings of the NPs played an important role during the ligand exchange 

process. If NPs were coated with OA ligand only, NP aggregation was always observed and 

well-dispersed NPs could not be obtained even with filtration. To ensure an effective exchange 

process, the TOPO ligand was introduced as a co-surfactant during the synthesis. The use of the 

TOPO ligand has two fundamental importance to the subsequent ligand exchange process. First, 

TOPO has a weaker binding affinity to iron oxide NP surfaces, as compared to that of the OA 

ligand.26 Second, the bulky C8 tails of the TOPO molecule prevent them from forming a densely 

packed layer on the NP surfaces.27 Both of these effects offer preferred sites for hydrophilic 

ligands to bind, initiating the ligand exchange process.   
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Figure 2.1. Schematic illustration of the ligand exchange process using PAA, PEI or GSH. 

The exchange process illustrated in Figure 2.1 assumes that the original coatings of iron 

oxide NPs are fully replaced by the hydrophilic molecules (e.g., PAA, PEI or GSH). The 

carboxylic groups of PAA molecules are partially attached on the NP surfaces and the rest of 

them protrude out from the surface and render the NP solubility. Similarly, PEI molecules 

interact with iron oxide NPs through portion of the amine groups. These anionic and cationic 

polymers provide not only surface charges for electrostatic repulsion, but also steric repulsion 

from the polymer chains. For GSH molecules, the –NH2 groups are believed to interact with the 

NPs because of the stronger binding affinity of amine groups to iron oxide surfaces compared to 

that of the carboxylic groups.26 The thiol groups between neighboring molecules form disulfide 
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bonds, which further stabilize the NPs. A similar mechanism  has been proposed to understand 

the stability of dimercaptosuccinic acid (DMSA) coated iron oxide NPs.19  

 

Figure 2.2. The as-synthesized iron oxide NPs coated with OA and TOPO ligands: (a) TEM 
image, (b) DLS plot, and (c) FTIR spectrum. 

Figure 2.2a shows the TEM image of 12 nm monodispersed OA and TOPO coated iron 

oxide NPs synthesized using our modified heat-up method.28 The hydrodynamic size of these 

NPs is around 15 nm, which agrees very well with the anticipated size (12 nm inorganic core 

plus about 3.4 nm shell), as shown in Figure 2b. The narrow dynamic light scattering (DLS) plot 

also suggests free of aggregation of the NPs in organic solution. The Fourier transform infrared 

spectroscopy (FTIR) spectrum of the well-dried as-synthesized NPs exhibits the characteristic C-

H stretch at 2916 and 2845 cm-1. The broad bands at 1518 and 1401 cm-1 can be assigned to the 

surface-complexed carboxyl groups of OA molecules.29 The binding of TOPO molecules onto 

NPs is indicated by the broad band around 996 cm-1 from the -P=O groups.30  
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To bring the as-synthesized hydrophobic NPs into aqueous solution, a subsequent ligand 

exchange process was preceded by mixing the NP chloroform solution with the appropriate 

ligand in dimethyl sulfoxide (DMSO). The relative ratio of the NP-to-ligand was calculated to 

ensure the ratio of the surface iron atoms to ligands are roughly 1 to 5 (Supporting Information). 

The use of the dipolar solvent, DMSO, was critical to obtain a homogeneous solution of the 

hydrophobic NPs and the hydrophilic exchange molecules. After the mixture was reacted in a 

shaking incubator for 48 h, the NPs were precipitated out of solution by magnetic separation and 

resuspended in water (pH 7) without any filtration or dialysis separation. The efficacy of the 

ligand exchange process was monitored by the hydrodynamic sizes and the zeta-potentials of the 

resultant NPs.  

Figure 2.3a-c shows the TEM images of the PAA-, PEI-, and GSH-coated iron oxide NPs 

in water. Compared with the as-synthesized NPs (Figure 2.2a), the uniformity, morphology, and 

core size of the NPs did not show evident change. All the NP water dispersions are transparent 

without any noticeable precipitation (Figure 2.3d-f). The concentration of the water dispersion 

was roughly estimated to be 1 mg/mL according to the mass concentration of the stock solution. 

The maximum concentration was obtained by making NP aqueous solution of 5 and 10 mg/mL 

using PAA-coated NPs as an example. The 5 mg/mL solution remained well dispersed after a 

week, but the 10 mg/mL solution exhibited notable precipitation after 3 days. Therefore, we 

consider 10 mg/mL as the highest concentration. 

The hydrodynamic sizes of the PAA- and PEI-coated NPs are about 28 and 30 nm, and 

the GSH-coated NPs are around 23 nm (Figure 2.3g). The relatively larger sizes for PAA- and 

PEI-coated NPs are due to the long polymer chains and possible formation of hydrogen bonding 
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between adjacent NPs, as observed in our previous study.33 The 16 nm size increase for PAA-

coated NPs is also consistent with the reported PAA-coated up-conversion fluorescent NPs.34 

 

Figure 2.3 Water-soluble NPs coated with PAA, PEI, and GSH: (a-c) TEM images, (d-f) 
photographs, (g) DLS plots, (h) zeta-potential measurements, and (i) magnetic measurements. 

The zeta-potential value of a NP dispersion is an indicator of its stability, where a 

colloidal system is generally stable if its zeta potential is higher than 30 mV or smaller than -30 

mV.33 The high absolute values of all three NP water dispersions (-52 mV, PAA-coated, +51 

mV, PEI-coated, and -50 mV, GSH-coated) indicate their high stability (Figure 2.3h). The 

negatively charged PAA-coated NPs and the positively charged PEI-coated NPs are due to the 

ionized -COO- and -NH3
+ groups. The negative zeta-potential of the GSH-coated NPs further 
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supports our hypothesis that the -NH2 groups are attached onto the NP surfaces, leaving the 

carboxylic groups out for water solubility. 

Figure 2.3i shows the magnetization (M) versus applied magnetic field (H) curves of iron 

oxide NPs before and after ligand exchange. All the samples were superparamagnetic without 

pronounced change except for the decrease in the saturation magnetization. The saturation 

magnetization of the original NPs was 55 emu/g, where the mass includes the surface coating 

(about 15%). After ligand exchange, the saturation magnetizations of the NPs decreased to 31 

emu/g for PAA-coated NPs, 39 emu/g for PEI-coated NPs, and 45 emu/g for GSH-coated NPs. 

The decrease in magnetizations was likely due to the increased weight percentage of the organic 

coatings. For example, the surface coating percentage increased to 36% for PAA-coated NPs 

based on our iron concentration analysis using inductively coupled plasma mass spectrometry 

(ICP-MS). 

The FTIR spectra of the PAA-, PEI-, and GSH-coated iron oxide NPs further confirmed 

the success of the ligand exchange process. Compared to the spectrum of pure PAA, the 

intensive -COOH bands (1704 and 1251 cm-1) disappeared for PAA-coated NPs due to the 

attachment to NP surfaces and ionization. The attachment of PAA molecules onto iron oxide NP 

surfaces have been previously reported for NPs synthesized using a polyol method.31, 34 The new 

IR band  at 1009 cm-1 for PAA-coated NPs corresponds to -S=O stretching from the residual 

DMSO molecules on the NP surface.35 The decreased intensity and shift of the -NH2 and -NH 

wagging band from 758 cm-1 to 718 cm-1 for PEI-coated iron oxide NPs suggests bond formation 

between the functional groups and NP surfaces. In addition, a shift was also observed for -NH 

stretch bands (3336 and 3240 cm-1 )and -NH bend (1590 cm-1).36,37  The band at 1014 cm-1 was 

only observed in PEI-coating NPs, likely from the adsorbed DMSO molecules.  
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Figure 2.4  FTIR spectra of the ligands and ligand-coated NPs: (a) PAA, (b) PEI, and (c) GSH. 

The FTIR spectrum (Figure 2.4c) of pure GSH molecules exhibits many feature peaks 

from various functional groups, including -NH2 (3336, 3114, 1587 and 1241 cm-1), -SH (2521 

cm-1) -COOH (-1709 cm-1), and amides (1532 cm-1). This spectrum agrees very well with the 

published FTIR spectrum of GSH molecules.38 In contrast, the GSH-coated NPs showed several 

distinct broad peaks. The faded and broad peak around 3500 cm-1 suggests the attachment of -

NH2 groups onto NP surfaces. The interaction between -NH2 and NPs is further supported by 

disappearance of the NH2 scissoring band at 1587 cm-1. The shift of the carboxylic band from 

1709 cm-1 to 1623 cm-1 indicates that the carboxylic groups are either bond to the NP surface or 
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ionized. Two -COOH groups are present in a GSH molecule, one of which is right next to the -

NH2 group and the other is at the other end of the chain. Therefore, it is highly possible that the 

one next to the –NH2 groups binds to the NPs as well. The IR band of -SH group at 2521 cm-1 

disappeared for GSH-coated NPs due to the disulfide bond formation. Unfortunately, the IR band 

of the disulfide bonds (470 cm-1)39 is below the detection limit of our instrument. Along with the 

zeta-potential study, the FTIR spectrum further confirmed our hypothesis of the –NH2 groups 

attached onto NP surfaces. The -S=O stretching (1001 cm-1) of DMSO molecules was also 

observed for the GSH-coated NPs. To further verify the presence of disulfide bond, a thiol-

reactive dye conjugation experiment was performed. After activation of the -SH groups with 

(tris(2-carboxyethyl)phosphine) (TCEP), the dye molecules were successfully conjugated onto 

the GSH-coated NPs (Supporting Information). This experiment firmly confirmed the presence 

of -SH groups on GSH-coated NPs, offering a versatile platform for bio-conjugation. 

In addition to the original coatings, the effects of the ligand molecular weight and relative 

ratios of ligand-to-NP were investigated to understand the exchange condition effects on NP 

dispersion. Figure 5a shows the DLS plots of iron oxide NPs coated with PAA molecules (5, 15, 

and 100 kDa). Only several nanometer increase was observed when PAA polymers of higher 

molecular weights were used, suggesting that the polymers largely twisted on the NP surfaces, 

rather than stretch out linearly. A similar behavior was observed for PEI-coated NPs when PEI 

polymers of different molecular weight (10 and 60 kDa) were used (Figure 2.5b). It is important 

to maintain at least 5 times excess ligands to NP surface Fe atoms to ensure well-dispersed NP 

dispersions with controlled sized. Figure 2.5c shows the DLS plots of the NP dispersions 

produced with different PAA-to-NP surface Fe atom ratios. When the ratio was less than 5, a 
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much increase in particle hydrodynamic sizes (28 to 65 nm) was observed. In contrast, the ratio 

of 1:15 did not significantly alter the hydrodynamics sizes (28 and 32 nm). 

 

Figure 2.5 DLS plots of iron oxide NPs coated with (a) PAAs of different molecular weights, (b) 
PEI of different molecular weights, and (c) PAA polymers at different ligand-to-NP ratios. 

Beyond the water solubility, several other parameters are critically important for 

preparing water soluble NPs. The size, size distribution, and surface functionality are considered 

to be among the keys parameters in determining the interaction of NPs in living systems.40, 41 The 

surface functionality not only directly influences the biological interaction, but also provide 

means for targeting or recognition conjugation. Biological conjugation processes are generally 

performed in biological buffers, such as MES buffer for 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC) conjugation. The physiochemical 

properties of NPs in solution are dynamic, and can be altered by the environment. The initially-

defined properties, in particular, the hydrodynamic sizes and surfaces, do not necessarily predict 

their performance during applications. Therefore, it is important to evaluate their dynamic 

properties in corresponding environments. Here, we studied the size and surface charge 

alternation in aqueous solution at different pH and in typical biological buffers at pH 7, such as 

PBS, HEPES, and MES buffers. The emphasis of this study is to understand the stability of NP 

dispersion towards aggregation under different conditions. 
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The PAA-, PEI, and GSH-coated NPs are charged because of the presence of ionized -

COO- or -NH3
+ groups. The ionizable property of these groups is dependent on the pH of the NP 

dispersion. The pH of the as-produced NP dispersions (pH =7) were adjusted to 5 or 9 and their 

hydrodynamic sizes were subsequently measured to understand their stability (Figure 2.6). The 

charges on the linear chains of the PAA molecules repel each other, leading to an extended and 

rigid-rod confirmation. Lowering the pH of the NP dispersion decreases the surface charge 

density and subsequently the electrostatic repulsion between the NPs. The protonation of the 

carboxylic groups also increase the propensity to form hydrogen bonds. Therefore, a size 

increase from 28 to 52 nm was observed when decreasing the pH of the NP dispersion to 5. In 

contrast, the hydrodynamic size of PAA-coated NPs at pH 9 only increased 2 nm (Figure 2.6a). 

At higher pH, more positive cation ions were adsorbed to the polymer chains closer to NP 

surfaces, making the polymer chains more rigid and stretched.42 

 

Figure 2.6 DLS plots of NP water dispersions at different pH: (a) PAA-coated, (b) PEI-coated, 
and (c) GSH-coated. 

Similarly, the hydrodynamic sizes of PEI-coated NPs at pH 5 and 7 are close when the -

NH2 groups are protonated, but a noticeable increase in size was observed when the -NH2 groups 

in deprotonated condition at higher pH (Figure 2.6b). For GSH-coated NPs, both the zeta 

potential and FTIR measurements indicated that the amino groups are attached onto the NP 
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surfaces with -COO- groups protruding out from the surfaces. The size alternation of GSH-

coated NPs was similar with PAA-coated NPs (Figure 2.6c).  

 

Figure 2.7 NP water dispersions in PBS, HEPES, MES, or NaCl solutions: (a-c) DLS plots of 
PAA-, PEI-, and GSH-coated NPs, (d-f) zeta-potentials of PAA-, PEI-, and GSH-coated NPs. 

The stability of charged NPs in water dispersion is generally affected by the ionic 

strength of the solution due to ion screening. However, the PAA-coated up-conversion 

fluorescence NPs were reported to be very stable in PBS buffer.32 We evaluated the stability of 

PAA-, PEI-, and GSH-coated iron oxide NPs in different buffer solutions by monitoring their 

hydrodynamic sizes and zeta-potentials (Figure 2.7). Different from the reported PAA-coated up-

conversion fluorescence NPs, all three types of the charged NPs showed significant size 

alternation in PBS, but relatively stable in HEPES, MES, or NaCl solutions except for GSH-

coated NPs in MES buffer (Figure 2.7 a-c).  

The hydrodynamic sizes (Figure 2.7a) of the PAA-coated NPs increased with the buffer 

concentration from 28 nm (water) to 52 nm (0.5x PBS), 110 nm (1x PBS), and 606 nm (5x PBS); 

the hydrodynamic sizes of the PEI-coated NPs changed from 30 nm (water) to 62 nm (0.5x 
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PBS), 143 nm (1x PBS), and 501 nm (5x PBS); the hydrodynamic sizes of the GSH-coated NPs 

varied from 23 nm (water) to 71 nm (0.5 x PBS), 194 nm (1x PBS), and 391 nm (5 x PBS). The 

size increase for PAA- and GSH-coated NPs was believed from the formation of cation salt 

bridge between two carboxylic groups and a divalent cation, such as Mg2+ or Ca2+. These 

divalent cations are present in the PBS buffer. The effect of divalent cations was further verified 

by adding MgCl2 solution into the NP dispersion and NPs were precipitated out of solution 

within 30 second (Supporting Information). The formation of divalent cation salt bridge has been 

commonly observed with polyelectrolyte molecules.43, 44 The size increase for PEI-coated NPs in 

PBS can be explained in a similar way by forming anion bridge between multivalent phosphate 

group and amino groups. 

Compared with NPs in PBS, the PAA-coated NPs are very stable in HEPES and MES 

buffers, but some level of aggregation was observed with increasing the salt concentration 

(Figure 2.7a-insert). The PEI-coated NPs showed slightly size increase in HEPES and MES 

solutions, likely due to the larger negatively charged buffer molecule adsorption on the surface, 

subsequently decreasing the charge density (Figure 2.7b-insert). Different from PAA- and PEI-

coated NPs, GSH-coated NPs showed a significant size increase in MES buffer, but relatively 

stable in HEPES buffer. The aggregation of GSH-coated NPs in MES is not fully understood at 

this point, but one possible reason would be partial replacement of GSH by MES molecules via 

the sulfonate groups. The slight size variation in NaCl solution is mainly from the ion screening.  

Consistent with the hydrodynamic sizes, the absolute values of the zeta-potentials of all 

three types of NPs decrease as sizes increases, suggesting unstable water dispersion and 

anticipated precipitation of NPs (Figure 2.7d-f). For example, the zeta-potentials of PAA-coated 

NPs changed from -52 mV (water) to -32 mV (0.5x PBS), -24 mV (1x PBS), and -14 mV (5x 
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PBS); the zeta-potentials of PEI-coated NPs decreased from 51 mV (water) to 38 mV (0.5x 

PBS), 20 mV (1x PBS), and 9 mV (5x PBS); the zeta-potentials of GSH-coated NPs varied from 

-50 mV (water) to -39 mV (0.5x PBS), -26 mV (1x PBS), and -18 mV (5x PBS). The absolute 

zeta-potentials values of PAA- and PEI coated NPs in HEPES, MES, and NaCl solutions were 

over 30, indicating their stability. GSH-coated NPs showed zeta-potentials changes in all the 

conditions, especially at higher buffer or salt concentrations.  This stability test reveals new 

insight into the charged NPs in biological conditions, providing useful information for 

bioconjugation conditions. 

