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ABSTRACT 
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Nanomedicines have been extensively studied in the past decades at the fundamental level 

because they could potentially make a paradigm shift in human healthcare. Nano-bio interactions 

play a central role in the precise control of the benefit and hazards of nanomedicines, but current 

studies mainly focus on how nanoparticles are taken up by cells and interact with different 

receptors. There is still not enough investigation of how the physiological environment 

transforms engineered nanoparticles through a variety of biochemical reactions. This dissertation 

aims to fundamentally understand the nanoparticle-biochemical interactions and the in vivo 

transport of engineered nanoparticles modulated by these interactions.  

In Chapter 1 of this dissertation, an overall review is given on the current understanding of nano-

bio interactions at the molecular and chemical levels, particularly. In Chapter 2, we 

systematically investigated how the nanoparticle size, the thiols species, and the protein binding 

affect the interactions between the nanoparticles and thiols at the in vitro level. In Chapter 3, we 

focused on unraveling the relation between the nanoparticle-biothiol interactions in vitro and the 

nanoparticle-biothiol interactions in vivo. In Chapter 4, we explored the nanoparticle-biothiol 

interactions in the diseased mice model and illustrated the application of nanoparticle-biothiol 
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interactions in disease diagnosis. Finally, in Chapter 5, we present the summary and outlook. 

These new understanding on nano-biochemical interactions at both in vitro and in vivo levels will 

help further advance physiology at the nanoscale as well as open new pathways to early disease 

diagnosis and treatment. 
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CHAPTER 1 

OVERVIEW OF NANO-BIOCHEMICAL INTERACTIONS 

1.1 Introduction of nano-biochemical interactions 

Over the past decades, engineered nanomaterials have been rapidly developed for therapeutic 

purposes like disease detection and treatment1-6. Because of the unique physicochemical 

properties, the engineered nanomaterials have been widely applied in different biomedical 

applications like drug delivery1, 2, bioimaging3, 7, 8, disease diagnosis9, 10, and gene therapy11, 12, 

etc. Though tremendous strategies have been designed, few of these engineered nanomaterials 

have been approved nor been utilized in the clinic13. Most engineered nanomaterials exhibit 

nonspecific distribution14 and low target efficiency to desired diseased sites like tumors after 

administration13, 14. These problems need to be solved so that the clinical translation of 

engineered nanomaterials can be promoted. Therefore, fundamental understanding of the 

nanomaterials in vivo behaviour is critical to solving the problems that exist currently and 

provides a solid foundation for the rational design of nanomaterials for biomedical use in the 

future. 

The understanding of the nanomaterial’s in vivo behaviour includes investigating the absorption, 

distribution, metabolism, and excretion, namely ADME15, 16. The investigation of the ADME 

process of nanomaterials is to fundamentally understand the interaction between nanomaterials 

and the biostructures/biochemicals, as well as investigate the in vivo transport of nanomaterials 

after administration, as shown in Figure 1.1. Briefly, upon intravenous injection, nanomaterials 

enter the blood circulation system17, 18, and are distributed into organs and tissues19, 20, followed 
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by being excreted out of the body through hepatic and/or renal systems21-23.  In the bloodstream, 

nanomaterials first interact with various biomolecules and biochemicals, such as proteins and 

peptides. Such interactions between nanomaterials and biochemicals would change the 

physicochemical properties (like size, shape, and surface chemistry) of the nanomaterials24, 25. 

This is the first type of nano-bio interaction of the nanomaterials after administration.  

 

Figure 1.1. A journey of engineered nanomaterials in the body. After systematic administration, 

engineered nanomaterials will circulate the body through the blood vessel and extravasate from 

the blood vessel to different organs and tissues including the tumor. After that, these circulating 

nanomaterials will be eliminated through three main mechanisms: 1, renal clearance through 

glomerular filtration or tubular secretion in the kidney; 2, hepatobiliary clearance through the 

hepatocytes in the liver; 3, uptake by the mononuclear phagocyte system like Kupffer cells in the 

liver which is the so-called MPS uptake.  

 

After the first type of nano-bio interactions, usually, a layer of protein corona will be formed at 

the surface of administrated nanomaterials. The formation of protein corona will not only alter 

the physicochemical properties of administrated nanomaterials but also lead to the sequestration 

of administrated nanomaterials by the mononuclear phagocyte system26 (MPS). This is the 
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second nano-bio interaction that the nanomaterials will meet after their administration. During 

the circulation of nanomaterials in the bloodstream, a portion of such nanomaterials will interact 

with endothelial cells and extravasate the blood vessels27, 28. This is the third type of nano-bio 

interaction the nanomaterials will meet after administration. It is noteworthy here that if the size 

of nanomaterials is smaller than 5.5 nm, these nanomaterials are probably filtrated out and will 

be eliminated into the urine when they “pass-through” the glomerulus29-31. 

After the extravasation of the blood vessels, the nanomaterials will interact with the interstitial 

fluid and cells in the tissue and organs. For most types of engineered nanoparticles, this should 

be the last type of nano-bio interactions that nanomaterials will encounter in vivo. After this type 

of nano-bio interaction, the nanomaterials either will be metabolized inside the cells and then 

eliminated through the urinary/biliary system or sequestrated inside the cells for quite a long 

time32. Some types of engineered nanoparticles will interact with the biochemicals in the urine, 

bile, and feces after the elimination process through the urinary/biliary system33, 34, and this is the 

fifth type of nano-bio interaction. 

Therefore, there are typically five types of nano-bio interactions in the in vivo fate of the 

administrated nanomaterials. These five types of nano-bio interactions can be further divided 

into two parts: nano-biostructure interactions and nano-biochemical interactions. Nano-

biostructure interactions refer to the interactions between nanomaterials and the interactions with 

the cells and the interstitial matrix, while the nano-biochemical interactions refer to the 

interactions between nanomaterials and the non-cell components. The biochemicals are usually 

excreted or effluxed by the cells, thus most of the biochemicals will transport in the bloodstream. 

Compared to the biochemicals, the biostructures are typically static. 
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Researchers have now been focused on two directions to investigate the nano-biochemical 

interactions. In the first direction, the researchers focus on the fundamental understanding of the 

nano-biochemical interactions. They designed a series of nanomaterials with different 

physicochemical properties and then investigate how these different physicochemical properties 

affect the nano-biochemical interactions35. In this area, protein is the most frequently studied 

one. The effects of physical and physiochemical properties of nanomaterials like size36-38, 

shape38, 39, surface chemistry36, 40, 41 on the interactions between nanomaterials and proteins have 

been systematically and comprehensively investigated at both in vitro level and in vivo level. In 

the second direction, the researchers deliberately modify the biological environment and then 

investigate how these modifications of the biological environment affect the nanoparticle-

biochemical interactions22, 42, 43. These two methodologies are also applied in disease 

conditions44-46. The exploring of the difference of the nanoparticle-biochemical interactions in 

the normal and disease conditions not only provides a comprehensive understanding of the nano-

bio interactions in vivo but also builds up a strong foundation for the design of new generation 

nanomaterials to achieve therapeutic use in the future. 

1.2 Applications of the nano-biochemical interactions 

The understanding of the nano-biochemical interactions facilitates the design and manufacture of 

nanomaterials with significant functionality as well as promising biomedical use. In this section, 

we focus on the nano-biochemical interactions in the design of nanomaterials for biomedical and 

biological applications. Nanochelator, reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) scavenger, and other types of responsive nanomaterials have been designed 

according to their interactions with metal ions, ROS/RNS, and other types of biochemicals. The 



 

5 

nanoparticle-biochemical interactions which were applied in these nanomaterials can be divided 

into two different groups: (1) interactions between nanomaterials and extracellular biochemicals, 

and (2) interactions between nanomaterials and intracellular biochemicals. The significant 

difference between the extracellular and intracellular nanoparticle-biochemical interactions is the 

effect of such nanoparticle-biochemical interactions on the in vivo behaviour of nanoparticles. 

The extracellular nanoparticle-biochemical interactions would greatly alter the pharmacokinetics 

profiles of nanoparticles and further affect the interactions of nanoparticles with different organs 

and tissues. The intracellular nanoparticle-biochemical interactions typically affect the in vivo 

integrity of nanoparticles and determine the clearance pathway of nanoparticles. 

1.2.1 Interactions between the nanomaterials and extracellular biochemicals 

In this section, the design and application of a nanochelator, which is a typical nanoparticle-

biochemical interaction (nanoparticle-metal ions interaction) will be discussed and this 

nanochelator would be used as an example to illustrate the design criteria of nanomaterials using 

the nanoparticle-biochemical interactions.  

Metal ions are involved in many critical physiological processes of the human and play an 

essential role in several structural components of the human body. Therefore, the equilibrium of 

metal ions is required, and the elevation or absence of metal ions will lead to disease. Chelation 

is a kind of interaction between the chelators and the metal ions. Although the mechanism of 

chelation is not complicated, the manufacture of a nanochelator requires rational design and 

professional evaluation47-51. Usually, chelation therapy is conducted when the metal builds up to 

toxic concentrations in the body. Therefore, the desired nanochelator should not only efficiently 

bind the excess metal from in the bloodstream or the diseased tissues, but also can eliminate out 
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of the body with the binding metal rapidly. In 2016, Kalanaky and co-workers developed a 40 

nm iron chelator-- TLc-A47. They found that TLc-A exhibited a higher efficiency of the remove 

overload iron in the Caco 2 cell line than deferoxamine (DFO), which is a clinically used iron 

chelator molecule. In rats with iron overload, the authors head-to head compared the iron 

concentration in the serum of rats injected with the same dose of TLc-A and DFO, respectively.  

the iron concentration in serum from the TLc-A treated mice were significantly lower than DFO 

treated mice. Meanwhile, compared with DFO, TLc-A also significantly reduced hepatic iron 

content. In 2019, Kang and co-workers utilized ε-poly-L-lysine to modify DFO and prepared the 

renal clearable iron chelator—DFP-NPs49. Compared to native deferoxamine (DFO), these DFP-

NPs exhibited favourable pharmacokinetic properties, such as kidney-specific distribution and 

rapid renal excretion efficiency (more than 80% ID within 4 h p.i.). Apart from scavenging the 

excess metal ions in the bloodstream, a nanochelator has been designed to inhibit the Zn2+ or 

Cu2+ induced Aβ aggregation in the brain. A silica-based nanochelator, silicacyclen, was 

designed by Wang in 201950. This type of nanochelator could effectively inhibit the Aβ 

aggregation. At the meantime, it can also reduce the generation of ROS induced by the Cu-Ab40 

complex, thereby lessening the metal-induced Aβ toxicity. This silica-cyclen nanochelator was 

also proved to cross the blood-brain barriers (BBB), which may inspire the construction of novel 

Aβ inhibitors. Moreover, the nanochelator strategy can not only be utilized to scavenge the 

excess metal ions but also can be applied in the nanoparticle in vivo transformation. This novel 

strategy was reported by Yang and co-workers in 201948. They designed a sub-6 nm Si-based 

(Imi-OSi) nanoparticle with the ability of depleting the excess copper in a tumor. Meanwhile, the 

Cu-binding Imi-OSi exhibited the ability to form aggregation. Such aggregation can achieve 
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anti-vasculature functions, demonstrating significantly enhanced tumor inhibition activity in both 

breast cancer and colon cancer tumor models.  

In summary, the design of the nanochelator is tailoring the in vivo behavior of the pre-identified 

chelator without sacrificing the metal ion chelation efficiency. Such design criteria include: (1) 

Switching the pharmacokinetic profiles of the nanochelator to deliver a sufficient amount of 

nanochelators into the desired sites in the body, and (2) After binding the metal ions, the 

nanochelator with the metal ions is supposed to be eliminated out of the body instead of being 

taken up by the MPS. These design criteria are not limited to nanochelators but can also be 

applied to other nanomaterials. 

 

1.2.2 Interactions between the nanomaterials and intracellular chemicals 

In this section, we will discuss the most widely used nanoparticle-intracellular biochemical 

interactions—nanoparticle-ROS/RNS interactions. 

Reactive oxygen species and reactive nitrogen species serve as significant components in 

regulating various physiological functions of living organisms. It is noteworthy that although a 

moderate concentration of ROS/RNS can act as a second messenger for physiological regulation, 

however, excessive ROS/RNS may damage cells and trigger cell death52. Herein, nanomaterials 

are designed to either generate ROS/RNS or scavenge ROS/RNS to maintain the ROS/RNS at 

the regular level to achieve desired therapeutic efficacy. 

In cancer therapy, ROS-generated nanomaterials are widely used to generate cancer cell death. 

For example, Lin and co-workers reported a UCNP@TiO2 composite, in which TiO2 was coated 

on the surface of the up-conversion nanoparticles (UCNP)53. After being irradiated by a near IR 
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laser, this UCNP@TiO2 composite induced the mitochondria-involved apoptosis of cancer cells. 

Apart from cancer, ROS depleted nanomaterials are also applied for the treatment of other 

diseases such as acute kidney disease54 and inflammation55. For example, Li et al designed a 

ROS-scavenging nanomaterial for inflammation treatment55. This type of nanoplatform exhibited 

multiple ROS-scavenging capabilities (O2
•−, H2O2, and HClO), presenting superior therapeutic 

efficacy in murine models of inflammatory diseases. Meanwhile, the ROS nanosensor is 

regarded as a promising indicator for the early detection of the disease, like liver inflammation 

and drug-induced liver injury56. In 2004, Shuhendler first reported a semiconducting polymer-

based nanosensor which can detect RNS and ROS at the same time without interference between   

them. The fluorescence resonance energy transfer (FRET) and chemiluminescence resonance 

energy transfer (CRET) were utilized for detect RNS and ROS respectively56. Due to such 

unique properties, their nanomaterials were applied in the detection of the drug-induced 

hepatotoxicity and its remediation through longitudinally and noninvasively monitoring the 

oxidative and nitrosative stress in the liver after the administration of the overdosed drugs 

acetaminophen and isoniazid. Based on this work, Huang and co-workers developed a renal-

clearable ROS-responsive nanoreporter with the FRET/CRET, which detects the upregulation of 

O2
•− and lysosomal damage (N-acetyl-b-dglucosaminidase, NAG). Due to the specificity of the 

response to ROS and the high renal clearance efficiency (80% injected doses after 24 h 

injection), their nanoreporter can detect the acute kidney injury at least 8 hours (based on 

fluorescence) and 16 hours (based on chemiluminescence) earlier than the significant decrease of 

glomerular filtration rate. 



 

9 

In summary, the design criteria of nanomaterials that use the nanoparticle-ROS/RNS interactions 

include: (1) The nanomaterials should specifically react with ROS/RNS or generate/scavenge 

ROS/RNS in vivo level, which is so-called “ROS/RNS-responsive”, (2) The nanomaterials 

should remain unresponsive with ROS/RNS during the circulation in the body until the 

nanomaterials are delivered into the target cells, and (3) The response of ROS/RNS could be 

monitored at the in vivo level. 

In this dissertation, a series of atomically precise gold-organic dye hybrid nanoclusters were 

designed with activatable fluorescence, which was utilized to explore nano-biochemical 

interactions, especially the nano-biothiols interactions at both in vitro and in vivo levels. At the in 

vitro level, we systematically studied how the physicochemical properties of nanoparticles, the 

species of the biothiols, and protein binding affect the nanoparticle-biothiol interactions. At the 

in vivo level, we investigated how the nanoparticles interact with the biothiols in the liver as well 

as how this interaction affects the in vivo transport of nanoparticles. Apart from investigating the 

nanoparticle-biothiol interactions in normal mice, we also explored how this interaction affects 

the tumor-targeting effect of nanoparticles in tumor-bearing mice. We hope that these new 

understanding we explored on nano-biochemical interactions at both in vitro and in vivo levels 

will provide the foundation for the design of new generation nanoprobes to achieve early disease 

diagnosis and treatment. 
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2.1 Abstract 

Great efforts have been made to understand how nanoparticles interact with the biological 

structure, such as organs, tissues, and bloodstream. Meanwhile, the interactions between the 

nanoparticles and biochemicals like ions and molecules remain less understood. By designing a 

library of organic dye conjugated gold nanoparticle-ICG-AuNPs with different sizes, we 

systematically investigated the nanoparticle-biothiol interactions at the in vitro level. We studied 

how the physicochemical properties especially the size of the nanoparticles affects the 

nanoparticle-biothiol interactions. The nanoparticle-biothiol interactions of ICG-AuNPs were 

found to be size-dependent. Furthermore, the effect of thiol species and protein binding were also 

comprehensively investigated. Thiols with lower molecular weight were found to react more 

efficiently with ICG-AuNPs. Meanwhile, the protein binding significantly facilitates the 

nanoparticle-biothiol interactions at the in vitro level. These findings at the in vitro level 

provided a foundation for the understanding of the nanoparticle-biochemical interactions in vivo.  

2.2 Introduction 

Engineered nanoparticles have been widely applied to achieve multiple therapeutic purposes, 

such as bio sensing57 and imaging58, drug delivery59, 60, disease diagnosis, and treatment61 due to 

the outstanding physical and physiochemical properties of engineered nanomaterials. Although 

numerous nanomaterials have been developed so far, most nanomaterials fail in clinical trials due 

to the lack of efficacy and clinical safety13.  Such circumstances mainly result from the fact that 

our understanding of nanomaterial–biology system (nano-bio) interactions remain insufficient61-

63. Upon entering the biological systems, the nanoparticles will continuously interact with the
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biochemicals and biostructures, which will significantly alter the in vivo behavior of engineered 

nanoparticles15, 28, 64, 65. Therefore, the understanding of interactions between the nanoparticles 

and biochemicals and biostructures is of great importance for the design of a new generation 

nanomedicines for clinical use. Among the numerous biochemicals, biothiols like glutathione 

(GSH) are synthesized in all types of cells and can be transport between different tissues and 

organs66. Therefore, there is a high chance that engineered nanoparticles would interact with 

biothiols during their in vivo journey. 

In this chapter, we first systematically prepared a library of AuNPs with different sizes, which 

are Au10-11(SG)10, Au18(SG)14, Au25(SG)18, and Au640(SG)385. These AuNPs with different sizes 

were carefully purified and characterized. After that, ICG, an organic fluorescent dye, was 

conjugated on the surface of different-sized AuNPs to serve as an indicator to visualize the 

reaction between nanoparticles and thiols under various conditions. Due to the unique optical 

properties of ICG conjugated AuNPs (ICG-AuNPs), that the fluorescence of ICG was 

completely quenched by the AuNPs and can be instantaneously recovered once the ICG 

molecules were released from the surface of AuNPs when ICG-AuNPs were reacted with thiols, 

the interaction between the nanoparticles and the thiols could be quantitatively measured. By 

systematically comparing the reaction kinetics of the interaction between the nanoparticles and 

the thiols under various conditions, the size dependency and thiol species dependency of the 

nanoparticle-thiol interactions in vitro were discovered. Furthermore, the effect of protein 

binding on the nanoparticle-thiol interactions in vitro was also investigated. The protein binding 

could significantly accelerate the reaction between the nanoparticles and the thiols. These 

findings not only provide insight into the nanoparticle-biochemical interactions at the in vitro 
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level but also provide critical information for the investigation of the nanoparticle-biochemical 

interactions at the in vivo level. 

2.3 Results and discussion 

2.3.1 Synthesis and characterization of the gold nanoparticles 

2.3.1.1 Synthesis and purification of different sized gold nanoclusters and nanoparticles 

Atomically precise gold nanoclusters: Au10-11(SG)10, Au18(SG)14, and Au25(SG)18 were 

synthesized according to the reported method with serval modifications67-69. The Au10-11(SG)10

was synthesized according to the previous published method67 with the modification of 

introducing a mild reducing agent, sodium cyanoborohydride (NaBH3CN). For detailed 

information on the synthesis and purification of Au10-11(SG)10, please see section 2.5.2. 

For the synthesis of Au18(SG)14, the reported two-phase synthesis method68 was modified by 

altering the pH of the reaction system from 2.7 to 5 to allow the reaction to be performed in one 

phase. Meanwhile, the amount of reducing agent-- borane tert-butylamine (TBAB) was reduced 

to slow down the reaction rate to avoid the formation of larger-sized gold nanoparticles. For 

detailed information on the synthesis and purification of Au18(SG)14, please see section 2.5.2. 

For the synthesis of Au25(SG)18, the reported method69 was modified by changing the strong 

reducing agent Sodium borohydride (NaBH4) with a mild reducing agent TBAB. Meanwhile, the 

reaction temperature was increased from 0 ºC to room temperature to reduce the reaction time. 

For detailed information on the synthesis and purification of Au25(SG)18, please see section 

2.5.2. 
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The synthesis method of 2 nm gold nanoparticles Au640(SG)385 was developed and published by 

our group previously30, 70. For detailed information on the synthesis and purification of 

Au640(SG)385, please see section 2.5.2. 

2.2.1.2 Characterization of the purity of different sized gold nanoparticles 

The purified gold nanoclusters Au10-11(SG)10, Au18(SG)14, Au25(SG)18, and 2 nm gold 

nanoparticles Au640(SG)385 are monodispersed, which can be confirmed by the polyacrylamide 

gel electrophoresis (PAGE) as shown in Figure 2.1. Figure 2.1 represents the PAGE results of 

different-sized gold nanoclusters and nanoparticles under (a) visible light, and (b) UV light. 

Figure 2.1. PAGE results of different sized gold nanoparticles under (a) visible light, and (b) UV 

light. Yellow arrows indicate the bands of different-sized gold nanoparticles under UV light. 

Au18(SG)14, Au25(SG)18, and 2 nm gold nanoparticles Au640(SG)385 display one band under 

visible light, which indicates that there are no other sized gold nanoclusters or gold nanoparticles 
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formed in the products of Au18(SG)14, Au25(SG)18 and Au640(SG)385. The Au10-11(SG)10 solution 

is transparent, therefore, the band of Au10-11(SG)10 under visible light cannot be observed. While 

under UV light, Au10-11(SG)10 displays only one narrow band, suggesting the high purity of Au10-

11(SG)10. 

 

2.3.1.2 Determination of the chemical compositions of the different sized gold nanoclusters and 

gold nanoparticles  

Nuclear magnetic resonance (NMR) has proved to be a powerful analysis technique to probe the 

structure information of metal nanoclusters in investigating the binding between the surface 

ligands with the metal core of metal nanoclusters71, 72. Meanwhile, it has been reported that the 

chemical compositions of atomically precise metal nanoclusters can be successfully determined 

by electrospray ionization mass spectrometry (ESI-MS)72, 73. Therefore, in this section, NMR and 

ESI-MS were employed to probe the chemical composition information of the different-sized 

gold nanoparticles. 

The 1H NMR spectra of GSH and different AuNPs are displayed in Figure 2.2. The GSH and 

AuNP samples were dissolved in D2O for the NMR measurement. The proton peaks of free GSH 

and different AuNPs are located in the range of 2.0 to 5.0 ppm. It is noteworthy that the strong 

peaks at about 4.7 ppm result from the residual H2O and HDO in the D2O solvent. The carbon 

atoms in free GSH and the GSH ligands of AuNPs are labeled with the letter a-f (Figure 2.2, 

insets). The peak assignment of free GSH has been well-documented71, 72. As shown in Figure 

2.2 a, the peak at 3.98 ppm is assigned to the CH2 at C-e of GSH because it does not couple with 

other protons. The peak at 2.18 ppm is assigned to the CH2 at C-a due to the coupling of two 

hydrogen groups. The other proton can be assigned unambiguously based on the information of 
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J-coupling and the integrated peaks. The peaks at 2.56 ppm, 2.96 ppm, 3.83 ppm, and 4.54 ppm 

are assigned to the proton of C-b, C-c, C-d, and C-f.72 After GSH is coated on the surface of 

AuNPs as ligands, all the peaks of Au10-11(SG)10, Au18(SG)14, Au25(SG)18, and Au640(SG)385 

become broader compared to free GSH (Figure 2.2 b-e). The peaks of H-a, H-b, H-d, and H-e 

from the GSH ligands on the surface of AuNPs can be readily assigned since the chemical shifts 

of these protons are not significantly changed. However, the chemical shifts of H-c and H-f from 

the GSH ligands on the surface of AuNPs significantly downfield shift. Such downfield shift 

fundamentally results from the electron density of H-c (α-CH2) and H-f (β-CH) being reduced 

because these protons are very close to the gold core of AuNPs which exhibits higher 

electronegativity than H. Combining these NMR results suggests the surface ligands of different 

types of AuNPs are GSH, and the ligand of GSH is coated on the gold core through the Au-S 

bond. 
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Figure 2.2. 1H NMR spectra of (a) free GSH, (b) Au10-11(SG)10, (c) Au18(SG)14, (d) Au25(SG)18, 

and (e) Au640(SG)385. Solvent for NMR measurement: D2O. The carbon atoms of GSH in free 

GSH and AuNPs were labeled as a-f with blue, red, and green colors.  

Due to the high purity of as-synthesized gold nanoclusters, the chemical compositions of Au10-

11(SG)10, Au18(SG)14, and Au25(SG)18 can be determined by ESI-MS. Figure 2.2 represents the 

negative-ion ESI mass spectra of (a) Au10-11(SG)10, (b) Au18(SG)14 and (c) Au25(SG)18, with the 

simulated isotope pattern of (d) Au10-11(SG)10, (e) Au18(SG)14 and (f) Au25(SG)18. 
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Figure 2.3. The determination of the chemical compositions of the different-sized gold 

nanoclusters. a-c, The negative-ion ESI mass spectra of (a) Au10-11(SG)10, (b) Au18(SG)14 and (c) 

Au25(SG)18. d-f, The simulated isotope pattern of (d) Au10-11(SG)10, (e) Au18(SG)14 and (f) 

Au25(SG)18. 

As shown in Figure 2.3 a-c, one set of intense peaks with the m/z of 1005 is present in all three 

gold nanoclusters, which are labeled as peak 3 in Au10-11(SG)10 and are labeled as peak 4 in 

Au18(SG)14, Au25(SG)18. Such peaks with the m/z of 1005, which is consistent with the chemical 

composition of [Au4(SG)4-2H]2-, (molecular weight of 1005.6 Da). This [Au4(SG)4-2H]2- is 

supposed to be the fragment formed during the ionization of Au10-11(SG)10, Au18(SG)14, and 

Au25(SG)18. In Figure 2.3 a, the peak 1 was at the m/z of 1742.5 in the related zoomed-in 

spectrum Figure 2.3 d, which is fully matched to the simulated isotope pattern of [Au11(SG)10-
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3H+]3-. Meanwhile, peak 2 in Figure 2.3 a is also consistent with the simulated isotope pattern of 

[Au10(SG)10-3H+]3-. These results confirmed the chemical composition of Au10-11(SG)10. As 

shown in Figure 2.3 b, the peak 1, peak 2 and peak 3 of Au18(SG)14 are consistent with the 

simulated isotope pattern of [Au18(SG)14-12H++6Na+]6-, [Au18(SG)14-10H++5Na+]5-, and 

[Au18(SG)14-18H++14Na+]4- (Figure 2.3 e). Similar to Au18(SG)14, Au25(SG)18 also displayed 

three peaks with the formula of [Au25(SG)18-8H+]8-, [Au25(SG)18-8H++Na+]7-, and [Au25(SG)18-

7H++Na+]6-, which are consistent with the simulated isotope pattern (Figure 2.3 f). The sodium 

ion found in the ESI mass spectra of Au18(SG)14 and Au25(SG)18 was due to the addition of 

saturated sodium chloride solution during the purification process of Au18(SG)14 and Au25(SG)18 

(see Section 2.5.2). The other identified peaks and the correlated simulated isotope pattern in the 

ESI-MS spectra are summarized in Figure 2.4. 
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Figure 2.4. The identified peaks and simulated isotope pattern of Au10-11(SG)10, Au18(SG)14, and 

Au25(SG)18. 

The determination of the chemical composition of 2 nm gold nanoparticles Au640(SG)385 has 

been reported by our group previously70. Unlike the atomically precise gold nanocluster Au10-
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11(SG)10, Au18(SG)14, and Au25(SG)18, the chemical composition of 2 nm gold nanoparticle 

Au640(SG)385 cannot be determined by ESI-MS due to the Au640(SG)385 is not atomically 

monodispersed. Therefore, the Au atom (640) and GSH molecule number (385) Au640(SG)385 are 

the average numbers rather than the precise Au atom and GSH molecule numbers. The 

calculation method of Au atom and GSH molecule number is discussed in Section 2.5.2. 

 

2.3.1.3 The Optical properties of the gold nanoclusters and nanoparticles 

The purified gold nanoclusters Au10-11(SG)10, Au18(SG)14, Au25(SG)18, and 2 nm gold 

nanoparticle Au640(SG)385 display different colors: the Au10-11(SG)10 solution is transparent; the 

color of Au18(SG)14  solution is dark gray;  the solution of Au25(SG)18 displays dark brown color; 

the color of Au640(SG)385 is yellow (Figure 2.5 insets). It has been widely reported that the 

atomically precise gold nanoclusters display characteristic optical absorption spectra, and the 

gold nanoclusters with different sizes exhibit different characteristic absorption peaks71, 73-75. 

Figure 2.5 shows the UV-vis absorption spectrum of different sized gold nanoparticles Au10-

11(SG)10, Au18(SG)14, Au25(SG)18, and Au640(SG)385, with the digital photos of the purified gold 

nanoparticle solutions. As shown in Figure 2.5 a, the solution of Au10-11(SG)10 is colorless, which 

is consistent with the fact that the absorption of Au10-11(SG)10 in the visible region is nearly 

undetectable. Meanwhile, Au10-11(SG)10 displays two characteristic peaks at 330 nm and 370 nm. 