2.4 Conclusions 

Water soluble iron oxide NPs with great stability and selective surface functionalities 

were produced through a ligand exchange process. The original surface coatings and the ligand-

to-NP ratio were found to be critical to achieve well-dispersed NP water dispersions. NPs with 

small hydrodynamic sizes, free of aggregation, and narrow size distribution were obtained 

without any filtration or post-separation treatments. These water soluble NPs are stable in 

HEPES, MES buffers, but not stable in PBS buffers with divalent ions. This controllable ligand 

exchange process will offer significant practical values in exploring the biological and 

biomedical applications of iron oxide NPs.   
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2.6 Supporting informations 

2.6.1. Calculation of the required amount of ligands for the exchange process  

The molar ratio between hydrophilic molecules and Fe atoms on NP surface was set at 5 

to 1, where the amount of Fe atoms on a NP surface was roughly estimated as follows. NPs in 1 

mL stock solution (5 mg/mL) was precipitated out and dried under vacuum. The rough mass (5 

mg) was then divided by the mass of a single NP [m=(1/6)πd3
ρ], where ρ is the bulk density of 

iron oxide (5.24 g/cm3), the d is the measured NP diameter from a transmission electron 

microscopy (TEM) image. The  resultant NP numbers was then divided by the Avogadro 

constant (NA = 6.023×1023),  yielding the molar amount of NPs. The number of surface Fe atoms 

was estimated using  the volume of one NP divided by the volume of a cubic unit cell (cell 

parameter = 8.5 Å).  Then, 18% of the unit cells were assumed to locate on the NP surfaces and 

one Fe atom from each surface unit cell was on the NP surface. The molar amount of the ligands 

was set 5 times more than the surface Fe atom. 

2.6.2. Fluorescent dye conjugation of GSH-coated NPs  

To verify the existence of disulfide bonds on GSH-coated NP surfaces, a conjugation 

experiment was performed using thiol-reactive red fluorescent dye (Texas Red C2- maleimide, 

Invitrogen). Specifically, a 10-fold molar excess of (tris(2- carboxyethyl)phosphine) (TCEP) was 

added to the GSH-coated NP solution to activate the thiol groups. The dye molecules were then 

introduced to the solution and the reaction was preceded for two hour under room temperature. 

Finally, the dye-conjugated NPs were magnetically separated from the solution and re-dispersed 

into water. Figure S2.1 shows the emission and excitation scans of the dye-conjugated NPs in 

water after magnetic separation. 
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Figure S2.1 The emission (black) and excitation (red) scans of the dye-conjugated GSH-coated 
NPs after magnetic separation.  

2.6.3. Effect of the divalent cation on the stability of charged NPs  

Using GSH-coated NPs as an example, we studied the effects of divalent cations on the 

stability of the NP dispersion. Specifically, MgCl2 water solution (5 mM) was mixed with the NP 

solution (Figure S2.2a). The NPs were precipitated out of solution within 30 second, yielding a 

clear, colorless solution (Figure S2.2b). Interestingly, the precipitated NPs can be redispersed 

into water again after repeated magnetic separation and washing three times. 
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Figure S2.2 Photographs of GSH- coated NP dispersions: (a) original solution, (b) after addition 
of Mg2+, and (c) Mg2+ removed from solution. 
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CHAPTER 3 

MAKE CONJUGATION SIMPLE: A FACILE APPROACH TO INTEGRATED 
NANOSTRUCTURES  

(Published in Langmuir 2012, 28, 8767-8772) 

Yaolin Xu, Soubantika Palchoudhury, Ying Qin, Thomas Macher, and Yuping Bao* 

ABSTRACT 

We report a facile approach to the conjugation of protein-encapsulated gold fluorescent 

nanoclusters to the iron oxide nanoparticles through catechol reaction. This method eliminates 

the use of chemical linkers and can be readily extended to the conjugation of biological 

molecules and other nanomaterials onto nanoparticle surfaces. The key to the success was 

producing water soluble iron oxide nanoparticle with active catechol groups. Further, advanced 

electron microscopy analysis of the integrated gold nanoclusters and iron oxide nanoparticles 

provided direct evidence of the presence of a single fluorescent nanocluster per protein template. 

Interestingly, the integrated nanoparticles exhibited enhanced fluorescent emission in biological 

media. These studies will provide significantly practical value in chemical conjugation, the 

development of multifunctional nanostructures, and exploration of multifunctional nanoparticles 

for biological applications. 

KEYWORDS 

Multifunctional nanoparticles · imaging probes · conjugation · integrated nanostructures 



 

34 
 

3.1 Introduction 

Recent interest in nanomaterial fabrication has gone beyond the production of a single 

material. Integration of multiple nanocomponents provides the capability of performing multi-

tasks on a single platform.1-3 Among various multifunctional nanostructures, magnetic-

fluorescent nanoparticles have drawn much attention because of the clinically-proven in vivo 

imaging capability of iron oxide nanoparticles4 and the high sensitivity of in vitro fluorescent 

imaging.5, 6 Iron oxide nanoparticles have been clinically used as negative (T2) contrast agents 

for magnetic resonance imaging, a complementary contrast agent to the positive (T1) gadolinium 

complex contrast agent.  Apart from being contrast agents, iron oxide nanoparticles have great 

potential in cancer therapy and nanoparticle imaging.7 Therefore, iron oxide (magnetite or 

maghemite) has been the natural choice as the magnetic component. In contrast, the fluorescent 

component can be chosen from organic dyes, fluorescent proteins, or quantum dots. Extensive 

effort has been made to integrate magnetic and fluorescent nanocomponents, aiming to create a 

“two-in-one” platform.8, 9 The integration strategies of these two components generally fall into 

the following categories: (1) magnetic nanoparticles and the fluorescent components (organic 

dyes or quantum dots) are encapsulated inside a shell (micelles,10 silica,11 liposomes,12 or 

polymers13). (2) magnetic nanoparticles are coated with a porous silica shell containing 

fluorescent dyes or inorganic ion complexes.14, 15 (3) magnetic nanoparticles are directly 

conjugated to the fluorescent components.16 (4) magnetic nanoparticles and quantum dots form 

contact core-shell structures,17, 18 or  heterodimers.19 Common challenges of all these modalities 

include complexity of the synthetic procedures, significant size increases, and interparty 

influences between the fluorescent and magnetic components. Here, a new type of magnetic-

fluorescent nanoparticles using gold (Au) nanoclusters as the fluorescent component is reported, 
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which overcomes most of the existing challenges, such as issues related to size increase, 

potential toxicity, synthetic complexicity, and water solubility.   

Au fluorescent nanoclusters represent a new class of fluorescent tags, which  have several 

advantages over others,20 such as aqueous synthesis, low potential in vivo toxicity, tumor 

imaging capability, and minimal effects on the biological function of the labeled bioentities.21 

The integration of fluorescent nanoclusters and iron oxide nanoparticles will not only lead to a 

new type of bifunctional nanoparticles, but also open up a number of opportunities in 

simultaneous imaging and therapy.  

We report a facile approach to the integration of magnetic iron oxide nanoparticles and 

fluorescent Au nanoclusters. This process utilizes the catechol reaction between the active 

surface of dopamine-coated iron oxide nanoparticles and the bovine serum albumin (BSA)-

encapsulated Au nanoclusters. The use of the activated dopamine surface for direct conjugation 

is the major innovative design of this paper, which eliminates the use of chemical linkers and 

specialized conditions for chemical conjugation. Importantly, this conjugation can be generalized 

for attaching biological molecules and other nanostructures to the iron oxide nanoparticle 

surfaces. Another important finding of this work is the observation of the presence of a single 

nanocluster per BSA protein molecule by advanced electron microscopy. These integrated 

nanostructures are highly stable in biological environments in terms of structural integrity and 

optical property. In the process of preparing this manuscript, a study of the conjugation of Au 

nanoclusters onto iron oxide nanoparticle surfaces through 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC cross-linker) was reported.22 
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Scheme 3.1  Schematic illustration of the facile approach to magnetic-fluorescent bifunctional 
nanoparticles. 

An overview of this facile approach with three consecutive steps is shown in scheme 3.1: 

(1) preparation of iron oxide nanoparticles with an active surface, (2) synthesis of BSA-

encapsulated Au nanoclusters, and (3) integration of iron oxide nanoparticles and Au 

nanoclusters through catechol reaction. 

3.2 Experimental methods 

3.2.1 Dopamine attachment onto iron oxide nanoparticles 

Iron oxide nanoparticles were synthesized using a modified heat-up method,23-25 where a 

weak binding ligand, trioctylphosphine oxide, was added during synthesis. The iron oleate 

complex (2.5 g, 2.8 mmol) was heated up to 320 °C in 1-octadecene (10 mL, 90%) in the 

presence of TOPO (90%)/OA(97%) (TOPO-0.2 g, 0.5 mmol, OA-0.22 mL, 0.7 mmol). After 2.5 

hours, the reaction mixture was cooled down to room temperature and the as–synthesized 

nanoparticles were precipitated out of solution by centrifugation and then dried under vacuum 

overnight. The well-dried powder was then re-dispersed into chloroform under sonication to 
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obtain the stock solution of 5 mg/ mL. This modification allows for complete ligand exchange by 

other hydrophilic molecules, as previously demonstrated.23 In brief, 1 mL of iron oxide 

chloroform solution (5 mg/mL) was mixed with dopamine·HCl (1.7 mg) in 49 mL of dimethyl 

sulfate oxide (DMSO). After 48 h mixing at room temperature, the iron oxide nanoparticles were 

collected by centrifugation and re-dispersed in water (1 mg/mL).  

3.2.2 Surface activation of dopamine-coated iron oxide nanoparticles 

The pH of nanoparticle solution was adjusted to 9 with NaOH (1M) to activate the 

dopamine coatings. The nanoparticle solution was then sonicated for 10 min to accelerate the 

activation process and kept at room temperature. After 4 h activation, these nanoparticles were 

used for the conjugation with the fluorescent Au nanoclusters.  

3.2.3 Preparation of fluorescent gold nanoclusters 

The fluorescent gold nanoclusters were synthesized using a similar method reported by 

Ying,26 but with a higher Au to BSA ratio. Specifically, BSA powder (50 mg) was first dissolved 

in water (1 mL, 18.2 Ω), followed by the addition of cold HAuCl4 solution (0.2 wt%, 3.4 mL). 

The reaction mixture was reacted at room temperature for an hour, allowing for the complexation 

between BSA and Au ions.  Finally, NaOH (0.5 mL, 1M) was added into this mixture to trigger 

the reduction of Au ions and subsequent formation of Au nanoclusters. After 4 h reaction at 45 

˚C, the yellowish Au nanocluster solution was collected for characterization and conjugation. 

3.2.4 Integration of activated iron oxide nanoparticles with fluorescent gold nanoclusters 

To obtain the integrated nanoparticles, activated dopamine-coated nanoparticle solution 

(0.5 mL, 1 mg/mL) was simply mixed with the as-synthesized BSA-Au nanocluster solution (4.9 

mL). After 12 h reaction at room temperature, the conjugated nanoparticles were magnetically 

separated out of the solution and re-dispersed in water for further characterization and stability 
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studies. The magnetic separation was performed by placing a permanent magnet next to the 

sample vial for half an hour and then the solution was removed with disposal pipettes. To ensure 

the removal of free nanoclusters, this process was repeated twice.   

3.2.5 Characterization 

The morphology and size of iron oxide nanoparticles were examined under bright field 

TEM and the gold nanocluster attachment was confirmed with HAADF imaging (FEI Tecnai, F-

20, 200 kV). The surface chemistry of the nanoparticles was studied by FTIR spectroscopy. The 

hydrodynamic sizes and the surface charges of the nanoparticles in aqueous solution were 

measured using a Zetasizer nano series dynamic light scattering (DLS). The fluorescence of 

BSA-encapsulated Au nanoclusters and conjugated nanoparticles were studied using a Cary 

Eclipse fluorescence spectrophotometer. The UV-vis spectra were collected on a Shimadzu UV-

visible spectrophotometer (UV-1700 series). The magnetic moment versus applied magnetic 

field (M-H) curves were measured using an alternating gradient magnetometer (AGM). The 

quantum yields of the BSA-Au nanoclusters and the integrated nanoparticles were calculated by 

comparing the wavelength-integrated fluorescence intensities of the samples to that of a Texas 

red dye with known quantum yield of 66% from molecular probe. 

3.3 Results and discussion 

The first step to the fluorescent-magnetic bifunctional nanoparticles is the formation of an 

active surface on the iron oxide nanoparticles. Iron oxide (maghemite) nanoparticles were 

synthesized via a modified heat-up method in organic solvent.23-25,27 The introduction of a weak 

capping molecule, trioctylphosphine oxide, during synthesis is critical for the attachment of 

hydrophilic ligands after synethsis.24 Dopamine, a catechol amine molecule, was used as the 

capping ligand of the iron oxide nanoparticles for subsequent surface activation. Here, we 
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believe that the amino group of dopamine interacts with the iron oxide nanoparticle, leaving the 

catechol group protruding out for further conjugation. The amino group attachment is primarily 

applicable to the iron oxide nanoparticles produced in organic solvent. In contrast, iron oxide 

nanoparticles synthesized via the co-precipitation method at high pH will interact with the 

catechol groups through the surface hydroxyl groups, leaving the amino groups out.22, 28 The 

availability of the catechol groups on the nanoparticle surfaces is critically important to the direct 

conjugation of biological molecules.  

Figure 3.1a shows the transmission electron microscopy (TEM) image of the well-

dispersed dopamine-coated, 10 nm iron oxide nanoparticles in water. The interaction between 

dopamine and the iron oxide nanoparticle was studied using Fourier transform infrared 

spectroscopy (FTIR) (Figure 3.1b). Compared to that of the free dopamine, the FTIR spectrum of 

dopamine-coated nanoparticles showed several band shifts related to the primary amine group. 

The two -NH2 stretching peaks of the free dopamine in the range of 3200-3400 cm-1 became a 

single broad peak at 3327 cm-1 after interacting with iron oxide nanoparticles. This broad peak is 

likely merged with the hydroxyl stretching in the similar region. After interacting with iron oxide 

nanoparticles, the dopamine –NH2 bending (1577 and 1469 cm-1) merged together with the –

C=C- stretching in the range of 1460-1617 cm-1 and a much broader peak was observed. Further, 

the band of the -NH2 wagging (815 cm-1)29 shifted to a lower wavelength, another indicator of 

the attachment of amino groups to the nanoparticle surfaces.  
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Figure 3.1 (a) TEM image of the dopamine-coated iron oxide nanoparticles (10 nm), (b) FTIR 
spectra of free dopamine, dopamine-coated, and activated dopamine-coated nanoparticles, and 
(c) time-dependent UV-vis spectra of dopamine-coated iron oxide nanoparticles after activation.  

This observation was consistent with our previous studies that the amino group has a 

preferable binding to iron oxide nanoparticles over other functional groups.24,27 The presence of 

the catechol groups on the nanoparticle surface was also supported by the negative zeta-potential 

(-42 mV) of the dopamine-coated nanoparticles. Otherwise, the amino groups on the nanoparticle 

surfaces will lead to a positive zeta-potential. The characteristic band of the -C-O stretching 

(1282 cm-1) was unchanged before and after the attachment. The catechol groups on the 

nanoparticle surfaces can be easily oxidized into dopamine-quinone at higher pH (> 9), creating 

an active surface for further conjugation.   

The surface activation was achieved by simply adjusting the pH of the nanoparticle 

solution to 9. The IR spectrum of the activated nanoparticle surface was shown in Figure 3.1b. 

The appearance of the broad band at 1650 cm-1 is the characteristic of -C=O band in quinone 
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structure.30 The disappearance of the characteristic band of -C-O at 1282 cm-1 is another 

indicator of the dopamine oxidation. The oxidation process was also monitored with UV-vis 

spectroscopy (Figure 3.1c). Because of the strong absorption of iron oxide nanoparticles, the 

absorption of the oxidized dopamine molecules was not well resolved. However, the typical 

absorption peak (409 nm) of the oxidized dopamine was clearly visible in the detailed scan 

(Figure 3.1c-insert). This absorption matched well with the oxidized free dopamine (Figure 

S3.1). Both the FTIR and the UV-vis spectra confirmed the dopamine oxidation on the iron 

oxide nanoparticle surfaces. The activated dopamine groups will allow for the direct conjugation 

of biological molecules through Michael addition and/or Schiff base formation.31, 32 

 

Figure 3.2 BSA-encapsulated Au nanoclusters: (a) fluorescent emission excited at 520 nm and 
excitation scan for emission peak of 680 nm plots, (b) photographs of nanocluster solution under 
room (left) and UV light (right), (c) bright field TEM image, and (d) HAADF TEM image. 