In Figure 2.5 b, Au18(SG)14 exhibits two distinct peaks at 560 nm and 620 nm. Au25(SG)18 shows 

two well-defined peaks at 675 nm and 803 nm, and Au640(SG)385 displays a broad peak at the 

position of 400 nm (Figure 2 5 c and d). All these four different-sized gold nanoparticles display 
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strong absorption in the UV region (< 400 nm), which is also consistent with the black bands in 

the PAGE results of gold nanoparticles under UV light (Figure 2.1 b). 

Figure 2.5. The UV-vis absorption spectrum of Au10-11(SG)10, Au18(SG)14, Au25(SG)18, and 

Au640(SG)385. The insets in a-d show the digital photos of the Au10-11(SG)10, Au18(SG)14, 

Au25(SG)18, and Au640(SG)385 dissolved in deionized water. 
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The characteristic peaks of these four different-sized nanoparticles are exactly consistent with the 

literature reported previously31, 71, indicating the successful synthesis and high purity of these 

gold nanoparticles. 

Apart from the distinct absorption spectrum, these four different-sized gold nanoparticles also 

display different fluorescence spectrum (Figure 2.6). 
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Figure 2.6.  The excitation and emission spectra of (a) Au10-11(SG)10, (b) Au18(SG)14, (c) 

Au25(SG)18 and (d) Au640(SG)385. 

As shown in Figure 2.6 a, Au10-11(SG)10 is nearly non-fluorescent compared to the other three 

gold nanoparticles. In Figure 2.6 b, Au18(SG)14 emits strong red fluorescence at the wavelength 

of 700 nm with the excitation peaks at 325 nm. Au25(SG)18 displays a distinct emission peak at 
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720 nm under the excitation of 325 nm (Figure 2.6 c). As shown in Figure 2.6 d, the emission 

peak of Au640(SG)385 is located at 600 nm while the excitation peak is located at 400 nm. All 

these excitation and emission spectra are consistent with the previous report30, 31, 70. Taken 

together, the well-defined UV-vis absorption spectra and fluorescence spectra indicate the 

successful synthesis, as well as the high purity of these four gold nanoparticles. In Table 2.1, the 

optical properties of different-sized gold nanoparticles are summarized. 

Table 2.1. The optical properties of different-sized gold nanoparticles. 

2.3.1.4 Size characterizations of gold nanoclusters and gold nanoparticles  

Thiolated gold nanoparticles Au10-11(SG)10, Au18(SG)14, Au25(SG)18, and Au640(SG)385 are 

composed of different numbers of gold atoms and GSH molecules, indicating that these four 

types of gold nanoparticles exhibit different sizes. It has been well documented that different-

sized gold nanoclusters can be efficiently separated through electrophoresis due to the different 

mobility of gold nanoclusters in electrophoresis73. The difference in the mobility of gold 

nanoclusters is fundamentally due to the different sizes and surface charges of gold nanoclusters. 

In sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), it is the 
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nanoparticle size rather than the surface charge that governs the mobility of the nanoparticle. In 

SDS-PAGE, smaller-sized nanoparticles display higher mobility than larger ones. As shown in 

Figure 2.1, four types of gold nanoparticles were separated in SDS-PAGE. It is clear that Au10-

11(SG)10 exhibits the highest mobility, which followed by Au18(SG)14, Au25(SG)18, and 

Au640(SG)385, which indicates the size trend of these four nanoparticles: the size of these four 

gold nanoparticles increases as the gold atom number increases. 

Apart from the size trend of these four gold nanoparticles, transmission electron microscopy 

(TEM) was used to quantify the core size of these four types of gold nanoparticles. As shown in 

Figure 2.7 a-d, the core size of these four types of gold nanoparticles increases with the increase 

of the number of gold atoms in the gold nanoparticles. The core size distributions of these four 

types of gold nanoparticles are quantified in Figure 2.7 e-h, where the blue curves are the results 

of Gaussian fitting for each gold nanocluster and nanoparticle. As shown in Figure 2.7 e-h, the 

core size of Au10-11(SG)10, Au18(SG)14, Au25(SG)18 and Au640(SG)385 are 0.80 ± 0.23 nm, 0.95 ± 

0.23 nm, 1.22 ± 0.20 nm, and 2.23 ± 0.16 nm, respectively. It is noteworthy that the image 

contrast of Au10-11(SG)10, Au18(SG)14, is relatively low because their sizes are extremely small 

(within 1 nm) while the current electron microscopes have a resolution of 0.18-0.17 nm due to 

electron microscopes reach the physical limitations due to the lens aberration and energy width76. 

For Au25(SG)18 and Au640(SG)385, they can be imaged by electron microscopes with higher 

contrast than that of Au10-11(SG)10, Au18(SG)14, and the TEM results of Au25(SG)18 and 

Au640(SG)385 are consistent with the reported work published by other groups72, 77, and our group 

previously7, 10, 30. 
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Figure 2.7. Transmission electron microscopy images of Au10-11(SG)10, Au18(SG)14, Au25(SG)18 

and Au640(SG)385. The core size of Au10-11(SG)10, Au18(SG)14, Au25(SG)18 and Au640(SG)385 are 

0.80 ± 0.23 nm, 0.95 ± 0.23 nm, 1.22 ± 0.20 nm, and 2.23 ± 0.16 nm, respectively. Scale bar: 10 

nm. 

High-performance liquid chromatography (HPLC) is another powerful technique to quantify the 

nanoparticle size distribution. A size exclusive column (SuperoseTM 6 increase 10/300 GL) was 

chosen for the size comparison of these four gold nanoparticles. The stationary phase (matrix) of 

this column is a composite of cross-linked agarose and the fractionation range of this column 

was 5,000 Da to 5,000,000 Da in terms of the molecular weight of globular proteins. The 

molecular weight of Au10-11(SG)10, Au18(SG)14, Au25(SG)18, and Au640(SG)385 are 5030/5527, 

7830, 10433, and 243890 respectively. The molecular weight of our gold nanoclusters and gold 

nanoparticles are located in the fractionation range of the column (from 5,000 to 5,000,000), 

indicating this column is suitable for the size separation of our nanoprobes. However, the 

fractionation range of this column is designed in terms of the molecular weight of a globular 
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protein not the size of protein. Therefore, we convert the molecular weight of the fractionation 

range in this column to hydrodynamic diameters. The hydrodynamic diameters (HD) of the 

protein can be calculated using the following power law fit to literature values29, 78: HD = A 

*MWB + C * MWD, where A = -0.000000002614, B = 3.326, C = 0.9482 and D = 0.5001.MW,

molecular weight. Therefore, the fractionation range of this column was calculated as about 2.12 

nm to 25 nm. The core sizes of our gold nanoclusters and gold nanoparticles are from about 0.80 

nm to 2.23 nm (Figure 2.7). With the surface coating of glutathione, the HD of our nanoclusters 

and nanoparticles would be estimated to increase to about 0.8 nm, based on the previous 

observations in our group7. Therefore, the estimated HD of Au10-11(SG)10, Au18(SG)14, 

Au25(SG)18, and Au640(SG)385 would be 1.60 nm, 1.75 nm, 2.02 nm, and 3.03 nm, which is very 

close to the estimated size fractionation range of this column. Combing these results suggest the 

“SuperoseTM 6 increase 10/300 GL” column would be suitable for the separation of our gold 

nanoclusters and nanoparticles. Theoretically, smaller nanoparticles would display a longer 

retention time in size-exclusive columns since the smaller nanoparticles would be retarded in the 

column more easily than larger nanoparticles. As shown in Figure 2.8, the retention time of these 

four gold nanoparticles decreases as the size of gold nanoparticles increase. For Au10-11(SG)10, 

Au18(SG)14, Au25(SG)18 and Au640(SG)385, the retention time is 16.28 ± 0.02 minutes, 16.17 ± 

0.03 minutes, 15.72 ± 0.01 minutes, and 15.66 ± 0.03 minutes, respectively. These results also 

suggest the high purity of these four gold nanoparticles since each nanoparticle only displays one 

peak. As shown in Figure 2.8 f, there are statistically significant differences in the retention time 

between the different sized AuNPs, indicating that different sized AuNPs were well purified and 

could be efficiently separated by the HPLC. In Figure 2.8 g, the correlation between retention 
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time (quantified by HPLC) and the core size (quantified by TEM) of different-sized AuNPs was 

plotted. The retention time of AuNPs increases with the increase of the AuNPs core size, which 

further confirms that the size difference of Au10-11(SG)10, Au18(SG)14, Au25(SG)18, and 

Au640(SG)385.  
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Figure 2.8. Size exclusion chromatography (SEC) of different sized AuNPs. (a) to (d) The SEC 

of Au10-11(SG)10, Au18(SG)14, Au25(SG)18 and Au640(SG)385. (e) The zoomed-in SEC of different 

sized AuNPs. (f) The comparison of the retention time between different sized AuNPs. (g) The 

correlation of the retention time of different sized AuNPs with their core size. 
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Combing the SDS-PAGE and HPLC results together suggest that the size of these four gold 

nanoparticles increases with the increase of the number of gold atoms. Meanwhile, the TEM 

images of Au10-11(SG)10, Au18(SG)14, Au25(SG)18, and Au640(SG)385 suggest that these AuNPs are 

ultrasmall (sub-10 nm) and monodispersed. 

2.3.2 Conjugation of the organic dye on gold nanoparticles 

2.3.2.1 Synthesis and purification of the ICG conjugated gold nanoparticles 

The synthesis method of ICG conjugated Au25(SG)18 (ICG-Au25) was developed by Dr. Xingya 

Jiang in our lab and this method has been reported previously9, 10. To synthesis the different sized 

ICG conjugated AuNPs: ICG-Au11, ICG-Au18, and ICG-Au640, the synthesis and purification 

method was modified as described below:  

For the synthesis of ICG conjugated Au10-11(SG)10 (ICG-Au11), 1.5 mg Au10-11(SG)10 (0.3 

µmole) were dissolved in 1 mL deionized water. Then, a certain amount of 10 M NaOH solution 

was added to the solution of Au10-11(SG)10 to adjust the pH to around 8. After that, 0.5 mg 

Indocyanine green NHS active ester (ICG-NHS) (0.6 mmol) was dissolved in 1 mL DMSO. This 

ICG-NHS solution was added into the Au10-11(SG)10. The mixture was then vortexed for 16 

hours. To purify the as-synthesized ICG-Au11, the unreacted ICG-NHS and unreacted Au10-

11(SG)10  need to be removed. First, 1 mL of reaction solution was diluted two times with water 

and then purified using a Sephadex LH-20 column to remove unconjugated ICG-NHS. Then, 30 

k Da Ultra centrifugal filters were used to remove the unconjugated Au10-11(SG)10 since the 

unconjugated Au10-11(SG)10 would pass out of the 30 K Da filter while the ICG-Au11 would not. 

The centrifugal filtration can be stopped once no Au10-11(SG)10 is observed in the filtrate (no 
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Au10-11(SG)10 absorption (peak 330nm/370nm) could be observed). The purified ICG-Au11 was 

then redissolved in deionized water and can be freeze-dried for future usage. 

The synthesis of ICG conjugated Au18(SG)14 (ICG-Au18), Au25(SG)18 (ICG-Au25) and 

Au640(SG)385 (ICG-Au640) is similar to that of ICG-Au11 except for the concentration of ICG-

NHS and gold nanoparticles are different. Briefly, the concentration of ICG-NHS dissolved in 

DMSO for the synthesis of ICG-Au18, ICG-Au25, and ICG-Au640 was 0.8 mg/mL, 1 mg/mL, 

and 0.8 mg/mL, respectively. While the concentration of Au18(SG)14, Au25(SG)18 and 

Au640(SG)385 was 1.8 mg/mL, 1.5 mg/mL, and 4.2 mg/mL, respectively. The purification method 

of ICG-Au18, ICG-Au25, and ICG-Au640 was also composed of removing the unreacted ICG-

NHS and removing the unconjugated gold nanoparticles. To remove the unreacted ICG-NHS in 

ICG-Au18, ICG-Au25, and ICG-Au640, 100 µL of saturated sodium chloride solution and 2 mL 

ethanol were added into 1 mL of reaction solution of ICG-Au18, ICG-Au25, and ICG-Au640, 

respectively. Then, the mixture was centrifugated at 4500 rpm for 10 minutes. The unconjugated 

ICG-NHS was dissolved in the supernatant and was disposed of while the unconjugated gold 

nanoparticles and ICG conjugated gold nanoparticles (ICG-AuNPs) were precipitated together. 

Next, the precipitate was resuspended in 1X PBS Phosphate-buffered saline for the removal of 

free unconjugated gold nanoparticles. The removal of unconjugated gold nanoparticles of ICG-

Au18, ICG-Au25, and ICG-Au640 is the same as that of ICG-Au11. The purified ICG-Au18, 

ICG-Au25, and ICG-Au640 samples were then redissolved in deionized water, lyophilized, and 

stored in -20 ºC for future use. For detailed information on the synthesis and purification method 

of different-sized ICG-AuNPs, please see section 2.5.2. 
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2.3.2.2 Optical properties of the ICG conjugated gold nanoparticles 

As shown in Figure 2.9 b, the characteristic absorption peak of ICG is located at 780 nm. After 

the conjugation of ICG on the gold nanoparticle surface, the absorption of ICG-Au11, ICG-

Au18, ICG-Au25, and ICG-Au640 were bule-shifted from 780 nm to 703 nm, 683 nm, 706 nm, 

and 697 nm, (Figure 2.9 c-f). Such a blue shift was the result of H aggregation of ICG molecules 

on the surface of gold nanoparticles. 

Figure 2.9. The UV-vis absorption spectrum of ICG and ICG conjugated gold nanoparticles. (a) 

molecular structure of ICG. b-f, absorption spectrum of (b) ICG, (c) ICG-Au11, (d) ICG-Au18, 

(e) ICG-Au25, and (f) ICG-Au640.

Interestingly, the blue shift of different-sized gold nanoparticles was different. As shown in 

Table 2.2, ICG-Au18 displays the largest blue shift of 97 nm, which is followed by ICG-Au640 
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(83 nm), ICG-Au11 (77 nm), and ICG-Au25 (74 nm). The largest blue shift of ICG-Au18 among 

these four different sized ICG conjugated gold nanoparticles indicates the strongest H coupling 

effect of multiple ICG molecules on the surface of Au18(SG)14. We hypothesized that the ICG 

density on the surface of Au18(SG)14 is the highest compared to the other three ICG-AuNPs, 

which results in the highest attraction between ICG molecules on the Au18(SG)14  surface, and 

therefore causes the highest absorption blue shift. In section 2.3.2.3, the average ICG numbers on 

these four types of nanoparticles were quantitatively analyzed. 

Table 2.2. The blue shift of ICG absorption peaks after the conjugation on the surface of 

different-sized gold nanoparticles. 

ICG is a near-infrared emitting dye with the excitation at around 780 nm and the emission at 810 

nm (Figure 2.10). When ICG was conjugated on the surface of the gold nanoparticle, the ICG 

fluorescence was nearly completely quenched due to the electron transfer process between ICG 

and gold nanoparticles.10 The quenching efficiency of ICG-Au11, ICG-Au18, ICG-Au25, and 

ICG-Au640 was 99.19%, 99.41%, 99.17%, and 98.65%, respectively. However, when the ICG 

molecule conjugated on the gold nanoparticle surface was replaced (etched) by the 
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environmental thiols like GSH, the fluorescence of ICG instantaneously recovered, as shown in 

Figure 2.11. The fluorescence of ICG-AuNPs was enhanced around 100-fold after the ICG 

molecules of ICG-AuNPs were replaced by external thiols. As shown in Table 2.3, the 

fluorescence enhancement of ICG-Au11, ICG-Au18, ICG-Au25, and ICG-Au640 was 124-fold, 

170-fold, 120-fold, and 74-fold respectively. Among these four ICG-AuNPs, the fluorescence

enhancement, as well as the quenching efficiency of ICG-Au18, was the largest one. Our 

hypothesis of this phenomenon is the density of the ICG molecules on the Au18(SG)14 surface are 

the highest among these four nanoparticles, which leads to the strongest H coupling effect of 

ICG on the surface of Au18(SG)14 and therefore the strongest self-quenching of ICG fluorescence 

in ICG-Au18. The average ICG molecule numbers were quantitatively analyzed in section 

2.3.2.3. 
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Figure 2.10. The excitation and emission spectra of ICG. Solvent: Pure water. 

Excitation/Emission: 780 nm/830 nm. 
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Figure 2.11. The emission spectrum of ICG-AuNPs before and after the surface ICG were 

replaced (etched) by the environmental thiols. 
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Table 2.3. The fluorescence enhancement and quenching efficiency of ICG-AuNPs before and 

after the surface ICG were replaced (etched) by the environmental thiols. 

2.3.2.3 Quantification of the ICG numbers on the surface of gold nanoparticles  

When ICG was conjugated on the surface of the AuNPs, the absorption peak of ICG was blue 

shifted and the fluorescence of ICG was nearly completely quenched. As shown in Table 2.2 and 

Table 2.3, different-sized ICG-AuNPs display different blue shifts and fluorescence quenching 

efficiencies. We hypothesized that such differences result from the different densities of ICG 

molecules on the surface of different-sized ICG-AuNPs. To prove this, the number of ICG 

molecules on the surface of different-sized ICG-AuNPs needs to be quantified. The amount of 

AuNPs and the number of ICG on the surface need to be quantified separately to calculate the 

average ICG molecules on the surface of AuNPs. Figure 2.12 represents the method to quantify 

the number of ICG molecules on the surface of AuNPs.  
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Figure 2.12. Schematic of quantification of the number of ICG molecules on the AuNPs surface. 

Briefly, 20 µL purified ICG-AuNPs were split into two samples A and B with equal volume (10 

µL). Sample A was used for the quantification of the amount of Au and sample B was used for 

the quantification of the amount of ICG. Sample A was digested using aqua regia, and the 

amount of Au was measured by ICP-MS. For sample B, the dithiothreitol (DTT) was used to 

fully replace (etch) the ICG molecules on the surface of the AuNPs (Figure 2.13). Then, the ICG 

amount was quantified by the absorption of ICG at 780 nm using the ICG absorption standard 

curve as a reference (Figure 2.14). The average number of ICG per AuNPs was calculated by 

dividing the amount of ICG by the amount of AuNPs. 

As shown in Figure 2.12 and Figure 2.13, DTT was used to fully etch the ICG molecules off the 

surface of AuNPs and the characteristic peaks of ICG-AuNPs were all red shifted back to 780 

nm. After that, the ICG amount can be quantified by using the ICG absorption standard curve as 
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a reference (Figure 2.14). The establishment of the ICG absorption standard curve was discussed 

in section 2.5.2 methods. 

Figure 2.13. The absorption spectrum of different-sized ICG-AuNPs before and after being 

etched by the thiols. 
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Figure 2.14. The ICG absorption standard curve. (a) The absorption spectrum of ICG with the 

concentration ranging from 0 to 10 µM. (b) The ICG absorption standard curve at the 

wavelength of 780 nm. 

After the quantification of the amount of ICG molecules, the gold amount of different-sized 

ICG-AuNPs was quantified by ICP-MS. Then, the number of ICG molecules can be calculated 

by dividing the ICG amount by the Au amount. As shown in Table 2.4, the ICG number per 

AuNPs of ICG-Au11, ICG-Au18, ICG-Au25, and ICG-Au640 were 2.43 ± 0.04, 3.13 ± 0.1, 4.26 

± 0.06, and 10.84 ± 0.30. 
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Table 2.4. The average number of ICG per AuNPs. 

2.3.3 Quantification of the nanoparticle-biothiol interactions in vitro 

Biothiols, such as GSH, Cysteine (Cys), and homocysteine (Hcy), play significant roles in 

multiple physiological processes, such as the regulation of the cellular redox homeostasis, the 

metabolism of nutrients, and the detoxification of the xenobiotics.66 Meanwhile, in our recent 

work,10 biothiols like GSH and Cys are involved in the biotransformation process of engineered 

nanoparticles, and the interactions between the biothiols and nanoparticles can significantly alter 

the in vivo fate of nanoparticles. Therefore, it is crucial to fundamentally understand which factor 

governs the interaction between the biothiols and nanoparticles. According to our recent 

findings10, we hypothesis that the size of the nanoparticle, the species of the biothiol, and the 

protein-binding are three factors that are related to the interactions between the biothiols and 

nanoparticles. To verify these hypotheses in vivo, we investigated the nanoparticle-biothiol 

interactions in vitro. 
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2.3.3.1 The effect of nanoparticle size on the nanoparticle-biothiol interactions in vitro 

To investigate the effect of nanoparticle size on the nanoparticle-biothiol interactions, ICG 

conjugated AuNPs: ICG-Au11, ICG-Au18, ICG-Au25, and ICG-Au640 were chosen due to their 

similar structure with different sizes. The size of the Au core of these four nanoparticles was 

quantified by TEM, (see section 2.3.1.4 Figure 2.7). The core size of these four nanoparticles is 

0.80 ± 0.23 nm, 0.95 ± 0.23 nm, 1.22 ± 0.20 nm, and 2.23 ± 0.16 nm, respectively, which 

increases with the increase of Au atom numbers. After the conjugation of ICG on the surface of 

the gold nanoparticles, the fluorescence of ICG was nearly completely quenched, which is a 

fluorescence “off” state. Once these ICG-AuNPs reacted with thiols, the fluorescence of ICG-

AuNPs is immediately recovered, which is the fluorescence “on” state. Due to such unique 

fluorescence “on-off” properties of ICG-AuNPs, the fluorescence change of different-sized ICG-

AuNPs can be used to monitor the interactions between different-sized ICG-AuNPs and 

biothiols. To investigate the effect of nanoparticle size on the nanoparticle-biothiol interactions 

in vitro, the amount of ICG in different-sized ICG-AuNPs was quantified and kept the same. The 

methods of quantification of ICG amount in different-sized ICG-AuNPs were discussed in 

section 2.3.2.3. The ICG amount of ICG-Au11, ICG-Au18, ICG-Au25, and ICG-Au640 were the 

same (20 µM) for this experiment. Then, 10 µL different-sized ICG-AuNPs with the ICG 

amount of 20 µM were reacted with 190 µL PBS containing 1mM GSH respectively. The 

fluorescence of each ICG-AuNPs was instantly monitored over time using the plate reader. 
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Figure 2.15. The interaction between different-sized ICG-AuNPs and GSH. (a) the time-

dependent fluorescence intensity curve of ICG-AuNPs after being reacted with GSH. (b) the 

time-dependent fluorescence intensity curve of ICG-AuNPs after being reacted with GSH within 

the 40s. (c) the calculated activation kinetics of different-sized ICG-AuNPs. 

As shown in Figure 2.15 a, after being reacted with GSH, the fluorescence of ICG-Au11, ICG-

Au18, ICG-Au25, and ICG-Au640 was activated rapidly during the first 40s. Then, the 

fluorescence of ICG-Au11, ICG-Au18, ICG-Au25, and ICG-Au640 gradually reached a plateau. 

In Figure 2.15 b, the fluorescence enhancement of ICG-Au11, ICG-Au18, ICG-Au25, and ICG-

Au640 at the first 40s was zoomed in. The fluorescence intensity of ICG-Au11, ICG-Au18, ICG-

Au25, and ICG-Au640 was linear related to the reaction time with GSH. Due to the amount of 

ICG of different-sized ICG-AuNPs being consistent before the reaction between the ICG-AuNPs 

and GSH, the slope of the fluorescence enhancement curve in Figure 2.15 b reflects the 

activation kinetics of different-sized ICG-AuNPs being reacted with GSH. These activation 

kinetics of ICG-Au11, ICG-Au18, ICG-Au25, and ICG-Au640 were calculated and summarized 

in Figure 2.15 c. The activation kinetics of ICG-Au11, ICG-Au18, ICG-Au25, and ICG-Au640 

being reacted with GSH was 295.36 ± 14.11 s-1, 172.52 ± 6.28 s-1, 38.73 ± 3.38 s-1, and 163.01 ± 

2.21 s-1, respectively. Such activation kinetics are size-dependent in that from ICG-Au11 to ICG-
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Au25 the activation kinetics decrease as the size of nanoparticles increases, while from ICG-

Au25 to ICG-Au640 the activation kinetics increase as the size of nanoparticles increase. The 

reaction activity between GSH and different-sized ICG-AuNPs is size-dependent: Generally, the 

reaction activity decreases with the increase of nanoparticle size, while ICG-Au25 is the 

exception that the reaction activity of ICG-Au25 is lowest, although the size of ICG-Au25 is not 

the largest. The phenomenon that the reaction activity of smaller sized ICG-AuNPs is higher 

than larger sized ICG-AuNPs is consistent with our group findings10, where the reaction activity 

of smaller sized ICG conjugated PEGylated AuNPs is higher than larger sized ones in the size 

range of 5 to 100 nm. The reaction activity of ICG-Au640 (163.01 ± 2.21 s-1) was lower than that 

of ICG-Au18 (172.52 ± 6.28 s-1) (with no statistic difference) although the size of Au640 (2.23 ± 

0.16 nm) is larger than Au18 (0.95 ± 0.23 nm). It is noteworthy that Au18 is atomically precise 

nanocluster with a much narrower size distribution when compared to that of Au640. The 

reaction activity of ICG-AuNPs reflects the interaction between Au and sulfur atoms in the form 

of the Au-S bond. Therefore, the similarity of the reaction activity between ICG-Au18 and ICG-

Au640 indicates that the strength of the average Au-S bond in ICG-Au640 is similar to that in 

ICG-Au18. 

2.3.3.2 The effect of thiol species on the nanoparticle-biothiol interactions in vitro 

In section 2.3.3.1, we showed the size of ICG-AuNPs could affect the reaction activity between 

the nanoparticle and GSH. It is unknown whether the size trend could be also observed when 

ICG-AuNPs react with other types of thiols? Meanwhile, it is also unknown whether the thiol 

species would affect the reaction activity of the interactions between different-sized ICG-AuNPs 
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and thiols. As cysteine is another biothiols that is involved in the biotransformation of the 

nanoparticle in vivo, we not only investigated the reaction activity of ICG-AuNPs with GSH, but 

also investigated the reaction activity of ICG-AuNPs with Cysteine, and a GSH/Cys mixture. 

The concentration of cysteine was 1 mM, the same as the concentration of GSH. The GSH/Cys 

mixture was made by dissolving 0.5 mmol GSH and 0.5 mmol Cysteine in  1 L PBS so that the 

concentration of the total thiols is also 1 mM. 

Figure 2.16. The reaction activity of ICG-AuNPs with different thiols. (a) The reaction between 

ICG-AuNPs with 1 mM GSH. (b) The reaction between ICG-AuNPs with 1 mM Cys. (c) The 

reaction between ICG-AuNPs with 1 mM GSH/Cys. 

As shown in Figure 2.16, the reaction activity of different-sized ICG-AuNPs with GSH, Cys, and 

a GSH/Cys mixture was quantified. In Figure 2.16 b, the reaction activity of ICG-Au11, ICG-

Au18, ICG-Au25, and ICG-Au640 with Cysteine was 592.29 ± 14.70 s-1, 555.61 ± 9.16 s-1, 

196.82 ± 5.95 s-1, and 493.56 ± 13.17 s-1, respectively. In Figure 2.16 c, the reaction activity of 

ICG-Au11, ICG-Au18, ICG-Au25, and ICG-Au640 with GSH/Cys was 484.34 ± 5.99 s-1, 437.12 

± 14.99 s-1, 140.95 ± 2.73 s-1, and 411.26 ± 12.05 s-1, respectively. Similar to the reaction with 

GSH, the reaction activity of ICG-AuNPs with Cysteine or GSH/Cys mixture are also size-
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dependent. From ICG-Au11 to ICG-Au25, the reaction reactivity of Cysteine or GSH/Cys 

mixture decreases with the increase of the size of ICG-AuNPs. From ICG-Au25 to ICG-Au640, 

the reaction reactivity of Cysteine or GSH/Cys mixture increase with the increase of the size of 

ICG-AuNPs. Interestingly, the reaction activity of ICG-AuNPs with Cysteine is larger than 

GSH/Cys and GSH for each ICG-AuNPs, which means that Cysteine can more easily replace the 

ICG  on the surface of ICG-AuNPs compared to GSH and a GSH/Cys mixture. 

2.3.3.3 The effect of protein binding on the nanoparticle-biothiol interactions in vitro 

In the section 2.3.3.1 and 2.3.3.2, we systematically investigated the reaction activity between 

different-sized ICG-AuNPs and different species of thiols. All these reactions were performed in 

PBS solution, which means no protein was involved in these reactions. When the engineered 

nanoparticles are transported in vivo, proteins play a crucial role in the interactions between 

nanoparticles and biochemicals. Meanwhile, it was well documented that ICG displays strong 

protein binding after being administrated in vivo. Therefore, the protein binding cannot be 

ignored for the investigation of nanoparticle-biochemical interactions. To mimic the biological 

environment, fetal bovine serum (FBS) was chosen as the solvent and the experiments in 

sections 2.3.3.1 and 2.3.3.2 were repeated with the change of replacing the PBS solution with 

FBS. 
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Figure 2.17. The reaction activity of ICG-AuNPs with different thiols in PBS and FBS. a-c, The 

reaction activity of different-sized ICG-AuNPs with (a) GSH, (b) Cys, and (c) GSH/Cys mixture 

in PBS. d-f, The reaction activity of different-sized ICG-AuNPs with (d) GSH, (e) Cys, and (f) 

GSH/Cys mixture in FBS. 