The fluorescent Au nanoclusters were produced using BSA as a template and reducing 

agent, following a similar method reported by Ying.26 Here, a higher Au to BSA ratio (26:1) was 

20 nm20 nm

(a) (b)

20 nm20 nm

(c) (d)

2 nm
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used to minimize the presence of free BSA proteins, because the free BSA will affect the 

conjugation efficiency. Figure 3.2a shows the fluorescent emission and excitation plots of the Au 

nanoclusters. The broad emission peaks at 680 and 705 nm are likely due to the inhomogeneous 

size of the Au nanoclusters. The yellowish solution of the BSA-encapsulated Au nanoclusters 

showed intense red emission under UV-radiation (365 nm) (Figure 3.2b). The TEM image of 

these nanoclusters also indicated the polydispersity of the nanoclusters (Figure 3.2c). The high 

resolution (HRTEM) of a typical 2 nm BSA-Au nanocluster indicated the crystalline nature of 

these nanoclusters (Figure 3.2c-insert). Direct observation of these small nanoclusters (< 2 nm) 

under bright field TEM is highly challenging. Therefore, high-angle annular dark-field 

(HAADF) imaging was applied because of its sensitivity to heavier elements (Figure 3.2d), 

where Au nanoclusters became clearly visible.   

The formation mechanism of Au nanoclusters was believed to involve the initial 

complexation of protein-Au ions and subsequent reduction of Au ions by tyrosine residues at a 

higher pH. However, the role of specific amino acids remains unresolved. We hypothesize that 

the AuCl4
- ions initially interact with the amino groups (e.g., lysine and arginine) of the BSA 

through electrostatic interactions. Even though the Au-thiol group (-SH) interaction is much 

stronger, the disulfide bonds are hidden within the secondary structure of the protein and 

inaccessible in the pH range of 5-7.33 These disulfide bonds will gradually become available at 

higher pH. With increasing the pH, the Au(III) complexes were quickly reduced into Au(I) 

complexes until further reduction by tyrosine. The reduction from Au(III) to Au(I) can be 

monitored by UV-vis spectroscopy. The HAuCl4 solution (pH 2) has a strong absorption  at 217 

nm and  a shoulder at 287 nm due to the ligand-to-metal charge transfer between Au(III) and Cl-

.34 The reduction from Au(III) to Au(I) complexes were mainly due to the pH increase of the 
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reaction solution, where the pH of the HAuCl4 reagent solution was 2 and the BSA solution was 

adjusted to 6. The pH effect was verified by measuring the absorption of the diluted HAuCl4 

solution in water (pH 6), where the absorption of Au(III) at 287 nm disappeared and the strong 

absorption at 217 nm shifted to lower wavelength (Figure S3.2a). The possibility of the ligand 

ligand replacement effect during pH increase (e.g. Cl- to OH-) was studied by adding NaCl into 

the solution to ensure the presence of Au chloride complexes. Similar shifts in the absorption 

spectra were observed (Figure S3.2b). Therefore, we believe that the spectrum shift is related to 

the reduction of Au(III) to Au(I). This spectrum shift was used to study the interaction between 

specific amino acids and HAuCl4.  

To study the role of the specific amino acids within BSA, lysine (1.71 mg), arginine (3.32 

mg), and histidine (0.94 mg) water solutions (pH 6) were prepared, where the amounts of amino 

acids were set to be equivalent to the amino acid amounts in 25 mg of BSA. After mixing with 

1.7 mL HAuCl4 solution, the absorption spectra were collected (Figure S3.3). Similar to BSA, 

lysine- and arginine- Au mixtures exhibited shifts in the 217 nm band and a much broader 287 

nm shoulder. The broadened band centered around 290 nm is a characteristic of ion-pair 

formation between ligands and Au ions.35 The complexed solution of lysine-Au and arginine-Au 

remained clear, similar to that of BSA-Au solution. In contrast, the solution mixture of histidine 

and HAuCl4 turned dark red, an indicator of the Au nanoparticle formation. Based on these 

observations, we suggested that the complexation between BSA and AuCl4
- ions was likely 

involved lysine and arginine, but not histidine residues. Further pH increase to 12 triggered the 

reduction of the Au(I) complexes to Au atoms by tyrosine and subsequent nanocluster formation. 

Importantly, at this pH, the disulfide bonds are accessible to Au nanoclusters, allowing for the 

formation of stable S-Au-S motif capped Au nanoclusters in the protein template. The presence 



 

44 
 

of Au(I) within the Au nanoclusters have been reported by various groups.26, 36 The as-

synthesized BSA-Au nanocluster solution was yellowish color and stable at room temperature 

for months. 

To obtain the magnetic-fluorescent integrated nanostructure, the iron oxide nanoparticles 

with activated dopamine surfaces were simply mixed with the as-synthesized BSA-Au 

nanoclusters and incubated at room temperature for 12 h. The conjugated nanoparticles were 

then magnetically separated out of the solution and re-dispersed in water. This integration 

process utilized the facile interaction between the activated catechol groups and the amino or 

thiol groups of the BSA protein. The significance of this conjugation is the elimination of 

additional chemical linkers and specifically required conjugation conditions.  

Figure 3.3a shows the fluorescent emission and excitation plots of the integrated 

nanoparticles after the removal of the free BSA-Au nanoclusters by two magnetic separations. 

Compared to the two emission peaks (680 and 705 nm, Figure 3.2a) of the unconjugated 

nanoclusters, only one emission peak at 680 nm was observed. The two emission peaks were 

likely resulted from the dynamic conformation of BSA. After immobilized on the nanoparticle 

surfaces, the dynamic conformation of BSA was significantly reduced. The integrated 

nanoclusters on the nanoparticle surfaces were not as bright as the unconjugated Au nanoclusters 

(Figure 3.3b); however, the intensive red emission of the integrated nanostructure could be 

clearly seen. The fluorescent emission intensity reduction was mainly due to the much lower 

nanocluster concentration than the free BSA-Au nanocluster solution.  
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Figure 3.3 The integrated structure of iron oxide nanoparticles and Au nanoclusters: (a) 
fluorescent emission (excited at 520 nm) and excitation scans for 680 nm emission, (b) 
photographs of free BSA-Au nanoclusters-1 and the integrated nanostructures-2 under a 365 nm 
UV radiation, (c) magnetic moment versus applied magnetic fields curves of nanoparticles and 
the integrated nanostructures, (d) photographs of the integrated nanostructures under magnetic 
fields.  

To quantify the fluorescent emission, the quantum yields of the free BSA-Au 

nanoclusters and the nanoclusters on the iron oxide nanoparticles surfaces were calculated. By 

comparing the wavelength-integrated fluorescence intensities of the samples to that of a standard 

fluorescent dye with known quantum yield, the quantum yields were estimated to be 0.065 for 

free nanoclusters and 0.08 for the nanoclusters on the nanoparticle surface. The slight increase in 

the quantum yield was not well understood at this point, but, further studies are on-going to study 

the photo-physical properties of the integrated nanostructure. The conjugation process did not 

greatly affect the magnetic properties of the iron oxide nanoparticles except for the decrease in 

(a) 1 2(b)

(c) (d)
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saturation magnetization (58 to 46 emu/g). Further, the rapid response of the integrated 

nanostructures to a magnet also indicated the strong magnetic property. 

The small fluorescent nanoclusters under bright TEM were barely seen (Figure S3.4), but 

the HRTEM image of a typical integrated structure showed the presence of a single nanocluster 

on an iron oxide nanoparticle surface (Figure 3.4a). Further, the conjugated nanoclusters were 

clearly observed on the HAADF image (Figure 3.4b). Similar to the HRTEM observation, the 

HAADF image also suggested that one nanocluster was likely conjugated onto each iron oxide 

nanoparticle. This observation indirectly confirmed the assumption that all the Au atoms were 

made up of one nanocluster in each BSA molecule. This finding provided valuable information 

to the field, because the number of the Au atoms in each BSA molecule has been studied by 

mass spectroscopy, but the number of Au nanoclusters in each molecule remains unconfirmed. 

The exact numbers of Au nanoclusters on the iron oxide nanoparticle surface will be studied by 

anti-bunching experiments on florescent correlation spectroscopy (FCS) in the near future. This 

suggestion is supported by the observation that the small Au nanoparticle has only one favorable 

binding site to human serum albumin at domain I.37 Further, it was also shown that the biological 

molecules have different packing density on a nanoparticle surface,38 similar to the BSA 

molecule  attachment to iron oxide nanoparticles. The conjugation of BSA-Au nanoclusters 

yielded a hydrodynamic size increase (24 to 39 nm) of the nanostructures as shown in Figure 

3.4c. The extended tail of the DLS plot was likely from the undefined shape and size of the 

denatured BSA protein, because the Au nanoclusters were synthesized at very high pH (~12). 

The covalent conjugation of BSA-Au nanoclusters also shifted the negative zeta potential of the 

dopamine-coated nanoparticles from -42 to -37 mV (Figure 3.4d). Both the DLS plots and zeta-
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potential measurements also support the successful conjugation of the nanoclusters to the iron 

oxide nanoparticle surfaces. 

 

Figure 3.4 The integrated structure of iron oxide nanoparticles and Au nanoclusters: (a) HRTEM 
image, (b) HAADF TEM image, (c) DLS plots, (d) Zeta-potentials, and (e) EDX spectrum. 

The structural integrity and the optical property of the integrated nanoparticles were 

studied in several biological buffers, including phosphate buffered saline (PBS), 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2-(N-morpholino)ethanesulfonic acid 

(MES), and EMEM cell growth medium. After 4 h incubation, the integrated nanoparticles 

remained their structural integrity based on the HAADF image (Figure S3.5). Interestingly, the 

intensity of the fluorescent emission increased in buffer solutions and returned to original after 

20 nm2 nm

(a) (b)

(c) (d)

(e)
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re-dispersed in water (Figure S3.6). The fluorescent intensity increase was not fully understood 

at this point, further investigation will be performed to understand this phenomenon. One 

possible explanation is that the biological buffers temporally cross-linked the integrated 

nanoparticles together (Figure S3.5b), which limited their mobility, thus decreasing the collision 

probability between the nanoparticles. As a result, the external energy transfer rate and quantum 

yield could be increased, as suggested in Ref.39. Similarly, the temporal nanoparticle cross-

linking could increase the local protein concentration; it was observed that protein adsorption led 

increase in the fluorescent intensity of Au nanoclusters.40 

3.4 Conclusion 

In summary, a facile approach was reported for the integration of protein-stabilized 

fluorescent nanoclusters and the dopamine-coated iron oxide nanoparticles. This method is 

highly attractive because of its simplicity and versatility, where the catechol groups on 

nanoparticle surfaces can be readily activated by simply increasing the pH of the solution. No 

additional chemical linkers are needed for the conjugation. This approach will be highly useful to 

conjugate biological molecules with amino acid and/or thiol groups and are stable in slightly 

basic environments onto the surfaces of iron oxide nanoparticles. This conjugation principle was 

well demonstrated by the protein-encapsulated nanocluster conjugation. Another important 

contribution of this work is the direct observation of one nanocluster per nanoparticle 

conjugation by HAADF. This observation indirectly confirmed the assumption of one 

nanocluster per BSA molecule. The stability of the integrated nanoparticles in various buffers in 

terms of structural integrity and optical property suggested their potential in biological 

applications. 
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3.6 Supporting information 

3.6.1 Dopamine oxidation 

Free dopamine solution was used as a comparison to the dopamine-coated nanoparticles. 

The dopamine water solution (0.4 mg/mL) was oxidized by adjusting its pH to 9 using NaOH. 

The time-dependent UV-vis absorption spectra were recorded, as shown in Figure S3.1. The 

dopamine-coated iron oxide nanoparticle solution itself exhibits a strong absorption in the range 

of 300 - 600 nm. 

 

Figure S3.1 UV-vis absorption spectra of (a) time-dependent oxidation of free dopamine solution, 
and (b) dopamine-coated iron oxide nanoparticle solution. 

3.6.2 Role of specific amino acids in nanocluster formation 

HAuCl4 solution is highly acidic (pH 2) and the AuCl4
- complex exhibits two typical 

absorption bands (217 and 287 nm), as shown in Figure S3.2a. After diluted in water (pH 6), the 

absorption spectra of the HAuCl4 solution shifted to lower wavelength (Figure S3.2a). We 

attributed the shifts to the reduction of the Au(III) to Au(I), because the pH dependent reduction 

potential of Au ions. To rule out the possibility of ligand replacement (e.g. Cl- to OH-), NaCl, 

with a molar ratio of 5:1 to Au was added to the solution, ensuring the presence of Au chloride 

a b
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complexes. Similar shifts in the absorption spectra were observed (Figure S3.2b). Therefore, we 

believe that the spectrum shift is related to the reduction of Au(III) to Au(I). This spectrum shift 

was used to study the interaction between specific amino acids and HAuCl4. 

 

Figure S3.2 UV-vis absorption spectra of HAuCl4 solution at pH 2- the original solution, pH 6- 
right after dilution into water, 30 min and 1 h after dilution.  

To study the role of specific amino acids within BSA, lysine (1.71 mg), arginine (3.32 

mg), and histidine (0.94 mg) water solution (pH 6) were prepared, where the amounts of amino 

acids were set to be equivalent to the amino acid amounts in 25 mg of BSA. Then, 1.7 mL 

HAuCl4 solution were added to each amino acid solution and UV-vis spectra were collected 

(Figure S3.3) 

a b
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Figure S3.3 UV-vis absorption spectra of HAuCl4 and BSA (a), arginine (b), Lysine (c), 
histidine (d) reaction solution, and (e & f) photographs of reaction mixtures.  

3.6.3 Bright field TEM image of the integrated nanoparticles 



 

55 
 

 

Figure S3.4 Bright field TEM image of the integrated nanoparticles. 

3.6.4 Stability tests of integrated nanoparticles 

Stability in biological buffers: The structural integrity and the optical property of the 

integrated nanoparticles were studied in various buffers, including PBS (1X), HEPES (10 mM), 

MES (10 mM) and EMEM (10 % FBS supplemented). In brief, the integrated nanoparticle 

solution (1 mL) was mixed with each buffer respectively at a volume ratio of 1:1. After 4 h 

mixing, the conjugated nanoparticles were magnetically separated out of the mixture and re-

dispersed into 1 mL water. A typical TEM image of the integrated nanoparticles in MES buffer 

is shown in Figure S3.5. The fluorescent emission plots of the all samples are shown in Figure 

S3.6. 
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Figure S3.5. The integrated nanoparticles in HEPES buffer: (a) HAADF image, and (b) bright 
field TEM image.  

pH stability test: The pH stability tests of the conjugated nanoparticles were conducted by 

adjusting the pH of the nanoparticle solution to 4. The stability of the integrated nanoparticles at 

high pH (12, during synthesis) and neutral pH (7, storage) has been demonstrated during 

synthesis and storage. The fluorescence emission plots of the integrated nanoparticles at neutral 

and acidic environment are shown in Figure S3.6e. 

50 nm20 nm
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Figure S3.6. UV-vis absorption spectra of the integrated nanoparticles in various buffers: (a), 
PBS, (b) HEPES, (c), MES, (d) reaction solution and (e &f) photographs of reaction mixtures. 
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CHAPTER 4 

THE ROLE OF PROTEIN CHARACTERISTICS IN THE FORMATION AND 
FLUORESCENCE OF AU NANOCLUSTERS 

(Published in Nanoscale 2014, 3, 1515–1524) 

Yaolin Xu, Jennifer Sherwood, Ying Qin, Dorothy Crowley, Marco Bonizzoni, and Yuping Bao* 

 

ABSTRACT 

Protein-encapsulated gold nanoclusters have shown many advantages over other gold 

nanocluster systems, including green synthesis, biocompatibility, high water solubility, and the 

ease of further conjugation. In this article, we systematically investigated the effects of the 

protein size and amino acid content on the formation and fluorescent properties of gold 

nanoclusters using four model proteins (bovine serum albumin, lysozyme, trypsin, and pepsin). 

We discovered that the balance of amine and tyrosine/tryptophan containing residues was critical 

for the nanocluster formation.  Protein templates with low cysteine content caused blue shifts in 

the fluorescent emissions and difference in fluorescent lifetimes of the Au nanoclusters. 

Furthermore, the protein size was found to be a critical factor for the photostability and long-

term stability of Au nanoclusters. The size of the protein also affected the Au nanocluster 

behaviour after immobilization. 