As shown in Figure 2.17, the reaction activity of ICG-AuNPs with different thiols in PBS (a-c) 

and FBS (d-f) were quantified. The effect of nanoparticle size and the effect of thiol species on 

the reaction activity was also observed in FBS. In FBS, the smaller-sized ICG-AuNPs react more 

easily with thiols except for ICG-Au25, which reacts with thiols least efficiently. Like in PBS, 

cysteine in FBS also displays the most reaction activity with ICG-AuNPs, which is followed by 

the GSH/Cys mixture and GSH. It is noteworthy that the reaction reactivity of ICG-AuNPs with 
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thiols in FBS is higher than the same condition in PBS. We hypothesis that the proteins in FBS 

which bind to ICG molecules on the surface of AuNPs can weaken the Au–S bond, making ICG 

more easily released from the AuNPs in the presence of external thiols. 

As shown in Figure 2.18, 3D diagrams were plotted to compare the reaction rate of all these 

situations. The 3D graph reflects the relationship among reaction rate, size of ICG-AuNCs, thiol 

types, and the effect of protein binding. We find three trends here. The first trend is size. The 

reaction rate of ICG-AuNPs first deceases as the Au atom number increased from ICG-Au11 to 

ICG-Au25, then the reaction rate increase as the gold atom number increased. Second, the 

reaction rate of all four NPs increases when the thiol type changes from GSH to GSH/Cys 

mixture to Cys, suggesting that cysteine will more easily react with ICG-AuNPs compared to 

GSH. Third, the presence of the protein accelerates the reaction between the ICG-AuNPs and 

thiols. 
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Figure 2.18. The 3D diagrams of the relationship among the activation kinetics, the size of ICG-

AuNPs, and the thiols species in (a) PBS and (b) FBS. 

According to the Arrhenius equation, the relationship between the reaction rate and the activation 

energy are listed as below79: 

V = dc/dt = KCn (1) 

K = Ae(-E/RT) (2) 

In the case of the reaction between the ICG-AuNPs with thiols, c is the concentration of the 

product, which is the amount of detached ICG. K is the rate constant, which has been quantified 

and compared in Figure 2.16. t is the reaction time; n is the reaction order, E is the activation 

energy, T is the reaction temperature, R and A are the constants. 

To compare the activation of different-sized ICG-AuNPs with thiols, equation (2) can be applied 

as below. Here we use the reaction of ICG-Au11 and ICG-Au25 with glutathione in PBS as an 

example: 
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K(ICG-Au11, GSH, PBS) is the reaction rate constant of the reaction between the ICG-Au11 and 

glutathione in PBS; K(ICG-Au25, GSH, PBS) is the reaction rate constant of the reaction between the 

ICG-Au25 and glutathione in PBS; E(ICG-Au11, GSH, PBS) is the activation energy of the reaction 

between the ICG-Au11 and glutathione in PBS; E(ICG-Au25, GSH, PBS) is the activation energy 

constant of the reaction between the ICG-Au25 and glutathione in PBS. 

K(ICG-Au11, GSH, PBS) = Ae(-E(ICG-Au11, GSH, PBS)/RT)   (3) 

K(ICG-Au25, GSH, PBS) = Ae(-E(ICG-Au25, GSH, PBS)/RT)   (4) 

K(ICG-Au11, GSH, PBS)/K(ICG-Au25, GSH, PBS) = Ae(-E(ICG-Au11, GSH, PBS)/RT)/Ae(-E(ICG-Au25, GSH, PBS)/RT)  

         = e(-E(ICG-Au11, GSH, PBS)/RT)- (-E(ICG-Au11, GSH, PBS)/RT) 

= e([E(ICG-Au11, GSH, PBS)- E(ICG-Au25, GSH, PBS)]/RT)     (5) 

Therefore: 

E(ICG-Au11, GSH, PBS) - E(ICG-Au25, GSH, PBS)  = In [K(ICG-Au11, GSH, PBS)/K(ICG-Au25, GSH, PBS)]      (6) 

According to equation (6), we compare the activation energy of different-sized ICG-AuNPs 

reacted with thiols in PBS and FBS in Figure 2.19. As shown in Figure 2.19 a-c, the activation 

energy of different-sized ICG-AuNPs reacted with glutathione, cystine, and glutathione/cysteine 

mixture in PBS are summarized. In Figure 2.19 e-f, the activation energy of different-sized ICG-

AuNPs reacted with glutathione, cystine, and glutathione/cysteine mixture in FBS are compared. 

In Figure 2.18 a, for the reaction between ICG-AuNPs with glutathione in PBS, the activation 

energy of ICG-Au25 was the highest, followed by ICG-Au640, ICG-Au18, and ICG-Au11. The 

activation energy of ICG-Au25 is 3.56 KJ/mol, 3.70 kJ/mol, and 5.03 KJ/mol higher than that of 

ICG-Au640, ICG-Au18, and ICG-Au11. As for the reaction between ICG-AuNPs with thiols at 
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other conditions, the size-dependency could also be observed and the size-dependency was 

similar, where the activation energy of ICG-Au25 was the highest one followed by ICG-Au640, 

ICG-Au18, and ICG-Au11. 

Figure 2.19. The activation energy of different-sized ICG-AuNPs reacting with thiols in PBS and 

FBS. a-c, The activation energy of different-sized ICG-AuNPs with (a) GSH, (b) Cys, and (c) 

GSH/Cys mixture in PBS. d-f, The activation energy of different-sized ICG-AuNPs with (d) 

GSH, (e) Cys, and (f) GSH/Cys mixture in FBS. 
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2.4 Conclusion 

In Chapter 2, the interactions between ICG-AuNPs and biothiols in vitro were systematically 

investigated. In the section 2.3.1 and 2.3.2, the preparation and characterization of ICG-AuNPs 

were illustrated in detail. In these two sections, the synthesis and purification methods of 

different sized AuNPs and ICG conjugated AuNPs were summarized step by step. The as-

prepared AuNPs and ICG conjugated AuNPs were highly purified. Then, the optical properties 

and the size of AuNPs and ICG conjugated AuNPs were carefully characterized and compared. 

After that, the average ICG number on different-sized ICG-AuNPs was quantified. Based on the 

systematic characterizations of ICG-AuNPs, the interactions between ICG-AuNPs and biothiols 

in vitro could be quantitatively analyzed. In section 2.3.3, the interaction between different-sized 

ICG-AuNPs and different thiols was investigated. The effect of protein binding was also studied. 

Combining all the results, three conclusions were drawn. First, the interactions of ICG-AuNPs 

and biothiols depend on the size of nanoparticles. The smaller ICG-AuNPs react with thiols more 

easily and efficiently compared to the larger-sized nanoparticles, except for ICG-Au25. The 

reaction activity of ICG-Au25 with thiols is the least efficient one, which is probably due to the 

structure of Au25, making Au25 highly stable and highly resistant against thiol etching80. 

Second, the interactions of ICG-AuNPs and biothiols depend on the species of thiol. The 

cysteine and GSH, which are the two main biothiols involved in multiple biological processes, 

displayed different reaction activities with ICG-AuNPs. Compared to GSH, cysteine reacts with 

the ICG-AuNPs more easily and efficiently, which is probably due to the size of cysteine being 

smaller than GSH, making cysteine reach the Au-S bond on the surface of ICG-AuNPs and 

replace the ICG-GSH more easily than GSH. Third, the protein binding facilitates the reaction 
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between the ICG-AuNPs and biothiols, which may result from the fact that the protein binding 

weakens the Au-S bond on the surface of ICG-AuNPs, making the ICG-GSH conjugates on the 

surface of ICG-AuNPs more easily replaced by the external biothiols.  After that, the activation 

energy of the reaction between the ICG-AuNPs and different thiols was quantitatively compared. 

All these in vitro results provide a foundation for the investigation of the interactions between 

engineered nanoparticles and biochemicals in vivo, which will be discussed in the following 

chapter. 

2.5 Experiment 

2.5.1 Materials and equipment 

ICG-NHS was obtained from AdipoGen Life Science, Inc. Fetal Bovine Serum (FBS) was 

purchased from Corning, Inc. All the other chemicals were purchased from Sigma-Aldrich and 

used as received without further purification. Ultra-centrifuge filter units with the molecular 

weight cut-off (MWCO) of 3k, 10k, and 30k Da (MilliporeSigma™ Amicon™) were utilized for 

the purification of gold nanoparticles and ICG conjugated gold nanoparticles. The amount of 

gold was measured using an Agilent 7900 inductively coupled plasma mass spectrometer (ICP-

MS). The pH was measured by an Accumet AB15 pH meter and an Accuphast microprobe 

electrode. The gel electrophoresis results were obtained with a Mini PROTEAN Tetra Cell (Bio-

Rad Laboratories, Inc. USA). Agarose gel electrophoresis was carried out in a Bio-Rad Mini-Sub 

Cell GT system (Bio-Rad Laboratories, Inc. USA). Nuclear magnetic resonance (NMR) spectra 

were obtained with Bruker 600 MHz NMR spectrometer The absorption spectra were collected 

with a Virian 50 Bio UV-vis spectrophotometer. The luminescence spectra of different-sized 
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nanoparticles were detected with a PTI QuantaMasterTM 30 Fluorescence Spectrophotometer 

(Birmingham, NJ). The ESI-MS results were collected with Xevo G2-XS QT of Quadrupole 

Time-of-Flight Mass Spectrometer. Transmission electron microscopy (TEM) images of AuNPs 

were obtained using a 200kV Jeol 2100 transmission electron microscope. A Shimadzu 

Prominence Modular HPLC equipped with UV-Vis detector (SPD-20A) and fluorescence 

detector (RF-20A) was used for the measurements of the size of nanoparticles. The time-

dependent fluorescence enhancement of ICG-AuNPs was monitored using a the BioTek Synergy 

H4 plate reader. 

2.5.2 Methods 

Synthesis of glutathione-coated different sized gold nanoparticles (AuNPs) 

Atomically precise gold nanoclusters: Au10-11(SG)10, Au18(SG)14, and Au25(SG)18 were 

synthesized according to the previously reported method with modifications67-69. The 2 nm gold 

nanoparticle: Au640(SG)385 were synthesized following the method reported by our group 

previously30. For the synthesis of Au10-11(SG)10, the HAuCl4·3H2O stock solution (1 M) was 

prepared in deionized water and was stored at 4 ºC before use. The Glutathione (460.98 mg, 1.5 

mmol) was dissolved in 80 mL deionized water in a 250 mL flask. Under mild stirring (~800 

rpm), a 500 µL 1 M HAuCl4·3H2O stock solution was added into the glutathione solution. The 

solution was stirred mildly for about 5 minutes until the white precipitate formed. Then, a certain 

amount of 10 M NaOH was introduced to the reaction solution to alter the pH to around 4.8. The 

reaction solution was transparent when the pH was changed to 4.8. After that, the reducing agent 

NaBH3CN (40 mL, 1.25 mM) was added, and the reaction solution was kept at ambient 

temperature without stirring. After the 12 h reaction, the as-synthesized Au10-11(SG)10 was 
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collected and was purified by dialysis to remove the unreacted gold salt, GSH, and reducing 

agent. The purified Au10-11(SG)10 can be freeze-dried and stored at 4 ºC for future use.  

The preparation of Au18(SG)14 is listed as follows: 0.138 g GSH (0.45 mmol) was dissolved in 24 

mL deionized water. Under mild stirring (~800 rpm), 150 µL 1 M HAuCl4·3H2O stock solution 

was introduced. Then, the pH of the reaction solution was adjusted to 4.8~5.0 by adding a certain 

amount of 10 M NaOH. After that, 3 mL 0.2 mM TBAB (borane tert-butylamine complex) was 

added, and the reaction solution was stirred at 800 rpm at 40 ºC for about 1 hour. The reaction 

was stopped when the fluorescence of the mixture did not increase anymore. To purify the 

Au18(SG)14, the reaction solution was first cooled to room temperature. Then, for every 20 mL of 

reaction solution, 2 mL saturated sodium chloride solution and 20 mL ethanol were added and 

mixed well. The mixture was centrifuged for 5 minutes at 4000 rpm to remove the unreacted 

gold salt, GSH, and reducing agent. After that, the supernatant was disposed of, and the 

precipitate was resolved in 5 mL deionized water. The purified Au18(SG)14 can be freeze-dried 

and stored at 4 ºC for future use. 

The synthesis method of Au25(SG)18 was similar to that of Au18(SG)14, with an additional size-

focusing step. To synthesize Au25(SG)18, the HAuCl4·3H2O stock solution (1 M) was prepared as 

mentioned before in the synthesis method of Au18(SG)14. Then, 0.7683 g GSH (2.5 mmol) was 

dissolved in 80 mL deionized water in a tri-neck flask. 500 µL HAuCl4·3H2O stock solution was 

then introduced into the tri-neck flask and the reaction solution was stirred for 15 min. Then, 40 

mL 0.2 M TBAB solution was added into the flask and the reaction solution was kept stirring for 

another 2 minutes. After that, the solution was allowed to react for 16 hours without stirring at 40 
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ºC. The as-synthesized Au25(SG)18 was purified by the same method as Au18(SG)14. The purified 

Au25(SG)18 can be freeze-dried and stored at 4 ºC for future use. 

To synthesis the 2 nm gold nanoparticle Au640(SG)385, 36.8 mg GSH (0.12 mmol) was first 

dissolved in 5 mL deionized water, then 125 µL 1 M NaOH was introduced to adjust the pH of 

GSH solution to 7~8. Then, 300 µL 0.3 M TCEP was added to the GSH solution and incubated 

at room temperature for 30 minutes. After that, the GSH solution was added into a 250-mL glass 

flask containing 45 mL deionized water. Under vigorous stirring, 150 µL 1 M HAuCl4·3H2O 

stock solution was added, and the reaction solution was stirred at 95 ºC. After 2 hours of 

reaction, the products were collected and the unreacted chemicals, such as GSH, gold salt, and 

TCEP, need to be removed for purification. To purify the as-synthesized Au640(SG)385 solution, a 

certain amount of 1 M NaOH was introduced, and the pH of Au640(SG)385 solution was adjusted 

to around 3~4. Then, ethanol with the equivalent amount of the Au640(SG)385 solution was added, 

and the solution was mixed well. The mixture was precipitated at 4500 rpm for 10 minutes. The 

supernatant was disposed of after precipitation while the precipitates were redissolved in 

deionized water. The purified Au640(SG)385 can be freeze-dried and stored at 4 ºC for future use. 

Characterization of glutathione-coated different sized gold nanoparticles (AuNPs) 

The glutathione-coated different-sized gold nanoparticles were characterized concerning their 

purity, chemical compositions, optical properties, and size. 

The purity of different-sized gold nanoparticles was characterized by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). The PAGE experiments were conducted with 

a Mini PROTEAN Tetra Cell (Bio-Rad Laboratories, Inc. USA). The separating and stacking 



58 

gels were prepared using acrylamide with the contents of 30 and 3 wt% (acrylamide/bis-

(acrylamide) = 94:6), respectively. The eluting buffer was 1 x Tris-glycine-SDS (TGS) running 

buffer which contains 25 mM Tris, 192 mM glycine, and 0.1% SDS. The pH of the eluting 

buffer was about 8.6. The as-purified different sized AuNPs were dissolved in a 10% (v/v) 

glycerol/water solution (20 µL) at a concentration of 3 mg/mL, respectively. The samples were 

then loaded into the lanes of the stacking gel and eluted for 2 h at a constant voltage mode (100 

V). After 2 hours of eluting, the bright field imaging, as well as the fluorescence image of the 

gel, was obtained under visible light and UV light.  

The chemical compositions were characterized by NMR and ESI-Mass spectroscopy. NMR 

spectra were acquired with Bruker 600 MHz NMR spectrometer. The purified AuNPs, as well as 

the free glutathione molecule, were dissolved in Deuterium oxide (D2O) at a concentration of 6 

mg/mL.   

The ESI-Mass spectroscopy was carried out with Xevo G2-XS QT Quadrupole Time-of-Flight 

Mass Spectrometer. The purified Au10-11(SG)10, Au18(SG)14, and Au25(SG)18 were first dissolved 

in pure water at a concentration of 0.4 mg/mL, respectively. Then, the samples were diluted 

twice by adding the same amount of methanol. Therefore, the final concentration of Au10-

11(SG)10, Au18(SG)14, and Au25(SG)18 for the ESI-Mass measurement were 0.2 mg/mL 

respectively, and the solvent of the samples was 50% (v/v) water/methanol system. The sample 

solution was infused directly into the source at 10 µL/min through the syringe pump. All data 

were collected in the negative ion mode over the range of 500−2400 m/z. The source block 

temperature was set at 80 ºC and the desolvation temperature was set at 600 ºC. The cone gas 
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flow was set as 25 L/h and the desolvation gas was set to 1000 L/hr. The sample cone voltage 

was set as 39 V and the electrospray capillary voltage was set as 1.48 kV.  

The optical properties were acquired using a Virian 50 Bio UV-vis spectrophotometer and a PTI 

QuantaMasterTM 30 Fluorescence Spectrophotometer, where the absorption spectra and 

fluorescence spectra of AuNPs were measured in pure water. 

The size of AuNPs was quantified by transmission electron microscopy (TEM) and High-

performance liquid chromatography (HPLC). The AuNPs were dissolved in pure water and 

deposited on 400 mesh copper grids for the TEM imaging. HPLC was conducted on a Superose-

6 10/300 GL column (Amersham Biosciences) using PBS, pH 7.4 as the mobile phase. The flow 

rate was 1 mL/min. 

Synthesis of ICG conjugated gold nanoparticles (ICG-AuNPs) 

Our former group member Dr. Xingya Jiang developed a method to synthesize ICG-Au25 and 

this method has been reported previously9, 10. Briefly, 4 mg ICG-NHS was dissolved in 4 mL 

DMSO and was covered with aluminum foil to avoid light exposure. 6 mg Au25(SG)18 was 

dissolved in 4 mL DI water and the pH was changed to 8 by adding a certain amount of 1 M 

NaOH. Then, the ICG-NHS DMSO solution was added into the aqueous solution of Au25(SG)18, 

and the mixture was vortexed for over 16 hours. To purify the ICG-Au25, 0.8 mL saturated NaCl 

solution and 16 mL ethanol were added to the 8 mL as-synthesized ICG-Au25 solution. The 

mixture was then centrifugated at 4500 rpm for 10 minutes. The precipitate was redissolved in 

1X PBS and purified by 30 k Da Ultra centrifugal filters to remove the unconjugated Au25(SG)18. 

The as-purified ICG-Au25 was redissolved in pure water and was lyophilized for future use. 
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The synthesis and purification of ICG-Au18 and ICG-Au640 were similar to that of ICG-Au25 

with the modifications of the amount of ICG-NHS and AuNPs. For ICG-Au18, 0.8 mg ICG-

NHS was dissolved in 1 mL DMSO and was then reacted with 1 mL aqueous solutions of 

Au18(SG)14 with the concentration of 1.8 mg/mL (pH=8) for more than 16 hours. For the 

synthesis of ICG-Au640, 1 mL 0.8 mg/mL ICG-NHS solution (dissolved in DMSO) was reacted 

with 1 mL aqueous solution of Au640(SG)385 with the concentration of 4.2 mg/mL (pH=8) and 

vortexed for over 16 hours. The purification process of ICG-Au18 and ICG-Au640 was the same 

as that of ICG-Au25 by removing the unconjugated ICG-NHS as well as the unconjugated 

AuNPs.  

The synthesis method of ICG-Au11 is similar to ICG-Au25 while the purification of ICG-Au11 

is different from that of ICG-Au25. For the synthesis of ICG-Au11, 1 mL 0.4 mg/mL ICG-NHS 

solutions (dissolved in DMSO) was reacted with 1 mL aqueous solution of Au10-11(SG)10 with 

the concentration of 1.5 mg/mL (pH=8), and the reaction was allowed to vortex for more than 16 

hours. To purify the ICG-Au11, a size exclusive Sephadex LH-20 column was utilized to remove 

the unconjugated ICG-NHS. First, the as-synthesized solution of ICG-Au11 was diluted twice 

with pure water. Then, this diluted ICG-Au11 solution was eluted in the Sephadex LH-20 

column using 1X PBS as the eluting solution. The unconjugated ICG-NHS was removed due to 

the lower mobility in the Sephadex LH-20 column compared to ICG-Au11. Then, the 

unconjugated Au10-11(SG)10 was removed using 30 k Da Ultra centrifugal filters. The purified 

ICG-Au11 was then redissolved in pure water and was lyophilized for future use. 
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Quantification of the average number of ICG molecules on the surface of ICG-AuNPs 

The average number of ICG molecules on the surface of ICG-AuNPs equals the amount of ICG 

molecules divided by the amount of AuNPs. The amount of ICG was quantified by its 

characteristic absorption peak at 780 nm with a pre-established standard curve. The amount of 

AuNPs was quantified by ICG-MS analysis after the digestion using aqua regia. Briefly, 10 µL 

purified ICG-AuNPs were digested by the aqua regia, and the amount of Au was measured using 

ICP-MS. After that, 10 µL purified ICG-AuNPs with the same concentration of ICG-AuNPs 

were incubated with 190 µL 20 mM dithiothreitol (DTT) for 30 minutes to completely release 

the ICG molecules from the surface of AuNPs. Then the ICG concentration was quantified by its 

absorption peaks at 780 nm according to the established standard curve (see Figure 2.13). 

Quantification of the nanoparticle-biothiol interactions in vitro 

The nanoparticle-biothiol interactions in vitro were performed by monitoring the fluorescence 

enhancement kinetics of ICG-AuNPs after the reaction between different-sized ICG-AuNPs with 

different thiols in either PBS solution or 50% v/v PBS/FBS solution. The amount of ICG on 

different-sized ICG-AuNPs was controlled to be consistent (20 µM ICG in 10 µL aqueous 

solutions of ICG-AuNPs) for each experiment. To investigate the effect of nanoparticle size on 

the nanoparticle-biothiol interactions in vitro, 10 µL aqueous solutions of different-sized ICG-

AuNPs were reacted with 190 µl PBS containing 1mM GSH. The fluorescence of different-sized 

ICG-AuNPs was instantaneously monitored over time using the plate reader. To investigate the 

effect of thiol species on the nanoparticle-biothiol interactions in vitro, the 10 µL aqueous 

solutions of different-sized ICG-AuNPs were reacted with 190 µl PBS containing 1mM GSH, 1 

mM cysteine, and 1 mM GSH/Cys mixture, respectively. The GSH/Cys mixture was made by 
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dissolving 0.5 mmol GSH and 0.5 mmol Cysteine in  1 L PBS. The fluorescence of different-

sized ICG-AuNPs was instantaneously monitored over time using the plate reader. To investigate 

the effect of protein binding on the nanoparticle-biothiol interactions in vitro, 1mM GSH, 1 mM 

cysteine, and a 1 mM GSH/Cys mixture were prepared in 190 µl PBS and 190 µl 50% v/v 

PBS/FBS solution, respectively. These thiol solutions were reacted with 10 µL aqueous solutions 

of different-sized ICG-AuNPs, respectively and the fluorescence of different-sized ICG-AuNPs 

were instantaneously monitored over time using the plate reader. To monitor the fluorescence 

enhancement kinetics, the excitation wavelength was set as 760 nm and the emission wavelength 

was set as 830 nm. 

Statistics and reproducibility 

Welch’s t-test was used to compare two groups of data and analysis of variance (ANOVA) was 

used for the comparison of multiple data points among data sets. Data were reported as mean 

values with error bars representing the standard deviation. Differences were considered 

statistically significant when P < 0.05. Unless otherwise specified, all of the experiments were 

repeated at least three times with similar results to ensure reproducibility. 
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3.1 Abstract 

The correlation between the nanoparticle-biochemical interactions at the in vitro level and at the 

in vivo level remains poorly understood due to the lack of a method to visualize and 

quantitatively analyze such interactions both at the in vitro and in vivo level. By utilizing the 

unique fluorescence “on-off” properties of ICG-AuNPs, we quantitatively compared the 

nanoparticle-biothiol interactions both at the in vitro and in vivo levels. The nanoparticle-biothiol 

interactions at the in vitro and in vivo levels were both found to be nanoparticle size-dependent. 

Meanwhile, there was a strong correlation between the size-dependency at the in vitro and in 

vivo levels. We believe such findings will not only offer a new way to fundamentally understand 

the nanoparticle-biochemical interactions at both the in vitro and in vivo levels, but also provide 

insight into the biomedical applications of nanoparticles like disease detections. 

3.2 Introduction 

The past several decades have witnessed the unprecedented developments of engineered 

nanomaterials in biomedical applications, such as disease diagnosis21 as well as treatment13. Due 

to the controllable physical and physiological properties, the engineered nanoparticles hold great 

potential in the biomedical field like biosensing, bioimaging, drug delivery, and gene therapy, 

etc. Fundamental understanding of the interactions between the engineered nanoparticles and the 

biological system not only provides critical information for the design of desired nanoparticles 

but also provides insights into the physiology at the nanoscale. In recent years, increasing 

research has been conducted to investigate the in vivo fate of engineered nanoparticles13, 14, 21, 22,

32. In these works, the researchers focused on two aspects: first, the understanding of how the



 

66 

engineered nanoparticles transport between different organs as well as the clearance pathway of 

nanoparticles, which is so-called the “in vivo transport” of engineered nanoparticles; second, how 

the engineered nanoparticles interact with physiological systems, like different organs, tissues, 

and cells, which is so-called the “nano-bio interactions” of engineered nanoparticles. However, 

few of them focus on how the nanoparticle interacts with the biochemicals and how these nano-

bio interactions at the molecular level affect the in vivo behavior of the nanoparticles. 

By designing a library of thiol-responsive organic dye conjugated gold nanoparticles of different 

sizes, we systematically investigated how the nanoparticle interacts with the specific 

biochemical—glutathione. Meanwhile, we correlated the in vitro nanoparticle-biothiol 

interactions with the in vivo nanoparticle-biothiol interactions. We observed that at in vivo level, 

the different sized nanoparticles interact with the glutathione efflux from the liver at different 

reaction rates. It should be pointed out that such size-dependent nanoparticle-biothiol interactions 

found in the liver could be perfectly correlated with the nanoparticle-biothiol interactions in 

vitro. Furthermore, we investigated how these size-dependent nanoparticle-biothiol interactions 

would affect the in vivo behavior of the nanoparticles, especially the blood retention profile as 

well as the clearance pathway of nanoparticles.  

In summary, in this chapter, we first report that the correlation between nanoparticle interactions 

in vitro and in vivo, suggesting that the in vivo behavior of nanoparticles can be predicted by the 

in vitro results. Second, we found that the nanoparticle-biothiol interactions in the liver 

dominated the blood retention profile as well as the clearance pathway of nanoparticles, which 

provide insights into how the nanoparticle-biochemical interactions would affect the in vivo fate 

of nanoparticles. 
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3.3 Results and discussions 

3.3.1 Nanoparticle-biothiol interactions in the liver 

 In Chapter 2, the interactions between the different-sized ICG-AuNPs and thiols have been 

investigated systematically in vitro. In this chapter, the interactions between the different-sized 

ICG-AuNPs and thiols in vivo will be explored. 

In Chapter 2, we observed that the interactions between the ICG-AuNPs and biothiols in vitro 

were size-dependent. The reaction activity of smaller-sized ICG-AuNPs was higher than larger 

ones except for ICG-Au25, and ICG-Au25 exhibits the highest resistance against thiols etching. 

To verify whether the size trend of the interactions between the ICG-AuNPs and biothiols also 

exist at the in vivo level, we treated the balb/c mice (n=3 for each group) with different sizes of 

ICG-AuNPs and monitored the fluorescence activation in the liver over time. For the comparison 

of the liver fluorescence activation activity between different-sized ICG-AuNPs, the injection 

dose of each ICG-AuNPs in terms of ICG were kept the same, which was 150 µL 20 µM per 

mouse in terms of ICG. As shown in Figure 3.1, the time-dependent noninvasive fluorescence 

images display the efficient fluorescence activation of different-sized ICG-AuNPs in the liver 

after systematic administration. The ICG fluorescence of these four ICG-AuNPs was 

immediately activated in the liver site and the fluorescence intensity increased over time. 
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Figure 3.1. Time-dependent noninvasive fluorescence images of the fluorescence activation of 

different-sized ICG-AuNPs in the liver of normal mice. 

 

The time-dependent fluorescence images of different-sized ICG-AuNPs were then quantitatively 

analyzed. As shown in Figure 3.2 a, the fluorescence intensity of ICG-Au11, ICG-Au18, ICG-

Au25, and ICG-Au640 in the liver all increased linearly over time. The different slope of the 

fluorescence intensity curves of different-sized ICG-AuNPs reflected the difference in the 

reaction activity in the liver. The slope of the curves in Figure 3.2 a were calculated as the 

reaction activity in vivo and the reaction activity of different-sized ICG-AuNPs were compared 

quantitatively in Figure 3.2 b. The reaction activity in the liver of ICG-Au11, ICG-Au18, ICG-

Au25, and ICG-Au640 were 62.74 ± 8.61 s-1, 48.38 ± 5.27 s-1, 27.57 ± 2.44 s-1 and 42.12 ± 9.29 

s-1, respectively. At the in vivo level, the reaction activity between biothiols and ICG-Au11 was 

the highest one, followed by ICG-au18, ICG-Au640, and ICG-Au25. 
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Figure 3.2. The fluorescence activation kinetics of different-sized ICG-AuNPs in the liver. (a) 

The time-dependent ICG fluorescence curves in the mice liver after injection of different-sized 

ICG-AuNPs with the same dose in terms of ICG. (b) The calculated liver fluorescence activation 

kinetics of different-sized ICG-AuNPs. 