 

 



 

59 
 

4.1 Introduction 

Fluorescent gold (Au) nanoclusters have attracted much attention due to their emerging 

photophysical properties and potential applications in biolabeling and sensing.1-4 Motivated by 

their potential applications, fluorescent Au nanoclusters have been synthesized using many 

different capping molecules, such as glutathione,5 dodecanethiol,6 dendrimer,7, 8 meso-2,3-

dimercapsuccinic acid,9 Good’s buffer,10, 11 DNA,12-14 and proteins.15, 16 Among these synthetic 

methods, protein-directed synthesis is particularly attractive, because proteins serve as 

environmentally-benign reducing and stabilizing molecules, require only mild reaction 

conditions, offer great water solubility and natural biocompatibility.15  Furthermore, the 3D 

complexed structure of the proteins can withstand a wide range of pH and can be easily 

conjugated with other systems. So far, a number of proteins have been explored for synthesizing 

fluorescent Au nanoclusters, including  bovine serum albumin (BSA),16-18 lysozyme,19, 20 human 

transferrin,21, 22 lactoferrin,23 tryspin,24 pepsin,25 insulin,26 and horseradish peroxidase.27 

Depending upon the reaction conditions, the nanoclusters were formed either under protein-

denatured conditions16 or native condition.26 The protein-templates are expected to influence the 

nanocluster formation and property because of the diversity in amino acid contents and 

sequences of proteins. 

Most mechanistic studies on the nanocluster formation and fluorescent emissions have 

been focused on BSA-encapsulated nanoclusters.17, 23 Our previous study showed that the amine-

containing amino acids of the proteins were responsible for the Au ion uptake, and the increase 

of pH to 7 led to the reduction of Au (III) to Au(I); and then tyrosine or tryptophan reduced 

Au(I) to metallic Au at higher pH (> 10). 28 The fluorescent emission of BSA-Au nanoclusters 

was proposed to originate from Au25 nanoclusters, which were composed of a Au13 core and 12 
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Au(I) sulphur complex, forming six −S−Au(I)−S−Au(I)−S− staple surface motifs.28-30 This 

hypothesis suggested that 18 thiol groups (cysteine residues) in a protein template were 

necessary to form the staple surface motifs. However, Au nanoclusters have been synthesized 

using proteins with much fewer cysteine residues than that of BSA, such as  insulin (6 

cysteines)26 and trypsin (7 cysteines).24 Thus, the stabilization mechanism of Au nanoclusters in 

proteins remains an open question.  

Apart from the nanocluster formation, the optical properties of fluorescent nanoclusters 

are subject to various local environmental conditions, such as pH,31 the addition of chemicals,32, 

33 and protein absorption.34 It remains unclear how the protein templates affect the nanocluster 

behaviours under various environmental conditions. Furthermore, fluorescent Au nanoclusters 

are normally conjugated to other molecules or immobilized onto surfaces to serve as fluorescent 

tags or sensing signal. However, little has been done to investigate the immobilization effects on 

the fluorescent properties of Au nanoclusters.  

In this article, we systematically investigated the fundamental issues related to protein-Au 

nanoclusters by comparing 4 model protein systems (e.g., bovine serum albumin-BSA, 

lysozyme, trypsin, and pepsin). Specifically, we studied:  (1) the effects of protein size and 

amino acid contents on the nanocluster formation and fluorescent properties, (2) the chemical 

and photo stability of Au nanoclusters produced by three different proteins, and   (3) the 

immobilization effects on Au nanoclusters generated by different proteins. We discovered that 

the balance of amine and tyrosine/tryptophan containing residues was critical for nanocluster 

formation. Protein templates with low cysteine content caused blue shifts in the fluorescent 

emissions and differences in fluorescent lifetimes of the Au nanoclusters. Furthermore, the 

protein size served as a critical factor for the photostability and long-term stability of Au 
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nanoclusters. The size of the protein also affected the Au nanocluster behaviour after 

immobilization. The fundamental understanding of protein-Au nanocluster interactions will lead 

to further advancement in nanocluster design and synthesis, beneficial to biological and 

biomedical applications.  

4.2 Experiments 

4.2.1 Chemicals 

All the proteins were purchased in lyophilized-powder form and used without further 

purification. These proteins include: Bovine serum albumin (BSA, OmniPur), lysozyme (egg 

white, OmniPur), trypsin (bovine pancreas, Alfa Aesar), and pepsin (proteomic grade, Amresco). 

Gold chloride aqueous solution (HAuCl4, 0.2 wt%) was purchased from Electron Microscopy 

Sciences.    

4.2.2 Synthesis of protein-encapsulated gold nanoclusters 

The fluorescent Au nanoclusters were synthesized following a procedure similar to our 

previously-reported method.28 To investigate the effects of protein characteristics, four sets of 

experiments were performed: (1) The molar ratios of proteins to Au were kept the same, where 

1mL of freshly prepared protein solutions (BSA - 12.5 mg, trypsin - 4.6 mg, lysozyme - 2.7 mg, 

or pepsin - 6.5 mg) were mixed with 0.85 mL of cold HAuCl4 solutions (0.2 wt%). (2) The ratios 

of the amine functional groups to Au were kept the same (4 to 1, where 1 mL of freshly prepared 

protein solutions (BSA - 12.5 mg, trypsin - 24.4 mg, and lysozyme - 15.0 mg) were mixed with 

0.85 mL of cold HAuCl4 solutions (0.2 wt%). (3) The molar ratios of tyrosine/tryptophan to Au 

were kept the same, where 0.85 of freshly prepared protein solutions (BSA - 12.5 mg, trypsin - 

7.8 mg, lysozyme - 7.1 mg) were mixed with 0.85 mL of cold HAuCl4 solutions (0.2 wt%). (4) 

The Au amount was kept the same while the amounts of proteins were adjusted to achieve the 
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highest fluorescent intensities. Specifically, 1 mL of freshly prepared protein solutions (BSA-

12.5 mg, lysozyme-12.5 mg, or trypsin-15 mg) were mixed with 0.85 mL of cold HAuCl4 

solutions (0.2 wt%). For all the reactions, the reaction mixtures were stirred at room temperature 

for an hour, allowing for the complexation of Au ions with protein molecules. Then, 0.5 mL of 

NaOH solution (1 M) was added into each reaction mixture and kept at 45 °C for desirable times 

depending on the protein. The obtained yellowish Au nanocluster solutions were used for 

characterization, stability tests, and immobilization studies. The isoelectric points (PIs) of the 

proteins were measured by titrating HCl to the solution until proteins were fully precipitated out, 

forming a clear solution.  

4.2.3 Lifetime measurements 

Fluorescence lifetimes of the protein-Au nanoclusters in HEPES bufer (20 mM, pH 7.4) 

were measured with an Edinburgh Photonics Mini-Tau time-resolved fluorimeter using the time-

correlated single photon counting technique (TC-SPC). The samples were excited by a diode 

laser emitting at 485 nm, with pulse width of 150 ps set to a 20 kHz pulse repetition rate. Control 

of the excitation power was achieved through a continuously variable neutral density filter wheel 

to collect ca. 400 photons/s (2% of excitation rate). A Thorlabs long-pass filter with a 600 nm 

cut-on wavelength was used for emission selection. Photons were detected over a time range up 

to 20 µs by a high-sensitivity photomultiplier tube. Decay curves were accumulated until 10,000 

counts were collected at the highest peak in the curve. The sample temperature was controlled to 

25°C by an external circulating water bath. The intensity decay data was fitted to the following 

two-exponential model using a non-linear curve fitting routine implemented in house in the 

Mathematica v. 9.0 software. 

4.2.4 Stability tests 
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The stability of the protein-encapsulated Au nanoclusters was studied by monitoring their 

fluorescence change under various conditions, such as pH, buffers, temperature, and UV 

radiation. The pH effects were studied by adjusting the pHs of the protein-encapsulated Au 

nanoclusters solutions with HCl/NaOH in a cycle (pH= 12→9→7→5→7→9→12). At each pH, 

the solution was allowed equilibrating for 20 minutes before fluorescence measurement. The 

effects of the buffer conditions were achieved via dialysis of the nanocluster water solution in 

buffers for 4 hours. These buffers include phosphate buffered saline (PBS), 4-(2- hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES), 2-(N-morpholino)ethanesulfonic acid (MES), and 2-

amino-2-hydroxymethyl-propane-1,3-diol (Tris). The photostability was studied by measuring 

the fluorescence of the Au nanoclusters after UV radiation (0, 15 min, 30 min, 1, 2, 5 hours). The 

temperature effects were studied by merging the nanocluster solutions in a water bath at pre-set 

temperatures for 20 minutes and then immediately measuring their fluorescent emission. The 

temperature was set in a cycle (22→37→45→55→45→37→22 °C). The long-term stability of 

the nanoclusters was studied in both in solution and powder form samples.  

4.2.5 Immobilization effects 

The immobilization effects were studied by immobilizing the protein-encapsulated Au 

nanoclusters onto iron oxide nanoparticle surfaces following our previously reported 

procedures.28 In brief, 12 nm spherical iron oxide nanoparticles were prepared using our 

modified "heat-up" method.35-37 and then dopamine molecules were attached on the nanoparticle 

surfaces via a ligand exchange approach.35 The catechol groups on the nanoparticle surface can 

effectively interact with proteins upon activation. Briefly, 1.28 mL freshly-prepared lysozyme-

gold nanocluster solution was mixed with 0.5 mL activated iron oxide nanoparticle solution (1 

mg/mL). After12 hour incubation (22 °C), the conjugated nanoparticles were magnetically 
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separated out of the solution. This process was repeated twice to remove the free nanoclusters. 

The integrated nanostructures were then re-dispersed in water (0.5 mL) for further 

characterization. Alternatively, the nanoclusters were immobilized onto the inner surface of glass 

vials (2 mL) through a dopamine coating layer, and then the immobilized nanoclusters was 

immerged inside water to avoid drying. The glass vials with the immobilized nanoclusters were 

measured directly on the fluorescent spectrometer.   

4.2.6 Characterization 

The fluorescent spectra of protein-encapsulated Au nanoclusters were collected using a 

Cary Eclipse fluorescence spectrophotometer. The UV−vis spectra were recorded on a Shimadzu 

UV−vis spectrophotometer (UV-1700 series). The morphology and size of the protein-

encapsulated gold nanoclusters were examined under transmission electron microscopy (TEM, 

FEI Tecnai, F-20, 200 kV). The surface chemistry of the nanoparticles was studied by Fourier 

transform infrared spectroscopy (FTIR).  

4.3 Results and Discussion 

The effects of the protein size and amino acid content on the formation of the fluorescent 

Au nanocluster were studied using four model proteins (BSA, lysozyme, typsin, and pepsin). 

During the synthesis of Au nanoclusters, several groups of amino acids are critically important to 

the formation and stabilization of the nanoclusters. First, the positively charged amino acids 

(e.g., arginine, and lysine) are responsible for the coordination of the AuCl4
- ions, which 

determine the amounts of Au can be incorporated into the proteins. Second, the amount of 

trypsin/tryptophan residues is important to reduce the Au ions, thus directly influencing the 

reaction rate. Finally, the cysteine residues are an important group to stabilize the Au 

nanoclusters because of the strong interaction between Au and thiol groups. Table 4.1 shows the 
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characteristics of the four proteins, including protein sizes and contents of key amino acid 

residues. The difference in these characteristics serves as the basis for cross-comparison. The 

sizes of proteins decrease in the order of BSA> pepsin > trypsin > lysozyme, while except for 

BSA, the other three proteins have similar cysteine content (pepsin-7, trypsin-7, and lysozyme-

8). The considerable difference in amine-containing residues among these four proteins, such as 

lysine (BSA-60, trypsin-14, lysozyme-6, and pepsine-1) allows studying the role of amine 

groups in the nanocluster formation. The amine-containing residues are key groups to complex 

Au ions and subsequently determine the Au uptake.  

Table 4.1. The characteristics of four model proteins 

 

(b)

Tyrosine: Au3+ 21 10 3 18

Tryptophan: Au3+ 3 4 6 6

Total (reducing) 
AA to Au3+ 24 14 9 24

(c) Cysteine: Au3+ 35 7 8 7

BSA
(66 kDa)
(636 AA)

Trypsin
(24 kDa)
(223 AA)

Lysozyme
(14 kDa)
(129 AA)

Pepsin
(34 kDa)
(327 AA)

(a)

Arginine: Au3+ 26 2 11 2

Lysine: Au3+ 60 14 6 1

Histidine: Au3+ 16 3 1 1

Total (positive-
charged) AA to Au3+ 102 19 18 4

Proteins

Amino acid 
# (to Au3+)
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Figure 4.1. Protein-encapsulated Au nanostructures: fluorescent emission (black)/excitation (red) 
spectra and TEM images of Au nanoclusters generated from BSA (a and e), trypsin (b and f), 
lysozyme (c and g), and pepsin (d and h). 

To investigate the effects of protein characteristics, four sets of experiments were 

performed: (1) the same molar ratio of protein to Au, (2) the same molar ratio of the amine 

functional groups to Au, (3) the same molar ratio of tyrosine/tryptophan to Au, and (4) excess 
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previous reports that Au25 nanoclusters were generally produced with BSA proteins.23  Figure 4.1 

a-d shows the fluorescent emission and excitation spectra of the nanoclusters generated using 

BSA, trypsin, lysozyme, and pepsin respectively. Compared to the emission peak (λem, max705 

nm) of BSA-Au nanoclusters, the emission maxima of the Au nanoclusters produced using 

trypsin, lysozyme, and pepsin showed more than 60 nm blue shift (e.g., trypsin - 643 nm; 

lysozyme - 640 nm, and pepsin - 620 nm) and with much lower fluorescent intensity, in 

particular for the pepsin reaction. The low fluorescent intensities were mainly due to the 

ineffective protection of the protein templates, leading to the formation of large size 

nanoparticles (Figure 4.1f -h). However, the typical 520 nm absorption peak of Au nanoparticles 

was barely detected for both trypsin and lysozyme samples (Figure S4.1), likely because of the 

percentage of the large nanoparticles was low. Interestingly, the pepsin reaction only showed 

detectable fluorescence after 1 h reaction and then the fluorescence kept decreasing and was 

barely detectable after 4 h. Instead, the typical UV-visible absorption peak at 520 nm of Au 

nanoparticles was clearly observed (Figure S4.2), indicating the formation of larger Au 

nanoparticles. The formation of Au nanoparticles rather than fluorescent nanoclusters for pepsin 

can be understood by the amine-containing and tyrosine/tryptophan residues in pepsin. Pepsin 

only contains 4 amine-containing residues, which did not allow effective complexation with 

AuCl4
- ions. Further, the high tyrosine/tryptophan content rapidly reduced the Au ions, leading to 

the formation of Au nanoparticles. This observation is inconsistent with previous reports on the 

formation of Au nanoclusters with pepsin.25 We believe that the inconsistence is due to the 

protein source and purity, where other components might contribute to the formation of Au 

nanoclusters. Because of the difficult to produce pepsin-Au nanoclusters with high fluorescence, 
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the rest of comparison studies were primarily on the other three proteins (BSA, trypsin and 

lysozyme). 

The blue shifts in fluorescent emissions of trypsin and lysozyme could be from either 

smaller nanoclusters or environmental effects. Based on the TEM images (Figure 4.1 f and g), 

wide size distribution of the Au nanoclusters were observed for both samples. In addition, the 

HRTEM did show a smaller cluster size. We attributed the low fluorescent intensity and wide 

size distribution of the Au nanoclusters to the ineffective protection because of the smaller sized 

proteins and low cysteine contents. To ensure that enough proteins were available to protect the 

nanoclusters, the protein amounts of trypsin and lysozyme were adjusted to achieve the highest 

fluorescent intensity. After optimization, the proteins to Au ratios were found to be 0.13 to 1 for 

trypsin and 0.18 to 1 for lysozyme, which was much higher than that of BSA to Au (0.04 to 1). 

Trypsin and lysozyme have similar numbers of thiol groups; the higher amount of lysozyme 

required to stabilize the Au nanoclusters suggested the importance of protein size.  

Figure 4.2 shows the fluorescent emission/excitation plots and TEM images of Au 

nanoclusters generated with excess trypsin and lysozyme. Compared to the emission peak (λem, 

max 705 nm) of BSA-Au nanoclusters in Figure 4.1a, the emission maxima of the Au nanoclusters 

produced using excess trypsin and lysozyme showed more than 30 nm blue shift (e.g., trypsin - 

669 nm; lysozyme - 671 nm). However, with enough proteins, uniform Au nanoclusters were 

produced using both trypsin and lysozyme (Figure 4.2b and d). Interestingly, the sizes of the Au 

nanoclusters from excess lysozyme and trypsin were very similar to that of the BSA-Au 

nanoclusters (Figure 4.1e). Therefore, we believed that the blue shifts in fluorescent emissions 

were a result of local environments (e.g., coordinating functional groups, hydrophobicity). 