The size trend of reaction activity in vivo was consistent with the size trend in vitro, see Figure 

3.3 a. In Figure 3.3 b, we plotted the reactivity of different-sized ICG-AuNPs in vivo versus in 

vivo and Pearson correlation was applied to indicate the correlation between the in vitro and in 

vivo reactivity. Pearson correlation coefficient (Pearson’s r) was 0.99, which indicates the strong 

correlation between the reactivity of different sized AuNPs in vitro and in vivo. Such a strong 

correlation between the in vitro results and in vivo results suggests that the nanoparticle-

biochemical interactions in vitro could be utilized to predict the nanoparticle-biochemical 

interactions in vivo. 



70 

Figure 3.3. The reaction activity of different-sized ICG-AuNPs in vitro and in vivo. a) The 

reactivity of different-sized ICG-AuNPs in vitro (red line) and in vivo (black line). b) The 

correlation between the reactivity of different-sized ICG-AuNPs in vitro and in vivo. 

3.3.2 Nanoparticle-biothiol interactions in the blood 

In section 3.3.1, we investigated the interactions between the different-sized ICG-AuNPs and the 

thiol efflux from the liver. This type of nanoparticle-biochemical interactions in vivo was strongly 

correlated with the interactions in vitro. After that, we explored how this nanoparticle-biothiol 

interaction would affect the in vivo transport of nanoparticles. 

Unlike free ultrasmall AuNCs which could be eliminated out of the body efficiently through 

urine, ICG-AuNCs were prevented from rapid kidney clearance because ICG-AuNPs bind to 

serum proteins, making their size larger than the kidney filtration threshold and inducing the 

rapid transport to the liver after systematic administration. After intravenous injection, the ICG-
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AuNCs were transported into the liver and the ICG molecules were detached from the surface of 

ICG-AuNCs by the GSH and cysteine efflux from hepatocytes. After this biotransformation, the 

detached ICG were taken up by hepatocytes and eliminated through the hepatobiliary clearance 

pathway, while the biotransformed AuNCs were transported back to blood circulation and were 

cleared out of the body through the kidney. 

Figure 3.4. The blood retention of ICG-AuNPs in terms of Au. (a) The time-dependent Au 

concentration in blood of ICG-AuNPs within 24 hours after injection. (b) The area under the 

curve (AUC) of the blood retention of ICG-AuNPs in terms of Au within 24 hours. (c) The blood 

clearance and elimination half-life of different-sized ICG-AuNPs in terms of Au. 

To further understand the in vivo behavior of ICG-AuNCs, we investigated the blood 

pharmacokinetics of ICG-AuNCs based on ICG and Au separately. We first quantified the Au 

amount in blood over time (Figure 3.4 a) and compared the AUC of the blood pharmacokinetic 

(PK) based on Au (Figure 3.4 b). The PK profiles in terms of Au were also quantitatively 

analyzed by measuring the Au amount in the blood over time, where all four PK profiles 

followed a two-component decay model (Figure 3.4). The Au based AUC of ICG-Au11, ICG-

Au18, ICG-Au25, and ICG-Au640 were 163.95±26.62 h%ID/g, 196.57±24.43 h%ID/g, 

78.59±1.99 h%ID/g, and 122.45±8.22 h%ID/g. The Au-based AUC of ICG-Au11 and ICG-Au18 
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were higher than ICG-Au25, suggesting that after reacting with biothiols from the liver, the 

biotransformed ICG-Au11 and ICG-Au18 exhibit longer blood retention than ICG-Au25, which 

is consistent with our group’s previously result that smaller AuNCs exhibit longer blood 

retention than larger ones31. Moreover, ICG-Au25 also exhibits the largest blood clearance and 

fastest elimination half-life among these four ICG-AuNCs (Figure 3.4 c), which was consistent 

with the shortest Au-based blood retention of ICG-Au25 (Figure 3.4 a and b). 

Then, we examined the PK profiles of ICG-AuNCs based on ICG. Two forms of ICG can exist 

in blood over time: 1) the detached free ICG molecules which were detached from the surface of 

the ICG-AuNCs by biothiol efflux from liver hepatocytes, and 2) the undetached ICG which 

remained on the surface of ICG-AuNCs. Due to the “on-off” activatable fluorescence properties 

of ICG-AuNCs, the fluorescence of undetached ICG molecules in the extracted blood samples 

were quenched and could only be detected after external thiol etching. Thus, we collected the 

blood samples from the mice after administration of ICG-AuNCs at each time point and 

measured the fluorescence intensity (Figure 3.5 a), which can directly reflect the amount of 

detached free ICG in the blood. After that, we incubated the samples with external thiol DTT to 

let the DTT fully detach the ICG from the surface of ICG-AuNCs, then we quantify the 

fluorescence intensity again (Figure 3.5 b), which reflects the total ICG amount in the blood (the 

sum of free detached ICG and undetached ICG). The fluorescence of free ICG in the blood of all 

ICG-AuNCs was low and became undetectable after 1h post-injection (Figure 3.5 a), which 

suggested that there was a very limited amount of detached ICG molecules in blood circulation. 

However, after incubation with external DTT, the fluorescence intensities of the blood samples 

in all ICG-AuNCs dramatically increased (Figure 3.5 b), suggesting most of the circulating ICG 
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molecules in the blood were still conjugated to the AuNCs. The ICG-based AUC of ICG-Au11, 

ICG-Au18, ICG-Au25, and ICG-Au640 are 3.09±0.53 h%ID/g, 5.96±1.14 h%ID/g, 10.93±1.43 

h%ID/g, and 11.28±1.65 h%ID/g, which suggest the blood retention increased as the 

nanoparticle size increased (Figure 3.5 c). The ICG blood clearance and elimination half-life also 

confirmed this size dependency (Figure 3.5 d). 

Figure 3.5. The blood retention of ICG-AuNPs in terms of ICG. (a) The time-dependent free ICG 

concentration in blood of ICG-AuNPs after systematic administration. (Inset: zoomed-in time-

dependent free ICG concentration in blood of ICG-AuNPs) (b) The time-dependent total ICG 

(conjugated ICG + detached ICG) concentration in blood of ICG-AuNPs after systematic 

administration. (c) The area under the curve (AUC) of the blood retention of detached free ICG 

(black) and total ICG (red) after systematic administration. (d) The blood clearance and 

elimination half-life of different-sized ICG-AuNPs in terms of ICG. 
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By plotting the AUC of the ICG-based PK profile versus the in vivo reaction rate, we found a 

strong linear correlation among them (Pearson’s r was -0.933), which suggests that the higher 

ICG-based blood retention of large-sized ICG-AuNCs was fundamentally due to the low reaction 

rate of the larger sized ICG-AuNCs with the thiols in the liver (Figure 3.6). 

Figure 3.6. The correlation between the blood retention of ICG-AuNPs in terms of ICG and the 

nanoparticle-thiols reactivity in the liver. 

3.4 Conclusion 

In this chapter, we investigated the interactions between the nanoparticle and the thiol efflux 

from the liver. The size-dependency of the interactions between the ICG-AuNPs and liver thiols 

was explored. The interaction rate of the ICG-AuNPs decreases with the increase of the 

nanoparticle size from ICG-Au11 to ICG-Au25, then the rate of the interaction of the ICG-

AuNPs increases with the increase of the nanoparticle size from ICG-Au25 to ICG-Au640. Such 

size-dependence of the nanoparticle-biothiol interactions in vivo correlated perfectly with the 

nanoparticle-biothiol interactions at the in vitro level. Then, we found that the blood retention of 
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ICG-AuNPs in terms of ICG was also size-dependent, which fundamentally resulted from the 

size-dependence of the nanoparticle-biothiol interactions in the liver.  

This chapter illustrates the correlation between the chemical reactions in vitro and the nano-bio 

interactions in vivo. The nanoparticle-biothiol interactions in vivo could be predicted by the 

nanoparticle-biothiol interactions in vitro due to the strong correlation between the nanoparticle-

biothiol interactions in vitro and in vivo. These findings will build a bridge of chemical reactions 

in vitro and in vivo study so that the complicated interactions in vivo can be mimicked in vitro, 

and the in vivo nano-bio interactions could be investigated via the methodology developed in 

vitro. 

3.5 Experiment 

3.5.1 Materials and equipment 

ICG-NHS was obtained from AdipoGen Life Science, Inc. Fetal Bovine Serum (FBS) was 

purchased from Corning, Inc. All the other chemicals were purchased from Sigma-Aldrich and 

used as received without further purification. Ultra-centrifugal filter units with the molecular 

weight cut-off (MWCO) of 3k, 10k, and 30k Da (MilliporeSigma™ Amicon™) were utilized for 

the purification of gold nanoparticles and ICG conjugated gold nanoparticles. The amount of 

gold was measured by Agilent 7900 inductively coupled plasma mass spectrometer (ICP-MS). 

The pH was measured by an Accumet AB15 pH meter and an Accuphast microprobe electrode. 

Agarose gel electrophoresis was carried out in a Bio-Rad Mini-Sub Cell GT system (Bio-Rad 

Laboratories, Inc. USA). The absorption spectra were collected with a Virian 50 Bio UV-vis 

spectrophotometer. The luminescence spectra of different-sized nanoparticles were detected with 
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a PTI QuantaMasterTM 30 Fluorescence Spectrophotometer (Birmingham, NJ). The time-

dependent fluorescence enhancement of ICG-AuNPs was monitored using the BioTek Synergy 

H4 plate reader. In vivo fluorescence images were recorded using a Carestream In-vivo FX Pro 

imaging system. Optical images of cultured cells and tissue slides were obtained with an 

Olympus IX-71 inverted fluorescence microscope coupled with Photon Max 512 CCD camera 

(Princeton Instruments). Animal studies were performed according to the guidelines of the 

University of Texas System Institutional Animal Care and Use Committee. BALB/c mice 

(BALB/cAnNCr, strain code 047) of 6-8 weeks old, weighing 20-25g, were purchased from 

Envigo. Nude mice (Athymic NCr-nu/nu, strain code 069) of 6-8 weeks old, weighing 20-25 g, 

were also purchased from Envigo. All of these mice were randomly allocated and housed under 

standard environmental conditions (23±1 ℃, 50±5% humidity, and a 12/12 h light/dark cycle) 

with free access to water and standard laboratory food. 

3.5.2 Methods 

In vivo fluorescence imaging of different-sized ICG-AuNPs 

The fur of 6~8 weeks old Balb/c mice (~25 g/mouse) was removed a day before the imaging. 

Under 3% isoflurane anesthesia, the mouse was tail-vein catheterized and prone-positioned on 

the imaging stage. Different-sized ICG-AuNPs were dissolved in 150 µL PBS respectively with 

the ICG concentration of 20 µM. The mice were intravenously injected with ICG-AuNPs 

following by sequential time-series fluorescence imaging. The excitation and emission 

wavelength of the fluorescence imaging are 760 nm and 780 nm respectively. The exposure time 

of each imaging was 10s. The binning of the imaging was set as 2 x 2. 
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Pharmacokinetics study of ICG-AuNPs 

BALB/c mice were i.v. injected with 150 µL ICG-AuNPs (the amount of ICG was about 20 µM 

the amount of ICG, in PBS) per mouse. At a certain time point post-injection, a blood sample 

(~30 µL) was retro-orbitally collected and weighed, followed by the addition of 1 mL PBS 

solution containing 2 wt.% of ethylenediaminetetraacetic acid (EDTA) (pH=8). Then, the 

fluorescence of the blood samples was measured by the in vivo imaging system as the 

“fluorescence off state”. After that, 200 µL 20 mM dithiothreitol (DTT) solution was added to 

the blood sample and stored in a dark place to avoid light exposure. After 1 hour of incubation, 

the fluorescence of the DTT treated blood sample was measured by the in vivo imaging system 

as the “fluorescence on state”. 

The amount of ICG in the blood samples was quantified through the fluorescence according to 

the preestablished standard curve using the in vivo imaging system. After that, the blood sample 

was completely dissolved in freshly made aqua regia and the Au amount in blood was analyzed 

by ICP-MS. 

 

Statistics and reproducibility 

Welch’s t-test was used to compare two groups of data and analysis of variance (ANOVA) was 

used for the comparison of multiple data points among data sets. Data were reported as mean 

values with error bars representing the standard deviation. Differences were considered 

statistically significant when P < 0.05. Unless otherwise specified, all of the experiments were 

repeated at least three times with similar results to ensure reproducibility. 
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4.1 Abstract 

Fundamental understanding of the in vivo behaviour of engineered nanomaterials are crucial to 

the successful application of nanomaterial-based disease detection and treatment. Herein, by 

designing a library of fluorescent gold nanoparticles-ICG-AuNPs, we systematically investigated 

the nanoparticle-biothiol interactions, in vivo transport, and tumor targeting effect of ICG-AuNPs 

in the tumor-bearing mice. We observed the size-dependency of nanoparticle-biothiol 

interactions in the tumor-bearing mice, and such size-dependency nanoparticle-biothiol 

interactions result in the size-dependency of the blood retention as well as the tumor-targeting 

effect of ICG-AuNPs. We envision that such investigation would not only provide the 

information of physiology at the nanoscale but also help the design of the next generation of 

nanomedicine for disease diagnosis and therapy. 

4.2 Introduction 

The past decades have witnessed a dramatic development of nanomaterials in cancer detection 

and therapy. Compared to conventional chemotherapeutic drugs, these novel nanomaterials are 

designed to deliver the imaging agents or therapeutics to the tumor site with high concentration 

and to lower the nonspecific systemic toxicity. The stimuli-responsive nanomaterials can further 

optimize the efficacy of treating tumors. The physicochemical properties of these stimuli-

responsive nanomaterials change drastically in response to the tumor microenvironment, which 

could precisely release the payload at the tumor site. Among them, thiol-activatable 

nanoparticles are widely used to deliver imaging and therapeutic agents to solid tumors by taking 

advantage of the dissociation of cargo and vehicles due to the evaluated glutathione level in the 
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tumor microenvironment. However, it is still unclear how the in vivo transport of nanoprobes 

affects their tumor-targeting efficiencies. 

Recently, our group designed a thiol-activatable fluorescent gold nanoprobe‒ICG-Au25, whose 

fluorescence can be activated through glutathione (GSH) biotransformation to enhance the 

tumor-targeting efficiency of ICG. However, the fast renal clearance and low blood retention of 

Au25 limit the tumor-targeting efficiency of ICG-Au25, which makes Au25 not a perfect vehicle 

for delivery of imaging agents or therapeutic agents to diseased tissue like tumors. In our 

previous work31, we observed that in vivo transport and blood retention of nanoparticles could be 

tailored by precisely changing the size of the nanoparticles. Therefore, it would be possible to 

enhance the tumor-targeting of ICG-Au25 by tailoring the size of AuNCs. 