Previous reports on BSA-Au nanoclusters suggested that the fluorescent emission was from Au25 
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nanoclusters, including a core (Au13) emission at higher wavelength and an emission from the 

surface staple motif [-S-Au-S-Au-S-] at lower wavelength.29, 30 With this assumption, 18 cysteine 

residues are required to form six staple surface motifs. For proteins with less thiol contents, such 

as trypsin (7) and lysozyme (8), the formation of the surface staple motif in a single protein is 

limited. To stabilize the Au nanoclusters, either multiple proteins are involved or other amino 

acids (e.g., -NH2) contribute to stabilizing the Au nanoclusters.  

 

Figure 4.2. Fluorescent emission (black)/excitation (red) spectra and TEM images of Au 
nanoclusters generated from excess trypsin (a and b), and lysozyme (c and d).  

Here, we proposed that the amine groups were involved in the stabilization of the Au 

nanoclusters for proteins without enough thiol groups based on previous reports on Au surface 

interactions with various functional groups (thiol > amine > hydroxyl).38, 39 Lack of cysteine 

residues causing blue shifts in fluorescent emissions of protein-Au nanoclusters was also 
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observed in myoglobin (no cysteine) stabilized Au nanoclusters.40 Thiol groups are known to 

form chemical bonds on Au surfaces; In contrast, amine groups are generally believed to form 

coordination bonds, where the lone electron pair of nitrogen involving coordination with the 

empty orbital of Au complex. These two types of bindings led to different ability of providing 

electrons and thus surface states of Au complex. Our hypothesis of amine-involvement in 

nanocluster stabilization was further supported by measuring the pIs of the proteins before and 

after Au nanocluster encapsulation via titration. Before Au nanocluster encapsulation, the pIs of 

BSA, trypsin and lysozyme were experimentally determined to be 4.5, 7, and 10.5, respectively. 

After Au nanocluster encapsulation, the pI of BSA remained unchanged, but the pIs of trypsin 

and lysozyme significantly reduced to 5 and 5.5, respectively. The pI changes in lysozyme and 

trypsin indicated the involvement of the amine groups during the encapsulation of Au 

nanoclusters.  

To further investigate the effects of ligands on the properties of the Au nanoclusters, the 

fluorescent lifetimes of all three types of Au nanoclusters were measured with an Edinburgh 

Photonics Mini-Tau time-resolved fluorimeter using the time-correlated single photon counting 

technique (TC-SPC). Figure 4.3 shows the fluorescent emission lifetime decays and fit curves, 

which were fitted with multi-exponential models containing two lifetimes. The two-exponential 

lifetimes were 765 ns and 1976 ns for lyso-Au nanoclusters, accounting for 23.3% and 76.7% of 

the integrated fluorescence emission; 766 ns and 2062 ns for Try-Au nanoclusters, accounting 

for 24.8% and 75.2% of the integrated fluorescence emission; 711 ns and 1871 ns for BSA-Au 

nanoclusters, accounting for 29.4% and 70.6% of the integrated fluorescence emission The 

reduced chi-square values (χ2) for each fit were: 1.12, 1.16, and 1.06, respectively.  
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Figure 4.3. Time-resolved fluorescence lifetime analysis of (a) Lyso-Au (b) Try-Au and (c) 
BSA-Au nanoclusters.  

Because multiple exponentials were necessary to fit the lifetime decays, we found it 

useful to present the intensity-weighted average lifetime τave as an overall descriptor of the 

average time delay with which photon emission occurs after the laser pulse, which led to 1529 ns 

for BSA-Au, 1741 ns for trypsin-Au, and 1689 ns for lyso-Au. In all cases, the most important 

contribution to the emission came from the species with the longest lifetime. The study of BSA-

Au nanoclusters has attributed the slow component to the triplet formation and the fast 

component to the trapping of surface Au(I) states.29  The higher percentage of the fast component 

for BSA-Au (29.4%) than that of try-Au and lyso-Au (23.3% or 24.8%) suggested higher amount 

of Au(I) surface states from thiol interactions.  

When the ratios of the amine functional groups to Au (4:1) were kept the same, the 

protein-Au nanoclusters showed similar fluorescent emission/excitation behaviours (Figure 

S4.3a) to the nanoclusters generated with excess proteins (Figure 4.2).  When the amine to Au 
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for both trypsin and lysozyme. The ratios for trypsin and lysozyme are much higher than that of 

the proteins needed to stabilize Au nanoclusters, such as 0.13 to 1 for trypsin and 0.18 to 1 for 

lysozyme. In contrast, when keeping the ratios of tyrosine/tryptophan to Au the same (1:1), the 

fluorescent emission/ excitation behaviours for BSA-Au nanoclusters did not change, but the 

fluorescent emission and excitation spectra of trypsin and lysozyme-Au nanoclusters exhibited 

blue shifts (Figure S4.3b). At the 1 to 1 reducing power to Au ratio, the proteins to Au ratios 

were 0.04 to1 for BSA, about 0.06 to 1 for trypsin, and 0.1 to 1 for lysozyme. The ratios of 

trypsin and lysozyme were lower than the proteins needed to stabilize Au nanoclusters, such as 

0.13 to 1 for trypsin and 0.18 to 1 for lysozyme.  

It is expected that the encapsulation of the Au nanoclusters inside the protein template 

interferes with the protein structure. Infrared spectroscopy offers an effective tool to study the 

secondary structure and the structural change of proteins.41 In addition, the side chains of some 

amino acids exhibit characteristic peaks as key marker identification.42 The FTIR spectra provide 

information on the secondary structural change after Au nanocluster encapsulation, because the 

amide  bands are highly sensitive to environmental change, including amide I mainly –C=O 

stretching (1600-1680 cm-1),41 amide II band arising from –N-H bending (60%) and –C-N 

stretching (40%),43 and amide III, the in phase combination of C-N stretching, C=O in plane 

bending, and C-C stretching.44 

Compared to the IR spectra of native proteins (Figure S4.4), the IR spectra of the 

denatured proteins showed several distinct changes, such as intensity reduction of the amide I 

and II bands, appearance of IR bands of hydrophobic residues, and peak shifts in the amide III 

region. For all three proteins, the CH2 in plane and out plane bending and rocking bands became 

dominant, including 1422, 991, and 877 cm-1 for BSA, 1429 and 880 cm-1 for trypsin and 
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lysozyme. The peak shifts in the amide III regions (1129-1301 cm-1) included C-N stretching and 

N-H bending, such as 1243 to 1278 cm-1 for BSA, 1236 to 1278 cm-1 for trypsin, and 1236 to 

1305 cm-1 for lysozyme. Further, each protein also exhibited its specific feature. For instance, 

BSA showed mainly hydrophobic features with the C-H out-of plane bending at 991cm-1. In 

addition to the exposure of hydrophobic residues, the denatured trypsin showed several typical 

tyrosine residues band shifts, including band 1007 cm-1 (phenol-OH) to 1114 cm-1 (phenol-O-) 

after denature under basic environment along with the Tyr-O- (C-C stretching) at the 1560 cm-1 

and Try-O- at 1496 cm-1 (CH in plane bending). Tyrosine is a very strong IR absorber, which 

over dominated the amide II bands. Lysozyme showed typical bands of Tryptophan  CH and NH 

bending of the indole ring at 1506 cm-1 and 1004 cm-1 along with the out plane mode of indole 

mode at 740 cm-1.41 

Figure 4.4 shows the IR spectra of denatured proteins and protein-Au nanoclusters. After 

Au nanocluster encapsulation, all three proteins refolded to some extend with enhanced signals 

of the amide I and amide II bands. The shifts observed in amide III region shifted back to native 

states, such as 1287 to 1241 and  1310 cm-1 for BSA, 1278 to 1240 cm-1 for trypsin, and 1305 to 

1278 cm-1 for lysozyme. The refold of BSA was also supported by the disappearance of –CH out 

of plane bending band (991 cm-1). The –CH2 bending band at 1442 cm-1 became a shoulder of 

the major 1398 cm-1 band (Figure 4.4a).  In addition to the change in the hydrophobic residues, 

several IR bands related to -COO- groups appeared, including  the asymmetric/symmetric 

stretching vibration of -COO- groups at 1564 cm-1 (overlapped with the amide II band) and 1398 

cm-1, COO- scissoring and rocking  at 860 cm-1 and 830 cm-1,45, 46 and -C=O out of plane bending 

at 780 cm-1.47 The spectra change can be easily understood by the large amount of negatively 

charged residues (99) in BSA and these carboxylic groups were entirely ionized at the reaction 
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pH 12. In contrast, trypsin protein only has 9 negatively charged residues. Compared to the free 

protein, the IR spectrum changes suggested the negatively charged residues were either highly 

exposed or close to the Au nanocluster, which enhanced the IR signal. 

 

Figure 4.4. FTIR spectra of protein-encapsulated Au nanoclusters and its corresponding free 
protein under denatured conditions: (a) BSA, (b) trypsin, and (c) lysozyme. 
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After Au nanocluster encapsulation, the amide I band (1638 cm-1) of trypsin showed little 

variation, but the Tyr-O- bands at the 1560 cm-1 and 1496 cm-1 became the characteristic tyrosine 

band at 1518 cm-1 (Figure 4.4b).41 Interestingly, the side chain bands of tyrosine residues showed 

a significant band at 840 cm-1,  a key marker of tyrosine-tyrosine crosslinker,48 which is a result 

of Au ion and tyrosine reduction/oxidation. The amide I and II bands of lysozyme were much 

enhanced (Figure 4.4c) after Au nanocluster encapsulation. However, no other significant 

changes were observed except for the disappearance of indole ring band at 1506 cm-1, and the 

appearance of a shoulder band at 1398 cm-1.     

The stability of fluorescence is a key parameter to the application of Au nanoclusters as 

tag molecules for sensing, imaging, or detection. The stabilities of the Au nanoclusters 

(generated from various proteins) were systematically studied in terms of pH effects, buffer 

environments, photo, thermal, and long-term stability. The chemical, physical, and long-term 

stabilities of the protein-Au nanoclusters were studied using the nanoclusters produced with 

excess proteins because of the high fluorescent intensity and enough materials from the same 

batch for stability studies.  

All of the Au nanoclusters were produced under highly basic conditions (pH 12); 

however, these nanoclusters are generally utilized in physiological conditions. The pH effects 

were studied by monitoring the fluorescent emissions of the protein-Au nanoclusters at different 

pHs (12→9→7→5→7→9→12). At each pH value, the solution was equilibrated for 20 minutes 

before measuring. Figure 5 shows the pH effects on the fluorescent emissions of the protein 

encapsulated Au nanoclusters. For BSA-Au nanoclusters (Figure 4.5a and b), we observed an 

approximately 30% reduction in fluorescent intensity and a 15 nm blue shift of the λem, max from 

pH 12 to 9. The emission intensity at pH 7 was similar to that at pH 9, but the λem, max blue 
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shifted another 10 nm. By pH 5, most of the proteins were precipitated out of the solution 

because of the pI of the protein and a very low fluorescent signal was detected. The lost 

fluorescence intensity was recovered after adjusting the pH of the solution (Figure 4.5b). 

However, the fluorescence intensities were slightly lower because of the dilution during the pH 

adjustment with HCl and NaOH solutions and the difficulty in re-dissolving the protein 

precipitates entirely. This pH dependent behaviour of the BSA-Au nanoclusters was related to 

the structural conformation of BSA protein. BSA remains its native conformation in a pH range 

of 5-7.5; but it changes into the basic form above pH 8. Continuous pH increase to 12 causes the 

completely unfold of domain I and III.49  

 

Figure 4.5. pH and buffer condition effects on the fluorescent emission of Au nanoclusters 
generated by (a-c) BSA, (d-f) trypsin, and (g-i) lysozyme. 
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For trypsin-Au nanoclusters (Figure 4.5d and e), the highest fluorescent intensity was 

observed at pH 7 because trypsin has a well ordered conformation between pH 7 and 8, but 

becomes considerably less ordered at more acidic and more basic pH values.50 After going 

through the pI of the protein, the fluorescent intensities were slightly lower due to dilution of the 

solution and the difficulty in re-dispersing the aggregates entirely. Compared to the ~ 25 nm blue 

shift of the λem, max from pH 12 to 7 for BSA-Au nanoclusters, the fluorescent emission of 

trypsin-Au nanoclusters exhibited ~10 nm blue shift from pH 12 to7. At pH 5, the protein-Au 

nanoclusters were precipitated out and no fluorescent spectrum was collected. For lysozyme-Au 

nanoclusters (Figure 4.5g and h), the λem, max did not shift with pH likely due to the high stability 

of lysozyme in a wide pH range. The decrease in intensity was mainly due to the precipitation of 

the lysozyme-Au nanoclusters. 

For biological applications, fluorescent nanoclusters are generally applied in biological 

buffers, therefore, the stability of the Au fluorescent nanoclusters were studied in various buffers, 

including PBS, MES, Tris, and HEPES. Figure 4.5c, f, and i shows the florescent emission plots 

at various conditions. Compared to emissions of the Au nanoclusters in water at pH 7, dialysis 

with biological buffers at pH 7 did not affect the fluorescence emission much. However, we did 

observe a slight intensity variation among these three types of Au nanoclusters. For example, the 

highest intensities were observed in MES for BSA-Au nanoclusters, HEPES for trypsin-Au 

nanoclusters and PBS for lysozyme-Au nanoclusters. 

Generally, during applications, a laser is applied to excite the nanoclusters. Depending on 

the duration, the laser can heat up and/or photobleach the tag molecules. The temperature effects 

on the protein-Au nanoclusters were studied in a cycle (22→37→45→55→45→37→22 °C) by 

merging the nanocluster solutions in a water bath at pre-set temperatures. After 20 minute 
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equilibration, the nanocluster solutions were immediately measured. Figure 4.6 shows the 

fluorescent emission plots of the protein-Au nanoclusters at different temperatures. For all of the 

three types of Au nanoclusters, the fluorescence intensities decreased as the temperature 

increased, mainly due to the increased photo collision at higher temperatures. However, the 

fluorescence was largely recovered once the nanocluster solutions were at lower temperature. In 

addition to the decrease in fluorescent intensity, the lysozyme-Au nanoclusters also showed an 

approximately 20 nm red shift likely because of aggregation. However, this aggregation process 

was reversible, similar to the pH effects.  

 

Figure 4.6.Temperature and UV-radiation effects on the fluorescent emission of Au nanoclusters 
generated by (a-c) BSA, (d-f) trypsin, and (g-i) lysozyme. 
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The photostability (i.e. the decrease in fluorescent intensity upon light irradiation) of a 

fluorescent tag determines the duration of a measurement or test. The photostability of the 

protein-Au nanoclusters were studied under UV light radiation (365 nm, 6 W/cm2) in water at pH 

12 (Figure 4.6 c, f and i). The fluorescence intensity of BSA-Au nanoclusters dropped 20% at the 

first 15 minutes. Then, the Au nanoclusters showed great photo stability with only ~ 5% loss 

after 5 hour radiation (Figure 4.6c). The great UV stability of BSA-Au nanoclusters can be 

understood by the large size of the protein template (636 aa) and the formation of the complete 

surface staple motifs with the involvement of 18 thiol groups. Similar to the BSA-Au 

nanoclusters, the trypsin-Au nanoclusters exhibited 25% fluorescence drop after 5 h with a quick 

loss of 15% at the first 15 minutes (Figure 4.6f). Compared to BSA, trypsin has a much smaller 

size (223 aa) and fewer thiol groups (7) without the formation of a complete coverage of surface 

staple motifs. The fluorescent intensity of lysozyme-Au nanoclusters dropped approximately 

60% after 1 h and 80% after 5 hours. The lysozyme has similar thiol content to trypsin, but with 

a much smaller size (129 aa) (Figure 4.6i). Therefore, we concluded that protein size was the 

main factor contributing to the photostability of the protein-encapsulated nanoclusters, not the 

−S−Au(I)−S−Au(I)−S− staple surface motifs.   

The long-term stability of the Au nanoclusters was studied in powder and solution form 

for each protein. The Au nanoclusters generated from all three proteins showed higher stability 

in powder form than that in solution (Figure S4.5). For example, at 4 °C, the BSA-Au 

nanoclusters stored in powder form retained 96% of the fluorescent intensity after one year, 

while the fluorescence intensity of the same sample in solution reduced to 75% after one month. 

Similar trends were observed for the trypsin-Au nanoclusters (92% in powder and 80% in 

solution) and lysozyme-Au nanoclusters (90% in powder and 75% in solution) after one month.  
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Except for the fluorescent intensity, the λem, max of BSA-Au nanoclusters showed no shift. In 

contrast, trypsin-Au nanoclusters showed no change in powder form, but with a red shift in λem, 

max in solution, an indication of aggregation. The aggregation in solution was likely because the 

proteins were subject to protease in solution. The lysozyme-Au nanoclusters showed red shifts in 

both powder and solution form. This observation suggested that the protein size is a key 

parameter for long-term stability. 

To understand the immobilization effect, protein-encapsulated Au nanoclusters were 

covalently conjugated onto iron oxide nanoparticle surfaces using our previously reported 

procedure (Figure 4.7).28 Because of the extremely small sizes of the Au nanoclusters, they were 

barely seen on the iron oxide nanoparticles. However, small darker spots on the nanoparticle 

surfaces could be observed via carefully examination. After immobilization, the λem, max of the 

BSA-Au nanoclusters blue shifted about 25 nm and maximum excitation blue shifted about10 

nm. The blue shifts were likely resulted from conformational change of BSA protein, which 

altered the local environment of the Au nanoclusters. BSA is known to have several dynamic 

confirmations. After immobilization on the nanoparticle surfaces, the dynamic conformation of 

BSA was significantly reduced. In contrast to BSA-Au nanoclusters, both trypsin-Au and 

lysozyme-Au nanoclusters showed much broader fluorescent emission and excitation peaks after 

immobilization. The fluorescent emission peaks were blue shifted while the fluorescent 

excitation peaks were red shifted. We attributed these changes to the involvement of iron oxide 

nanoparticles during excitation and emission, because iron oxide nanoparticles have strong 

absorption in the visible range. This effect could only take place when the nanoclusters were 

close to the surface of iron oxide nanoparticles. The size of BSA protein is much larger than that 

of trypsin and lysozyme, and showed only minimal effects from the iron oxide nanoparticles.  
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Figure 4.7. Protein-Au nanoclusters immobilized on iron oxide nanoparticle surface: fluorescent 
emission/excitation plots and TEM images of BSA (a and b), trypsin (c and d), and lysozyme (e 
and f). 

To verify our hypothesis, we conducted experiments by simply mixing the Au 

nanocluster solutions with iron oxide nanoparticles and then measured the fluorescent emission 

and excitation before and after the addition of iron oxide nanoparticles. Figure S4.6 showed the 

fluorescent excitation/emission plots of protein-Au nanoclusters before and after the addition of 

iron oxide nanoparticles. For all these samples, significant intensity decrease was observed due 

to the strong absorption of iron oxide nanoparticles in visible range, but the emission peak (λem, 
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max) was not affected. In contrast, the excitation peak red shifted. This observation was mainly 

because the iron oxide nanoparticles have absorption in the visible range, which interfered with 

the excitation but not the emission. Compare the spectra of the simply mixed and the 

immobilized nanocluster samples, the immobilization effects on the Au nanoclusters can be 

clearly identified. 

 

Figure 4.8. The fluorescent emission/excitation plots of protein-Au nanoclusters immobilized on 
the inner surface of glass vials: (a) BSA, (b) trypsin, and (c) lysozyme. 

Alternatively, the protein-Au nanoclusters were immobilized on the inner surface of glass 

vials. Figure 4.8 shows the fluorescent emission/excitation plots of the immobilized Au 

nanoclusters immerged in water. Similar emission and excitation shifts were observed for both 

immobilizations experiments. Therefore, we believe that the protein dynamic were primarily 

responsible for changes in the fluorescence. 

4.4 Conclusions 

In summary, the effects of protein size and amino acid sequence on the protein-

encapsulated Au nanoclusters were studied systematically. The experimental results suggested 

that a balance of the amine-containing and tyrosine/tryptophan residues was critical for the 

formation and stabilization of the Au nanoclusters. For example, pepsin with a few amine-
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containing residues but much higher amount of tyrosine/tryptophan was not able to produce Au 

nanoclusters, leading to the formation of larger size Au nanoparticles. In addition, the cysteine 

content is critical to form surface staple residue and fluorescent emission. Lower cysteine content 

(< 18 per protein) caused blue shifts of the emission spectra and difference in fluorescent 

lifetimes due to the possible contribution from amine-containing residues in the stabilization of 

the Au nanoclusters.  Furthermore, the size of the protein template was found to be critical to the 

photo, thermal, and chemical stability of the Au nanoclusters. Finally, regardless of the size of 

the protein, immobilization effects were observed for all three types of Au nanoclusters. 
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4.6 Supporting information 

Figure S1 shows the UV-visible absorption spectra of Au nanoclusters from trypsin and 

lysozyme, where the protein to Au ratio was kept the same. Even though larger sized clusters 

were observed from the transmission electron microscopy images (Figure 4.1d and f), the typical 

520 nm absorption of large Au nanoparticles was barely seen. 

 

 Figure S4.1. UV-vis spectra of protein-Au nanoclusters generated from trypsin and lysozyme.  

Figure S4.2 shows the UV-visible absorption spectra of Au nanoclusters from pepsin, 

where the protein to Au ratio was kept 0.04 to 1, the same as other proteins. The typical 520 nm 

absorption band of Au nanoparticles was clearly observed, indicating the formation of large Au 

nanoparticles. This observation was also consistent with dark red color (Figure S4.2b) and the 

loss of fluorescence of the pepsin-Au solution. 
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Figure S4.2. (a) a UV-visible spectrum of pepsin-Au nanostructures, (b) a photo image of 
pepsin-Au nanoparticles in solution. 

Figure S4.3 shows the fluorescent emission/excitation plots of Au nanoclusters generated 

using the same ratios of amine to Au and trypsin/tryptophan to Au. When the amine functional 

groups and Au ratios (4:1) were kept the same, the protein-Au nanoclusters showed exact the 

same fluorescent emission and excitation behaviors as the nanoclusters generated with excess 

proteins shown in Figure 4.2. When the amine to Au ratios were kept the same, the proteins to 

Au ratios turned out to be 0.04 to 1 for BSA, 0.2 to 1 for both trypsin and lysozyme. The ratios 

for trypsin and lysozyme are much higher than that of the proteins needed to stabilize Au 

nanoclusters, such as 0.13 to 1 for trypsin and 0.18 to 1 for lysozyme. In contrast, when keeping 

the ratios of tyrosine/tryptophan, the reducing power, to Au the same (1:1), we observed the 

same fluorescent emission and excitation behaviors for BSA protein, but both the fluorescent 

emission/excitation spectra of trypsin and lysozyme-Au nanoclusters exhibited blue shifts, as 

shown in Figure S4.4. This observation was mainly because the lower contents of amine groups 

in trypsin and lysozyme. At the 1 to 1 reducing power to Au ratio, the proteins to Au ratios were 

0.04 to1 for BSA, about 0.06 to 1 for trypsin, and 0.1 to 1 for lysozyme. The ratios of trypsin and 

lysozyme were lower than the proteins needed to stabilize Au nanoclusters, such as 0.13 to 1 for 
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trypsin and 0.18 to 1 for lysozyme. Therefore a larger blue shift than the excess protein reactions 

but smaller blue shift than that with the same protein to Au ratios. 

 

Figure S4.3. Fluorescent emission and excitation plots of protein –Au nanoclusters generated 
with the same amine group to Au ratios: (a) BSA, (b) trypsin, and (c) lysozyme; and protein-Au 
nanoclusters generated with the same tyrosine/tryptophan to Au ratios: (d) BSA, (e) trypsin, and 
(f) lysozyme.  
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bending and rocking bands at 1422 and 877 cm

-1 

for BSA and 1429 and 880 cm
-1 
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peak of tyrosine at 1515 cm
-1 

and a clear shift from 1007 cm
-1 

(phenol-OH) to 1114 cm
-1 

(phenol-

O
-
) after denature under basic environment along with the Tyr-O

- 
(stretching vibration of -C-C) 

at the 1559 cm
-1 

and Try-O
- 

(-C-H in plane bending) at 1496 cm
-1

. In contrast, lysozyme 

exhibited the CH and NH bending of the indole ring at 1506 cm
-1 

along with the out plane mode 

of indole mode at 740 cm
-1. 

 

Figure S4.4. FTIR spectra of proteins and denatured proteins in basic environments: (a) BSA, (b) 
trypsin, and (c) lysozyme. 
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The long-term stability of the Au nanoclusters was studied in powder and solution forms. 

The Au nanoclusters generated from all of the three proteins showed a higher stability in powder 

form than that in solution. In addition, the protein size is important to the stability of the 

nanoclusters. BSA encapsulated Au nanoclusters showed great stability in both solution and 

powder forms; The trypsin-Au nanoclusters was stable in powder from, but some aggregation 

was observed in solution suggested by the red shift of the fluorescent emission; in contrast, the 

smallest protein, lysozyme encapsulated Au nanoclusters showed red shift in both powder and 

solution formed samples (Figure S4.5). 

 

Figure S4.5. Fluorescent emission plots of protein-Au nanoclusters in solution and powder forms 
(a) BSA-Au nanoclusters, (b) trypsin-Au nanoclusters, and (c) lysozyme-Au nanoclusters.  

Figure S4.6 shows the fluorescent excitation/emission plots of protein-Au nanoclusters 

before and after the addition of iron oxide nanoparticles. For all these samples, significant 

intensity decrease was observed due to the absorption of iron oxide nanoparticles, but the 

emission peak (λ
em, max

) was not affected. In contrast, the excitation peak was red shift. This 

observation was mainly because the iron oxide nanoparticles have absorption in the visible range, 

which interfered with the excitation but not the emission. 
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Figure S4.6. Fluorescent emission/excitation plots of Au nanoclusters before and after addition 
of iron oxide nanoparticles: (a and d) BSA-Au nanoclusters, (b and e) trypsin-Au nanoclusters, 
and(c and f) lysozyme-Au nanoclusters.  
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CHAPTER 5 

A LINKER-FREE METHOD FOR THE EFFECTIVE CONJUGATION OF BIOACTIVE 
MOIETIES ONTO IRON OXIDE NANOPARTICLES 

(Submitted to Biomaterials and under review) 

Yaolin Xu, Dana C. Baiu, Jennifer Sherwood, Meghan R. McElreath, Ying Qin, Kimberly H. 
Lackey, Mario Otto,* and Yuping Bao* 

 

ABSTRACT 

Specific targeting is a key step to realize the full potential of iron oxide nanoparticles in 

nanomedicine. Facile and effective conjugation of the targeting molecules onto iron oxide 

nanoparticle surface is critically important. Here, we report an easy, linker-free method based on 

catechol reactions to attach antibodies to iron oxide nanoparticle surfaces for specific cell 

targeting. The antibody-conjugated nanoparticles exhibited highly selective targeting on GD2-

positive neuroblastoma cells, compared with GD2-negative control cells. The specific cell 

targeting was examined by flow cytometry, fluorescence microscopy, Prussian blue staining and 

transmission electron microscopy. These detailed studies indicated that antibody-conjugated 

nanoparticles were quickly recognized by GD2-positive cells at four hours, and the cell 

membrane bound nanoparticles were subsequently internalized into cytosol at 12 hours, either by 

directly penetrating the cell membrane or escaping from the endosomes. The uniquely designed 

functional surfaces of the nanoparticles allow easy conjugation of bioactive molecules onto iron 

oxide nanoparticles without the need for any type of chemical linkers and maintain the activity of 
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the attached molecules. Eliminating the use of chemical linkers significantly simplifies the 

conjugation process, reduces the requirements of well-trained personnel, and increases the 

efficiency of the conjugation. Importantly, this conjugation method can be effectively extended 

to other molecules. 

KEYWORDS 

Iron oxide nanoparticles, Functional surfaces, Antibody conjugation, Neuroblastoma cell 

targeting, Antibody-conjugated nanoparticles, Tumor-targeting nanoparticles. 
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5.1 Introduction 

Iron oxide nanoparticles are being actively explored in drug delivery1, 2, cancer therapy 

via magnetic hyperthermia3, and diagnostic imaging4. In particular, these nanoparticles have 

been clinically used as contrast agents for magnetic resonance imaging (MRI)5, suggesting their 

great potential in nanomedicine. A significant challenge of using nanoparticles for in vivo 

diagnostic or therapeutic applications is the delivery efficiency to targeted locations. In fact, 

several Food and Drug Administration (FDA) approved MRI contrast agents were taken off the 

market due to lack of clinical use, owing to the fact that these nanoparticles could only passively 

accumulate in the liver or spleen because of the lack of targeting moieties and surface 

modifications protecting them from non-specific uptake6, 7. To fully realize the potential of iron 

oxide nanoparticles in nanomedicine, a key step is to effectively attach targeting, therapeutic, or 

other functional molecules onto the nanoparticle surface to increase the targeting efficiency, 

broadening the applicability and minimizing the administration dose. Therefore, it is essential to 

develop a highly efficient, facile, and versatile approach to attaching desired molecules onto iron 

oxide nanoparticle surfaces.  

Among the various targeting molecules, antibody and antibody fragments are some of the 

most promising moieties for targeted cancer therapy, because of the high affinity and molecular 

specificity for an antigenic target. The GD2 disialoganglioside is an antigen expressed on 

neuroblastoma cancer cells, most melanomas and a large fraction of small cell lung cancers and 

other tumors of neuroectodermal origin8, 9. Since GD2 expression on healthy tissue is restricted 

to the cerebellum and certain peripheral nerve tissue at very low levels10, it has been considered a 

very attractive antibody target for neuroblastoma. Hu14.18MoAb (hu14.18-K322A) is a 

humanized anti-GD2 antibody currently being investigated in a phase-I immunotherapy study in 
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neuroblastoma patients at St. Jude Children’s Research Hospital, Memphis, TN.11, 12 This 

antibody was utilized as a model system to test the conjugation approach. 

Several approaches have been applied to conjugate antibodies or other molecules onto 

iron oxide nanoparticle surfaces13-18. The most common approach is the linker chemistry, where 

chemical linkers cross-link nanoparticles and conjugating molecules19, 20. Even though a number 

of chemical linkers are available, the entire chemical linker approach suffers from a number of 

disadvantages. First, special reaction conditions must be met depending on the chemical linker, 

such as acidic condition (pH 4.5-5.5) for carbodiimide (EDC) chemical linker, pH 7.2-8.0 at 4 °C 

for N-hydroxylsuccinimide (NHS) ester crosslinker, and reducing condition for maleimide 

chemistry. Second, low conjugation efficiency is always a concern because of competing 

reactions. For example, the EDC/NHS linker directly links carboxylic and amino groups, for 

conjugating molecules with multiple carboxylic and amino groups (e.g., proteins). EDC/NHS 

chemistry causes cross conjugation, thus greatly decreasing the conjugation efficiency21, 22. 

Finally, multiple cleaning steps are necessary to remove the excess chemical linkers and other 

assisting reagents. 

Besides the chemical linker chemistry, specific molecular recognition based on biotin-

streptavidin is another common strategy23. The biotin-avidin interaction requires prior 

attachment of biotin molecules onto nanoparticles. The biotin-labeled nanoparticles react with 

any biotin-binding protein, reducing the specificity. In addition, biotin is a natural biological 

molecule, causing concerns about the specificity and background when performing assays 

involving biotin-rich tissues and extracts (e.g., brain, liver, milk, or eggs)24. 

In this paper, we developed a facile conjugation approach to attach proteins onto iron 

oxide nanoparticle surfaces based on catechol reactions. This conjugation approach was 
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evaluated using a clinically relevant antibody as a model system. Specifically, iron oxide 

nanoparticles were functionalized with dopamine molecules through amino group attachment, 

leaving the catechol groups on the nanoparticle surfaces for further conjugation. Upon activation 

at basic conditions, the catechol groups can be oxidized into quinone and subsequently react with 

amino or thiol groups of proteins, such as antibodies. After conjugation, the targeting efficiency 

of the antibodies on nanoparticles was evaluated on GD2-positive neuroblastoma cells. The 

uniquely designed functional surfaces of the nanoparticles will allow effective conjugation of 

biological molecules without the need for any type of chemical linkers. Eliminating the use of 

chemical linkers significantly simplifies the conjugation process, potentially avoids interactions 

with the biological activity of the targeting moiety, increases the efficiency of the conjugation 

and last but not least reduces the requirements of well-trained personnel. The method described 

herein for antibody conjugation to iron oxide nanoparticles can be readily extended to the 

conjugation of other biological molecules with iron oxide nanoparticles. 

5.2 Materials and methods 

5.2.1 Materials 

 All the chemical reagents were commercially purchased and used without further 

purification. These reagents include(FeCl3, ACROS, 98 %), sodium oleate (TCL, 95 %), oleic 

acid (OA, Fisher, 95 %), trioctylphosphine oxide (TOPO, 90%), 1-octadecene (Sigma-Aldrich, 

90 %), chloroform (Sigma-Aldrich, 99%), dimethyl sulfoxide (DMSO,VWR, 99 %), Bis-Tris 

(C8H19O5N, Fisher, enzyme grade), sodium chloride (NaCl, ACROS, 99+%), and Hu 14.18 

MoAb (in PBS, 100 mM Arginine, 0.03 % Tween-80).  Trypsin-versene mixture (0.05%, 

Lonza), fetal bovine serum (FBS, Thermo Scientific), Iscove's Modified Dulbecco's Media 

(IMDM) and Eagle's minimal essential medium (EMEM) were purchased from ATCC. Poly-l-
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lysine (Mw: 150,000-300,000 g/mol, Sigma-Aldrich, 0.1% w/v in water), paraformaldehyde 

(Alfa Aesar, 97%), and Prussian blue iron stain kit (Polysciences, Inc.) (Solution A: Potassium 

ferrocyanide aqueous (C6N6FeK4, 4%), Solution B: Hydrochloric acid (HCl, 4%), Solution C: 

Nuclear fast red aqueous (C14H8NNaO7S, 1%) were also used. 

5.2.2 Nanoparticle synthesis 

 Iron oxide nanoparticles were produced by heating up the iron oleate precursor (2.5 g, 2.8 

mmol) in 1-octadecene (10 mL, 90%) in the presence of TOPO (90%)/OA (97%) (TOPO-0.2 g, 

0.5 mmol, OA-0.22 mL, 0.7 mmol) following our previously published procedures25-27. After 

two and half hour reaction at 320 °C, the nanoparticles were washed and collected for surface 

modification. The morphology and size of the iron oxide nanoparticles were examined under 

transmission electron microscopy (TEM, FEI Tecnai, F-20, and 200 kV).  

5.2.3 Surface modification 

 The iron oxide nanoparticles were functionalized with dopamine through a similar procedure 

used to attach charged polymers onto iron oxide nanoparticle surfaces27. In brief, 1 mL of iron 

oxide nanoparticles in chloroform (5 mg/mL) was mixed with dopamine·HCl (1.7 mg) in 49 mL 

of DMSO. After 48 h mixing at room temperature, the iron oxide nanoparticles were collected by 

centrifugation and re-dispersed in water (1 mg/mL) for further conjugation. The surface 

functionalization and conjugation were verified by Fourier transform infrared spectroscopy 

(FTIR). The hydrodynamic sizes and the surface charges of the nanoparticles were measured 

using a Malvern Zetasizer Nano series dynamic light scattering (DLS).  

5.2.4 Antibody conjugation 

 The dopamine functionalization of iron oxide nanoparticles allows for easy attachment of 

proteins through thiol or amino groups upon activation28. The catechol groups on the 
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nanoparticle surfaces can be easily oxidized into dopamine quinone at higher pH (>8.5), creating 

an active surface for the conjugation. The clinical-grade, humanized, monoclonal anti-GD2 

Hu14.18K322A antibody (referred to as hu14.18MoAb in this manuscript) was produced at 

Children’s GMP LLC, Memphis, TN and kindly provided by Dr. R. Barfield. Briefly, 1 mL of 

activated, dopamine-coated iron oxide nanoparticles (1 mg/mL) was simply mixed with 100 µL 

of hu14.18MoAb (8.6 mg/mL) in Bis-Tris (10 mM)-NaCl (10 mM) buffer for four hours. After 

centrifugation (10 min, 15000 rpm) and cleaning twice with Bis-Tris buffer solution to remove 

free antibodies, the cleaned, conjugated nanoparticles were re-dispersed in Bis-Tris (20 mM)-

NaCl (20 mM) solution at a concentration of 1 mg/mL for cellular study. In addition to FTIR and 

DLS measurements, the presence of the antibody on nanoparticle surfaces was visualized by 

TEM negative staining technique. The TEM grid with antibody conjugated nanoparticles were 

immersed into uranyl acetate solution (2 %) with the sample side facing down for 10 min, and 

then rinsed in distilled water and Reynolds’ lead citrate for seven minutes. After washing off the 

excess staining solution with 0.1 M NaOH and DI water, the stained TEM grids were dried on a 

filter paper and examined under TEM (Hitachi 7860). 

5.2.5 Cell culture 

 The GD2-positive neuroblastoma cell line (CHLA-20), was kindly provided by Dr. Wayne 

A. Warner (Children’s Hospital Los Angeles). The GD2 negative PC-3 prostate cancer cell line 

was obtained from ATCC. CHLA-20 cells were cultured in IMDM supplemented with 15% (v/v) 

FBS while PC-3 cells were grown in EMEM supplemented with 10% (v/v) FBS. Primary 

cultures of skin fibroblasts, cultured in DMEM supplemented with 10% (v/v) FBS, were used as 

normal cell controls. All the cells were incubated at 37 °C under a humidified atmosphere with 
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5% CO2. The cell morphology and growth was daily monitored. Cell passage was performed 

every four days by detaching cells with trypsin-versene and re-growing in 75 cm2 flasks.  

5.2.6 Cellular targeting with antibody conjugated nanoparticles  

To study the antibody activity after conjugation, CHLA-20 cells were treated with 

antibody-conjugated and unconjugated nanoparticles under the same conditions. Briefly, 2 mL of 

cells (5x104 cells/mL) were seeded in 6-well plates and cultured overnight. Subsequently, 400 

µL of nanoparticles (1 mg/mL) in 1.6 mL medium were added into each well and incubated for 

four or 12 hour. Finally, the nanoparticle treated cells were detached with trypsin-versene and 

washed three times with 1XPBS for further analysis. 

The cell binding was evaluated by flow cytometry and fluorescence microscopy. 

Specifically, cells treated with nanoparticles for one hour were further incubated with a 

fluorescent goat-anti-human IgG Alexa Fluor 488 antibody. After incubation and washing, the 

cells were analyzed on a MACSQuant Analyzer 10 flow cytometer (Miltenyi Biotec), or on a 

Nikon Eclipse Ti-U fluorescence microscope with Intensilight C-HGFI, equipped with a DS-

QiMc digital camera and Nis-Elements D3.10 software. In flow cytometry, propidium iodide 

was added to samples to allow the evaluation and exclusion of dead cells from the analysis; for 

fluorescence microscopy, DAPI was used as nuclear counter stain. 

For iron staining, nanoparticle treated cells were attached onto the X-TRA permanent 

positively charged glass slides (Leica Biosystems. Inc) (1x105 cells/slide) by cytospin. The 

attached cells were fixed with cold acetone for 10 min followed by the two-step Prussian blue 

staining at room temperature. Briefly, pre-mixed solutions of hydrochloric acid-potassium 

ferrocyanide were added to the cell-mounted slide for 30 min. This step was repeated once for 

fully staining the antibody-conjugated nanoparticles taken up by cells. After rinsing off the 
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excess stain solution with water, nuclear fast red solution was added to stain the nuclei and 

cytoplasm of cells for two minutes. Finally, the stained cells were dehydrated in a graded series 

of ethanol and xylene and fastened with the cover slip for staining pattern observation under 

inverted phase microscope. 

The iron uptake by cells was quantified by ferrozine colorimetry29. Briefly, 5x105 cells 

were treated with 60 µg/ml nanoparticles for one hour at room temperature. After several 

washes, the cells were then lysed with 0.5M NaOH. The cell lysate was acidified with HCl and 

oxidized with 4% (w/v) KMnO4 for two hours at 60°C. After reduction with 1M L-ascorbic acid, 

the ferrous ions were quantified by measuring the absorption at 570nm of their reaction product 

with 6.5mMferrozine, in the presence of 2.5 mM ammonium acetate and 6.5 mM neocuproine. 

5.2.7 Cell targeting and competition experiments 

 To study the specific targeting ability of antibody-conjugated nanoparticles, CHLA-20 and 

PC-3 cells were treated with antibody-conjugated and unconjugated nanoparticles under the 

same conditions. To further confirm that indeed the interaction of GD2 receptor and 

hu14.18MoAb was responsible for the cellular uptake, a competition inhibition experiment was 

conducted. Specifically, 2 mL of CHLA-20 cells were seeded into 6-well plates (5x104 cells/mL) 

and cultured to 80% confluency before use. Free Hu 14.18 MoAb (100 nM) was then added to 

each well. After four hours incubation, 400 µL of antibody-conjugated nanoparticles (1 mg/mL) 

in 1.6 mL medium were added to both blocked and unblocked CHLA-20 cell cultures and 

incubated for four hours. For both experiments, ultrathin sections of nanoparticle-treated cells 

were prepared and scanned under TEM (Hitachi 7860, 120 kV). Specially, for the preparation of 

thin cell sections for TEM analysis, the NP-treated cells were firstly collected, and washed three 

times with SPB (sodium-phosphate buffer). SPB solution was simply prepared by mixing equal 
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volume of 0.2 M Na2HPO4-7H2O and 0.2 M NaH2PO4-H2O. Subsequently, the collected cells 

were fixed with SPB-diluted glutaraldehyde solution (2.5 %) at 4 °C for 30 min. After three 

washes with SPB, the cells were post-fixed with SPB-diluted osmium tetroxide (2 %) for 20 min 

at room temperature. After removing the free fixation agents with SPB, the cell samples were 

dehydrated in a graded series of ethanol (25, 50, 75, 95, and 100 %) and then infiltrated within 

100 % resin solution. Finally, the solidified cell-resin blocks were trimmed and sectioned. The 

optimal cell section thickness was selected as 90 nm for this work. 

5.3 Results and Discussion 

5.3.1 Synthesis and functionalization of dopamine-coated iron oxide nanoparticles  

The development of the iron oxide nanoparticle conjugation platform involved 

nanoparticle synthesis and dopamine surface functionalization steps. Iron oxide nanoparticles 

were synthesized using our modified heat up method25-28, 30, 31, which produces nanoparticles 

with controlled size and narrow size distribution. After synthesis, the nanoparticles are only 

soluble in organic solvent, and must be transferred into aqueous solution for biological studies. 

We have recently developed a ligand exchange method to attach charged molecules onto iron 

oxide nanoparticle surfaces for water solubility27. The success of this approach is based on the 

design of introducing a ligand with low affinity to the iron oxide nanoparticle (e.g., TOPO) as a 

co-capping molecule during synthesis. The introduction of TOPO molecules is critical for the 

surface functionalization, where the weaker binding affinity to iron oxide surfaces of TOPO 

molecules32 and its bulky C8 tails33 create preferred sites or “naked” spots on the nanoparticle 

surfaces for hydrophilic ligands to attach or bind, ensuring an effective ligand exchange process. 

In this paper, dopamine was chosen as the surface functionalization molecule because of 

the easy oxidation property of the catechol group. The reaction was performed in DMSO, a non-
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aqueous solution, which limits the formation of poly-dopamine like in many other aqueous 

reactions34-38. The use of dopamine molecules as functional surface coatings is key to the 

subsequent conjugation, where the amino group of the dopamine molecule attaches to the iron 

oxide nanoparticle surfaces, leaving the catechol group out. The catechol groups on the 

nanoparticle surfaces can be easily oxidized into dopamine quinone at higher pH (>8.5), creating 

an active surface for further conjugation. The activated dopamine groups allow for the direct 

conjugation of biological molecules containing amine and/or thiol groups through Michael 

addition and/or Schiff base formation39, 40. The amino group attachment is different from iron 

oxide nanoparticles synthesized via the co-precipitation method at high pH, where the 

nanoparticles have surface bounded with hydroxyl groups. These surface hydroxyl groups 

interact with the catechol groups of dopamine molecules and leave the amino groups out41, 42. 

The availability of the catechol groups on the nanoparticle surfaces is critically important to the 

direct conjugation of biological molecules. Importantly, this conjugation can be generalized for 

attaching other biological molecules to the iron oxide nanoparticle surfaces. 

Fig 5.1a shows the TEM image of the well-dispersed dopamine-coated, 12 nm iron oxide 

nanoparticles in water.  The high resolution TEM image indicated that the nanoparticles were 

highly crystalline (Fig 5.1b). The sharper lattice fringes and the clean boundary also suggested 

the absence of thick poly-dopamine layer, because the formation of thick poly-dopamine layer 

has been observed on several nanoparticle systems35-38. This observation also supports our 

hypothesis that the amino group of the dopamine molecule was attached onto iron oxide 

nanoparticle surface, which limited the formation of thick poly-dopamine layer. However, it is 

possible to form some patches of thin poly-dopamine due to the presence of excess free 

dopamine after water dispersion, as shown in selected HRTEM images (Fig. S5.1). 
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Figure 5.1 Dopamine functionalized iron oxide nanoparticles: (a) TEM image, (b) high 
resolution TEM image, (c) DLS plot, and (d) zeta-potential plot.  

 The amino group attachment was consistent with our previous studies showing that the 

amino group has a preferable binding to iron oxide nanoparticles over other functional groups27, 

28, 32. The hydrodynamic size of the dopamine-coated nanoparticles increased to 24 nm (Fig 

5.1c), compared to the 18 nm in organic solvent (Figure S5.2). The presence of the catechol 

groups on the dopamine-coated nanoparticle surface was also supported by the negative zeta-

potential (-44 mV, Fig 5.1d). If catechol functional groups are attached to the nanoparticles, the 

amino groups on the nanoparticle surfaces would lead to a positive zeta-potential. The catechol 
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groups on the nanoparticle surfaces can be easily oxidized into dopamine-quinone at higher pH 

(>8.5), creating an active surface for further effective conjugation of antibody.  

 

Figure 5.2. FTIR spectra of dopamine – coated iron oxide nanoparticles before and after 
oxidation. 

The IR spectra of the dopamine-functionalized iron oxide nanoparticles before and after 

activation were shown in Fig 5.2. Compared with the IR spectrum before activation, a peak at 

1647 cm-1 appeared, which is the characteristic of -C=O band in quinone structure43. 

Accordingly, the characteristic band of -C-O at 1282 cm-1 disappeared after activation. In 

addition, the typical phenol alcohol band at 1065 cm-1 disappeared, and a strong -CH=CH- ring 

breathing mode at 956 cm-1 showed up. All these IR absorption changes indicated the dopamine 

oxidation process on the nanoparticle surfaces. The activated dopamine groups allowed for the 

direct conjugation of biological molecules through Michael addition and/or Schiff base 

formation39, 40.Because of the stability issue with the Schiff base44, the Michael addition reaction 

commonly happens45. 
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5.3.2 Characterization of antibody-conjugated iron oxide nanoparticles 

Fig. 3a shows the negative stained TEM image of the hu14.18MoAb conjugated iron 

oxide nanoparticles, where the lighter shells around the nanoparticles were from the antibodies. 

Depending on the orientation of the antibody, the shell region can be larger or small. The tiny 

black spots around the nanoparticles were from the staining solution, where possible undissolved 

uranyl acetate stain or lead carbonate precipitation from lead citrate stain absorbed CO2 from air. 

The antibody conjugation shifted the zeta-potential of the nanoparticles from – 44 eV to -

34 eV (Fig 5.3b). Even through the zeta-potential increased about 10 mV, the suspension of the 

antibody conjugated nanoparticle solution was still stable. After antibody conjugation, the 

hydrodynamic sizes of the nanoparticles increased about 20 nm, another indication of antibody 

attachment (Fig 5.3c). The FTIR spectrum of the antibody conjugated nanoparticles showed clear 

amide I (1633 cm-1) and amide II (1520 cm-1) bands, also suggesting the attachment of 

antibodies. After conjugation, the amine or thiol groups normally attached to the fourth position 

adjacent to a hydroxyl group through Michael addition and the quinone shifted back to hydroxyl 

groups. This process was supported by the IR spectrum of antibody-conjugated nanoparticles, 

where hydroxyl and its C-O bands at 1065 and 1005 cm-1 were clearly seen, compared with the 

strong -CH=CH- ring breathing peak at 956 cm-1 (Fig 5.2). In fact, the IR bands in the range of 

900-1100 cm-1 of the antibody conjugated nanoparticles was very similar to the dopamine coated 

nanoparticles before oxidation. 
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Figure 5.3. Antibody conjugated iron oxide nanoparticles: (a) TEM image, (b) Zeta-potential 
plot, (c) DLS plot, and (d) FTIR spectrum. 

5.3.3 Cell targeting evaluation of antibody-conjugated iron oxide nanoparticles 

To evaluate the targeting capability of the hu14.18MoAb after attaching on the iron oxide 

nanoparticles, several cellular targeting experiments were performed on GD2-positive cell lines 

(CHLA-20) and GD2 negative control cell lines (PC-3) or normal fibroblasts. CHLA-20 

neuroblastoma cells have a high level of expression of GD2 antigen on the cell surface while PC-

3 cells and normal fibroblasts do not express the GD2 receptor, serving as suitable negative 

controls46. The localization of the nanoparticles on CHLA-20 cell surface was visualized by 

fluorescence microscopy using green-fluorescent Alexa 488-labeled anti-human IgG antibody. 
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The lack of green fluorescence after the treatment of cells with unconjugated nanoparticles and 

anti-human IgG antibody (Fig 5.4a) indicated the absence of a nonspecific reaction of the 

detection system used. Remarkably, the sharp green shell around the cell surface (Fig 5.4b) 

suggested the high level of binding of the antibody-conjugated nanoparticles to GD2-positive 

cells. 

In contrast, the antibody-conjugated nanoparticles did not bind to GD2-negative cells 

(such as normal fibroblasts, Fig 5.4c, 4d), indicating their high specificity of recognizing of GD2 

receptors. The binding of antibody-conjugated nanoparticles to GD2-positive cells (CHLA-20) 

was quantified by flow cytometry, yielding a up to 250-fold increase of the mean fluorescence 

intensity above the autofluorescence of the cells (Fig 5.4e), whereas the binding to GD2-negative 

cells (such as normal fibroblasts and PC-3) did not increase the cell fluorescence more than 1.2 

fold (data not shown), strongly supporting the binding specificity of antibody-conjugated 

nanoparticles. The antibody binding increased with increasing nanoparticle concentrations and 

reached saturation at a Fe concentration of ~60 µg/mL (corresponding with 2µg antibody/million 

cells) (Fig 5.4f). A comparison of the binding of the antibody-conjugated nanoparticles with the 

original hu14.18MoAbby flow cytometry indicated minor differences in binding, especially after 

reaching saturation (Fig 5.4f), indicating that the conjugation process did not substantially alter 

the antibody binding properties. 
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Figure 5.4. Binding evaluation of hu14.18MoAb-conjugated iron oxide nanoparticles to 
neuroblastoma cells (CHLA-20) :(Fluorescence microscopy (400X) of CHLA-20 cells or normal 
fibroblasts treated with unconjugated (a, c) or antibody-conjugated (b, d) nanoparticles and 
Alexa 488-anti-human IgG antibody. (e) Flow cytometry of cell auto-fluorescence (clear 

Unconjugated NP Antibody conjugated NP



 

110 
 

histogram) and antibody-conjugated nanoparticles bound to cells (tinted histogram). (f) Flow 
cytometry binding curves of Hu14.18MoAb (antibody) and hu14.18MoAb-conjugated 
nanoparticles (antibody-NP) to CHLA-20 cells. Averages ±SD of three experiments.NP, 
nanoparticles. DAPI, nuclear counterstain. MFI, mean fluorescence intensity.RU, relative units. 

To confirm the co-localization of the nanoparticles with antibody, Prussian blue iron 

staining was performed on CHLA-20 cells treated with conjugated and unconjugated 

nanoparticles. CHLA-20 cells treated with unconjugated, dopamine-coated nanoparticles only 

showed occasional big blue spots from nanoparticle aggregates (Fig 5.5a). In contrast, the cells 

treated with antibody conjugated nanoparticles showed clear blue shells around the cells, 

suggesting the presence of the nanoparticles around the cell membranes (Fig 5.5b). In 

conjunction with the fluorescent microscopy image, this observation suggested the co-

localization of nanoparticles and antibodies. The quantification of cellular iron uptake by 

ferrozine colorimetry indicated significant increase in iron concentration for cells treated with 

antibody conjugated iron oxide nanoparticles (Fig 5.5c). The flow cytometry evaluation of the 

biocompatibility of the iron oxide nanoparticles by propidium iodide exclusion, following cell 

treatment with medium alone (no NP), unconjugated (NP) or antibody-conjugated nanoparticles 

(antibody-NP) suggested that the conjugation did not alter the cell viability significantly (Fig 

5.5d).  
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Figure 5.5. Perls staining using Prussian blue reaction detecting iron for (a) unconjugated and (b) 
antibody-conjugated iron oxide nanoparticles.(c) Quantification by ferrozine reaction of the iron 
content of CHLA-20 cells following treatment with medium alone (no NP), unconjugated (NP) 
or antibody-conjugated nanoparticles (antibody-NP). (d) Flow cytometry evaluation of the 
biocompatibility of the dopamine-coated iron oxide nanoparticles by propidium iodide exclusion, 
following cell treatment with medium alone (no NP), unconjugated (NP) or antibody-conjugated 
nanoparticles (antibody-NP). Averages +/- SD of three independent experiments are shown. 

5.3.4 Cellular uptake of antibody-conjugated nanoparticles 

 The detailed cellular uptake of the antibody-conjugated nanoparticles was further studied 

using TEM. Fig 5.6 shows the time-dependent cellular uptake and distribution of nanoparticles 

on GD2 positive CHLA-20 cells and GD2-negative PC-3 cells. The GD2 binding of the 

antibody-conjugated nanoparticles was compared with the unconjugated, dopamine-coated 

nanoparticles. After four hours incubation, the cellular uptake and localization of unconjugated 

a b
Unconjugated NP Antibody conjugated NP

C
H

L
A

-2
0

c d



 

112 
 

nanoparticles on CHLA-20 and PC-3 cells showed littledifference (Fig 5.6a-d). The 

unconjugated nanoparticles were primarily taken up through endocytosis and ended up inside 

endosomal- or lysosomal-like organelles (red circles). The corresponding detailed information 

was shown in Fig 5.6b, 6d. In contrast, after four hours incubation with antibody-conjugated 

nanoparticles, many nanoparticles were attached onto CHLA-20 plasma membranes (Fig 5.6e), 

and the nanoparticle morphology could be clearly observed at higher magnification (Fig 5.6f). 

No cell membrane anchored nanoparticles were observed on PC-3cells, which lack GD2 cell 

receptors (Fig 5.6g). Instead, antibody-conjugated nanoparticles were localized inside 

endosomal- or lysosomal-like organelles, indicated bythe visible membrane edge in Fig 5.6h. 

This study demonstrated the specific GD2 recognition and binding of the antibody-conjugated 

nanoparticles. Besides the high selective targeting capacity, the internalized conjugated 

nanoparticles were well dispersed inside the cells without morphology change and free of 

aggregation.  

 At 12 hours, nanoparticles on CHLA-20 cell membranes were internalized, leading to much 

cleaner cell surfaces. Some internalized nanoparticles were found inside endosomal- or 

lysosomal-like organelles but some nanoparticles were localized in the cytosol because the 

nanoparticles might enter cells by penetrating the plasma membrane or endosomal or lysosomal-

like organelles membranes were ruptured (blue-dashed circles in Fig 5.6i and the enlarged image 

of Fig 5.6j). At 12 hours, not much difference was observed on TEM images of the PC-3 cells 

treated antibody-conjugated nanoparticles, compared with that from the four hour treatment (Fig 

5.6k). The internalized, conjugated nanoparticles were still located in endosomal- or lysosomal-

like organelles with the clearly observed membrane (Fig. 5.6l). This result suggested that the 
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hu14.18MoAb-GD2 interaction was responsible for the specific uptake of antibody-conjugated 

nanoparticles by GD2-positive cells. 

 

Figure 5.6. Comparison of nanoparticle recognition and internalization on CHLA-20 and PC-3 
cells: (a and c) cells treated with dopamine-coated nanoparticles for four hours, (e and g) cells 
treated with antibody-conjugated NPs for four hour, and (i and k) cells treated with antibody-
conjugated NPs for 12 hour, (b, d, f, h, j ,l) higher magnification of the areas that red/blue-dashed 
circle indicates. 

 To further confirm the role of the hu14.18MoAb in the recognition of nanoparticles by 

CHLA-20 cells, an antibody competition experiment was performed (Fig 5.7). The CHLA-20 

cells were first treated with free hu14.18MoAb (100 nM) for four hours, followed by the addition 

of antibody-conjugated nanoparticles for another four hours. The incubation of CHLA-20 cells 

with free hu14.18MoAb was designed to block all the GD2 receptors on the cell surfaces.  Such 

a blockade would subsequently limit the GD2 recognition and binding of the antibody-

conjugated nanoparticles. Then, the cellular uptake was compared with unblocked CHLA-20 
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cells treated with antibody-conjugated nanoparticles. Fig 5.7a shows the TEM images of the 

unblocked and blocked CHLA-20 cells treated with antibody-conjugated nanoparticles. Without 

the blockage of GD2 receptors by free antibody, the nanoparticles were primarily localized on 

the surface of the CHLA-20 cells (Fig 5.7b), similar to Fig 5.6c. After blockage of the GD2 

receptors by free antibodies, the nanoparticle surface recognition and binding were barely seen 

and the internalization was significantly reduced (Fig 5.7c, 7d). These results demonstrated that 

the enhanced cell binding in GD2-positive neuroblastoma cells was a direct result of GD2-

hu14.18MoAb interactions.  

 

Figure 5.7. The binding competition experiments on CHLA-20 cells: (a) GD2 unblocked CHLA-
20 cells treated with antibody-conjugated NPs for four hours, (c) GD2 blocked CHLA-20 cells 
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treated with antibody-conjugated nanoparticles for four hours. (b and d) Higher magnification of 
the areas that red-dashed circle indicates. 

5.4 Conclusion 

 In this paper we describe the development of a novel and facile conjugation platform for 

iron oxide nanoparticles. The method circumvents the use of chemical linkers, thereby 

eliminating the disadvantages inherent to this type of conjugation chemistry, such as non-

physiological reaction conditions and competition of reactive groups leading to low conjugation 

efficiency. To show proof of principle with a therapeutically relevant, biologically active 

targeting moiety, we used a humanized antibody for conjugation to the nanoparticles (Fig 5.8 left 

section). Our method utilizes a simple, one-step approach, which is both time-saving as well as 

economical and could facilitate large-scale production of diagnostically and therapeutically 

valuable iron oxide nanoparticles. The antibody-conjugated nanoparticles fully retained the 

antibody binding capacity and presented a high targeting selectivity on GD2-positive cells 

(CHLA-20), as compared to GD2-negative cells (PC-3, and normal fibroblasts). The targeting 

efficiency was verified with several complementary techniques, including flow cytometry, 

fluorescence microscopy, Prussian blue staining and transmission electron microscopy. 

Importantly, we observed the membrane-anchored, conjugated nanoparticles via GD2 receptors 

were capable of transporting into cytosols, providing a promising platform to load the cancer-

curing drug on and perform targeted therapy in future applications. 
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Figure 5.8. Schematic drawing of Hu14.18MoAb antibody conjugation with iron oxide 
nanopartilces (left section) and their targeting efficiency tests on GD2-positive (CHLA-20) and 
GD2-negative (PC-3) cells (right section). 
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5.6 Supporting information 

 

 
 

Figure S5.1. HRTEM images of dopamine-coated iron oxide nanoparticles, where the possible 
polydopamine patches were highlighted with red circles. 
 
 

 
 

Figure S5.2. DLS plot of iron oxide nanoparticles in hexane. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORKS 

In this dissertation, two multifunctional nanoparticles were successfully prepared by 

integrating fluorescent gold nanoclusters or antibodies with activated, dopamine-coated iron 

oxide nanoparticles, namely, dual-imaging or cancer-cell targeting nanoparticles. After 

integration, both hydrodynamic sizes and zeta potential values of integrated nanoparticles were 

increased, compared to dopamine-coated nanoparticles, which were the first indicators for the 

successful integration. The success of integration was also reflected from the retained property of 

each component in integrated nanoparticles. Specifically, for dual-imaging nanoparticles, their 

fluorescent and magnetic properties were detected using fluorescent spectroscopy and AGM 

measurements. The structural integrity was observed using high-resolution TEM and HAADF, 

which suggested single gold nanocluster attachment onto one dopamine-coated nanoparticle. For 

cancer-cell targeting nanoparticles, the antibodies on nanoparticle surfaces were clearly observed 

using TEM negative staining. Subsequently, flow cytometry, fluorescent microscopy, Prussian 

blue staining, and TEM were applied and all indicated the efficient and specific targeting of 

antibody-conjugated nanoparticles to cancer cells. The creation of these two multifunctional 

nanoparticles open up new possibilities for exploring iron oxide nanoparticles in biomedical 

applications. 

 Through the course of studies, I found several critical steps to the success of this project. 

During the preparation of water-soluble iron oxide nanoparticles, I firstly discovered that TOPO 

must be used as the co-surfactant during the synthesis of iron oxide nanoparticles. This 



 

122 
 

modification did not change the dimensions or properties of iron oxide nanoparticles, but was 

critical for the subsequent step, ligand exchange process. With OA used only, water-soluble 

nanoparticles would not be achieved. Second, an optimized ligand-to-nanoparticle ratio (5:1) was 

set for the ligand exchange reactions. The as-prepared water-soluble nanoparticles possessed 

small hydrodynamic size and narrow size distribution. Lack of enough hydrophilic ligands 

significantly caused nanoparticle aggregation. Finally, the buffer species and concentration was 

found greatly affecting the stability of water-soluble nanoparticles. Nanoparticles presented great 

stability in HEPES, MES, and NaCl solution, but not stable in PBS. Increased salt concentration 

in HEPES, MES, and NaCl solution led to the alternation of nanoparticle hydrodynamic size and 

zeta potential values, but the resulting nanoparticle dispersion still remained stable. These results 

provided new insight into nanoparticle behavior in biological conditions. 

 Most importantly, the ligand exchange strategy can be applied to many different molecules, 

such as dopamine, anime-terminated PEG, and dextran. Among these hydrophilic ligands, 

dopamine attracted great attention because the dopamine-coated iron oxide nanoparticles could 

easily integrate with other surface moieties. Easy oxidization of the catechol groups on 

nanoparticle surfaces led to the formation of dopamine-quinone, which was confirmed using 

both UV-vis and FTIR. The resulting structure can directly conjugate with amine and/or thiol 

group-containing molecules through Michael addition and/or Schiff base formation. This facile 

approach eliminated the use of toxic linkers and harsh conjugation conditions, while providing 

the robust binding with new surface moieties and retaining the activities of the conjugated 

molecules to the greatest extent. 

With this innovative integration strategy, magnetic-fluorescent dual-imaging 

nanoparticles were prepared by integrating activated, dopamine-coated nanoparticles with 
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protein (such as bovine serum albumin, trypsin and lysozyme) - encapsulated fluorescent 

nanoclusters. Both TEM and fluorescent spectroscopy confirmed that the dual-imaging 

nanoparticles remained their structural integrity and physical properties in various environments, 

such as PBS, HEPES, MES, and EMEM cell medium. Interestingly, during the stability tests, I 

also found the fluorescence intensity of dual-imaging nanoparticles was enhanced in buffer 

solution, and the detailed mechanism for this phenomenon will be studied in the future.  

The mechanism study of gold nanocluster formation showed that the balance of amine-

containing and tyrosine/tryptophan residues in protein templates was critical for the preparation 

of gold nanoclusters and determined their size and fluorescent properties. The cysteine contents 

of proteins also affected fluorescent emission, intensity, and lifetime of gold nanoclusters. 

Additionally, the protein size critically influenced the photo, thermal, chemical stability of gold 

nanoclusters, and also the fluorescent properties of immobilized gold nanoclusters. More detailed 

investigations be conducted in the future to fully understand the fluorescent property change.  

With the activated, dopamine-coated nanoparticles, antibodies were also successfully 

conjugated onto nanoparticle surfaces, which created the cancer-cell targeting nanoparticles. The 

specificity and selectively targeting of antibody-conjugated nanoparticles to GD2-positive cancer 

cells were confirmed using flow cytometry, Prussian blue staining, TEM, and fluorescence 

microscopy. More interestingly, time-dependent TEM studies on treated cancer cells revealed 

that the membrane-anchored, conjugated nanoparticles were capable of transporting into 

cytosols. 

 Besides the already-published work, I also conducted studies on the biological responses of 

human monocytes to different surface-charged iron oxide nanoparticles, and this manuscript will 

be submitted in the near future. For any biological application, nanomaterials need to be injected 
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into the human body and directly interact with the patients' immune system.1 Human monocytes, 

derived from bone marrow stem cells and circulating in the bloodstream, are considered the front 

line of host immune systems.2 In our studies, three surface-charged (e.g. negatively, positively 

and neutral) iron oxide nanoparticles were prepared by choosing polyacrylic acid-PAA, 

polyethylenimine-PEI and polyethylene glycol-PEG as surface coatings, respectively. The 

stability and surface charges of nanoparticles were fully tested in both water and cell medium. 

Subsequently, nanoparticle concentration- and time-dependent experiments were conducted to 

study the biological effects of surface-charged nanoparticles on human monocytes. All three 

surface-charged nanoparticles were considered biocompatible after toxicity evaluation, and 

nearly-no immune response was observed in nanoparticle-treated monocytes. 

 The stability studies of dual-imaging nanoparticles in biological systems are also very 

important, which will be conducted in the future. Any in vitro stability test of dual-imaging 

nanoparticles probably cannot fully represent the real biological environments. Here, phorbol 

myristate acetate (PMA)-treated human monocytes will be used for stability tests. PMA will 

differentiate monocytes into macrophages,3 which have enhanced nanoparticle uptake capability. 

After cells were incubated with dual-imaging nanoparticles, cell slides will be prepared for 

further studies using differential interference contrast (DIC) and confocol microscopy. DIC 

microscopy has been used to study nanoparticle uptake in living cells,4, 5 and in our studies, DIC 

microscopy will be used to localize iron oxide nanoparticles inside cells. Confocol microscopy 

will be applied to access the fluorescence brightness of the integrated nanoparticles at different 

incubation time, and thus, to obtain the stability of gold nanoclusters. Therefore, by comparing 

the DIC images with fluorescent images, the structural integrity of dual-imaging nanoparticles 
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will be obtained. These results will provide information on the localization of nanostructures 

inside a cell and demonstrate the potential of the integrated nanoparticles in bio-imaging. 
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