Herein, to systematically investigate how the size of nanoparticles would affect the tumor 

targeting of ICG-AuNCs, we conjugated ICG on a series of gold nanoclusters with different sizes 

to get ICG-Au11, ICG-Au18, ICG-Au25, and ICG-Au640, and then compared their tumor 

targeting efficiency. We observed the tumor-targeting efficiency in terms of ICG increases with 

the size of ICG-AuNCs increases, while the tumor-targeting efficiency in terms of gold decreases 

with the size of ICG-AuNCs increases. To unravel the origin of this contradictory size-dependent 

tumor-targeting effect, we investigated the blood pharmacokinetics of the ICG-AuNCs and 

quantitatively compare the reaction rate of ICG-AuNCs with hepatic GSH in the liver. We found 

that the contradictory size-dependent tumor-targeting effect could be attributed to the reversed 

ICG-based and Au-based blood retention of ICG-AuNCs. And the reversed blood retention in 

terms of ICG and Au was fundamentally due to the in vivo transport of ICG-AuNCs modulated 

by size-dependent hepatic GSH-mediated biotransformation. These findings offer a new method 
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to modulate the tumor target efficiency of thiol-activatable nanoparticles through the control of 

the GSH-mediated biotransformation in the liver. 

4.3 Results and discussions 

4.3.1 The nanoparticle-biothiol interactions in the liver of tumor-bearing mice 

In Chapter 3, the nanoparticle-biothiol interactions in the normal mice were discussed and these 

interactions were size-dependent. In this chapter, we would like to explore whether this size-

dependent nanoparticle-biothiol interaction also exists in diseased mice. First, we conducted the 

experiments in tumor-bearing mice. The reason we chose tumor-bearing mice is ICG-Au25 has 

been proved that can successfully target tumors by our group10, and we would like to investigate 

how the interactions ICG-AuNPs with biothiols would affect their tumor targeting. Therefore, 

the 4T-1 tumor-bearing mice were intravenously injected with the different-sized ICG-AuNPs, 

followed by the time-dependent noninvasively fluorescence imaging. The amount of ICG in 

different-sized ICG-AuNPs was controlled as the same before injection, which was 150 µL 20 

µM per mouse. As shown in Figure 4.1, the time-dependent noninvasive fluorescence images of 

the tumor-bearing mice display the efficient fluorescence activation of different-sized ICG-

AuNPs in the liver after systematic administration. The ICG fluorescence of these four ICG-

AuNPs was immediately activated in the liver site and the fluorescence intensity increased over 

time, which was similar to that of normal mice. 
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Figure 4.1. Time-dependent noninvasive fluorescence images of the fluorescence activation of 

different-sized ICG-AuNPs in the liver of 4T-1 tumor-bearing mice. 

The time-dependent noninvasive fluorescence images of different-sized ICG-AuNPs of 4T-1 

tumor-bearing mice were then quantitatively analyzed in Figure 4.2. As shown in Figure 4.2 a, 

the fluorescence intensity of ICG-Au11, ICG-Au18, ICG-Au25, and ICG-Au640 in the liver 4T-

1 tumor-bearing mice all increased linearly over time, which is similar to normal mice. The 

different slope of the fluorescence intensity curves of different-sized ICG-AuNPs reflected that 

the difference in the reaction activity in the liver. Similar to normal mice, the slope of the curves 

in Figure 4.2 a were also calculated as the reaction activity in vivo and were compared 

quantitatively in Figure 4.2 b. The reaction activity in the liver of 4T-1 tumor-bearing mice of 

ICG-Au11, ICG-Au18, ICG-Au25, and ICG-Au640 was 60.90 ± 8.37 s-1, 50.95 ± 9.00 s-1, 27.08 

± 5.96 s-1 and 44.39 ± 3.70 s-1, respectively. 
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Figure 4.2. The fluorescence activation kinetics of different-sized ICG-AuNPs in the liver of 4T-

1 tumor-bearing mice. (a) The time-dependent ICG fluorescence curves in the liver of 4T-1 

tumor-bearing mice after injection of different-sized ICG-AuNPs with the same dose in terms of 

ICG. (b) The calculated liver fluorescence activation kinetics of different-sized ICG-AuNPs in 

4T-1 tumor-bearing mice. 

In 4T-1 tumor-bearing mice, the reaction activity between biothiols and ICG-Au11 was also the 

highest one, followed by ICG-Au18, ICG-Au640, and ICG-Au25. The size trend of reaction 

activity in 4T-1 tumor-bearing mice was the same as that in normal mice (Figure 4.3). We 

quantitatively compared the reaction activity in 4T-1 tumor-bearing mice (Figure 4.3 b) with that 

in normal mice (Figure 4.3 a) for each ICG-AuNPs, no statistically significant difference was 

observed (Figure 4.3 c). 
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Figure 4.3. The comparison of the reaction activity between different-sized ICG-AuNPs and 

biothiols in normal mice and diseased mice. (a) The reaction activity between different-sized 

ICG-AuNPs and biothiols in normal mice. (b) The reaction activity between different-sized ICG-

AuNPs and biothiols in 4T-1 tumor-bearing mice. (c). The comparison of the reaction activity 

between different-sized ICG-AuNPs and biothiols in normal mice and diseased mice. 

The reaction reactivity of the interactions between different-sized ICG-AuNPs and biothiols 

were comparable, and we hypothesize that the liver GSH concentration in the 4T-1 tumor mice 

was not changed due to the tumor implantation. Therefore, we measured the liver GSH 

concentration in the normal mice as well as the GSH concentration in the liver of 4T-1 tumor-

bearing mice. As shown in Figure 4.4, the liver GSH concentration in the liver of normal mice 

was 6.4 ± 0.45 µmole/g tissue, while the liver GSH concentration in the liver of 4T-1 tumor-

bearing mice were 6.2 ± 0.31 µmole/g tissue. There is no statistically significant difference 

between the GSH liver in normal mice and 4T-1 tumor-bearing mice (P = 0.55). In conclusion, 

the reaction activity of different-sized ICG-AuNPs in the 4T-1 tumor-bearing mice were not 

changed compared to the normal mice, which is fundamental since the GSH concentration in the 

4T-1 tumor-bearing mice was not changed compared to normal mice. Combing the reaction 

activity of different-sized ICG-AuNPs in vitro as well as the reaction activity in normal or 
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diseased mice, the reaction activity of different-sized ICG-AuNPs in vivo was fundamentally 

modulated by the liver thiol levels. 

Figure 4.4. The liver glutathione concentration in normal and diseased mice. The liver 

glutathione concentration in normal Balb/c mice and 4T-1 tumor-bearing mice was not 

significantly different. 

4.3.2 The correlation of nanoparticle-biothiol interactions in liver and tumor 

After investigating the relationships of the fluorescence activity of different-sized ICG-AuNPs in 

the livers of the normal mice and the tumor-bearing mice in section 4.3.1, we further studied the 

fluorescence activity of different-sized ICG-AuNPs in the tumor. As shown in Figure 4.5, we 

quantitatively monitored the fluorescence intensity of different-sized ICG-AuNPs in the liver 

(Figure 4.5 a) and the tumor tissue (Figure 4.5 c) within 4 minutes post-injection of different-

sized ICG-AuNPs in the 4T-1 tumor-bearing mice. The fluorescence intensity of different-sized 

ICG-AuNPs in the liver and tumor both linearly increased over time. Then, we compared the 
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reactivity of different-sized ICG-AuNPs by quantitatively analyzing the slope fluorescence 

enhancement of different-sized ICG-AuNPs in the liver (Figure 4.5 b) and tumor (Figure 4.5 d). 

The reactivity of different-sized ICG-AuNPs in the liver and tumor are both size-dependent and 

the size trend are similar that from ICG-Au11 to ICG-Au25, the reactivity in the liver and tumor 

both decrease with the increase of the size of ICG-AuNPs while from ICG-Au25 to ICG-Au640, 

the reactivity in the liver and tumor both increase with the increase of the size of ICG-AuNPs. 

The size-dependent reactivity of ICG-AuNPs in the liver was fundamentally due to the size-

dependent reaction rate between the different-sized ICG-AuNPs with the glutathione in the liver. 

Therefore, we hypothesis that the size-dependent reactivity of ICG-AuNPs in the tumor may also 

result from the size-dependent reaction rate between the different-sized ICG-AuNPs with the 

glutathione in the tumor. Furthermore, we hypothesis that the glutathione level in the tumor 

would be lower than that in the liver due to the fluorescence activity of all these four types of 

ICG-AuNPs in the tumor being lower than that in the liver. 
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Figure 4.5. The comparison of the reaction activity of different-sized ICG-AuNPs between the 

liver and tumor of 4T-1 tumor-bearing mice. (a) The time-dependent ICG fluorescence curves in 

the liver of 4T-1 tumor-bearing mice after injection of different-sized ICG-AuNPs with the same 

dose in terms of ICG. (b) The calculated liver fluorescence activation kinetics of different-sized 

ICG-AuNPs in 4T-1 tumor-bearing mice. (c) The time-dependent ICG fluorescence curves in the 

tumor of 4T-1 tumor-bearing mice after injection of different-sized ICG-AuNPs with the same 

dose in terms of ICG. (d) The quantitative analysis of the tumor fluorescence activation kinetics 

of different-sized ICG-AuNPs in 4T-1 tumor-bearing mice. 

To verify these two hypotheses, we measured the glutathione level in the liver as well as in the 

tumor of the 4T-1 tumor-bearing mice (Figure 4.6 a), and we also compared the fluorescence 

reactivity of ICG-AuNPs in the liver versus in the tumor (Figure 4.6 b). The GSH concentration 
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in the liver of 4T-1 tumor-bearing mice were 6.2 ± 0.31 µmole/g tissue, which is 8.23 folds 

higher than the GSH concentration in the tumor (0.76 ± 0.25 µmole/g tissue). Combing these 

results suggests that the lower fluorescence reactivity of ICG-AuNPs in the tumor than that in the 

liver results from the lower GSH concentration in the tumor than that in the liver. In Figure 4.10 

b, the fluorescence reactivity of different-sized ICG-AuNPs in the liver and tumor were head-to-

head compared. The fluorescence reactivity of ICG-Au11, ICG-Au18, ICG-Au25, and ICG-

Au640 in the liver is 2.80 times, 2.93 times, 5.30 times, and 2.95 times higher than that of 

fluorescence reactivity in the tumor, respectively. However, the liver glutathione level was 8.23-

fold higher than the glutathione level in the tumor, which is higher than the increase-times of the 

fluorescence activity of ICG-AuNPs between the liver and tumor (2.80~5.30 times). We 

hypothesis this inconsistency might result from the fact that the fluorescence intensity in the 

tumor was composed of (1) the ICG molecules on the surface of ICG-AuNPs detached by the 

glutathione in the tumor; (2) the free ICG molecules which were detached by the glutathione in 

the liver and transport into tumor site through the blood stream. If the tumor fluorescence solely 

comes from the ICG molecules on the surface of ICG-AuNPs detached by the glutathione in the 

tumor, the fluorescence activity of all these ICG-AuNPs in the tumor should be 8.23-fold lower 

than that in the liver. As shown in Figure 4.6 c, the fluorescence activity ratio between liver and 

tumor of ICG-Au25 was the closest one (5.30 versus 8.23 folds) to the GSH level ratio between 

liver and tumor, which followed by ICG-Au640 (2.95 versus 8.23 folds),  ICG-Au18 (2.93 

versus 8.23 folds) and ICG-Au11(2.80 versus 8.23 folds). This phenomenon may be due to the 

fact that the lowest fluorescence activity of ICG-Au25 in the liver, which leads to the fewest ICG 

molecules released in the liver and transported into the tumor through the bloodstream. 



90 

Figure 4.6. The correlation between the GSH level and the reactivity of different sized ICG-

AuNCs in the liver and tissue. (a) the comparison of the GSH level in the liver and tumor. (b) the 

comparison of the reactivity of different sized ICG-AuNCs in the liver and tumor. (c) The 

comparison between the fluorescence activity ratio and GSH level ratio of the liver and tumor. 

4.3.3 The in vivo behaviour of ICG-AuNPs mediated by the nanoparticle-biothiol 

interactions 

In section 4.3.1, we found that the nanoparticle-biothiol interactions of ICG-AuNPs in the liver 

of healthy mice were comparable to that in the liver of 4T-1 tumor-bearing mice. It was because 

the nanoparticle-biothiol interactions of ICG-AuNPs were mediated by the glutathione in the 

liver, and the glutathione level in the liver of healthy mice was comparable to that in the tumor-

bearing mice. In the following section 4.3.2, we investigated the correlation of the fluorescence 

activity of ICG-AuNPs in the liver and tumor. The fluorescence activity of ICG-AuNPs in the 

liver and tumor we studied were chemical reactions between the ICG-AuNPs and biothiols 

several minutes post injection of the ICG-AuNPs, which was the short-term (serval minutes) 

effect of the nanoparticle-biothiol interactions. Apart from this short-term effect of the 

nanoparticle-biothiol interactions, we would also investigate the long-term (24 hours) effect of 
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the nanoparticle-biothiol interactions in this section, which is the accumulated tumor-targeting 

effect of the ICG-AuNPs as well as the in vivo transport of ICG-AuNPs within 24 hours post 

injection of different-sized ICG-AuNPs. 

After the nanoparticle-biothiol interactions of ICG-AuNPs in the liver, the detached ICG from 

the surface of ICG-AuNPs was eliminated by liver hepatocytes efficiently. While the undetached 

ICG was remained on the ICG-AuNPs surface and entered the blood circulation. We 

noninvasively monitored the ICG fluorescence of the tumor site over time after the mice were 

treated with different types of ICG-AuNPs with the same dose of ICG amount (Figure 4.7). 

Time-dependent quantitative analysis of fluorescence intensity in tumor site revealed that the 

tumor fluorescence intensity increased in the first-hour post-injection and then decreased over 

time for all types of ICG-AuNPs (Figure 4.8 a). Meanwhile, the fluorescence contrast index in 

the tumor site increased over time for all types of ICG-AuNPs and reached a plateau at 10 hours 

p.i (Figure 4.8 b).
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Figure 4.7. The time-dependent noninvasively fluorescence tumor imaging of the 4T-1 tumor-

bearing mice with the administration of different-sized ICG-AuNPs. 

Figure 4.8. The quantitative analysis of (a) the tumor fluorescence intensity of ICG and (b) the 

contrast index over time. 
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The AUC (area under the curve) of the time-dependent tumor fluorescence intensity revealed 

that the tumor-targeting was also size-dependent. The tumor AUC increased as the ICG-AuNCs 

size increased from Au11to Au18 to Au25, then the AUC decreased as the size increased from 

25 to 640. This size-dependent trend was also found in the ICG-based tumor targeting efficiency 

by quantifying the fluorescence intensity of extracted tumor tissues 24h p.i. of ICG-AuNCs 

(Figure 4.9 a). The fluorescence intensity (Figure 4.9 b) of extracted tumor tissues increased 

from 3971±45 to 4392±1031 to 12905±3256 with the size increased from ICG-Au11 to ICG-

Au18 to ICG-Au25. The fluorescence intensity decreased from 12905±3256 to 9315±2125 as the 

size increased from ICG-Au25 to ICG-Au640. 

Figure 4.9. The quantitative analysis of time-dependent fluorescence imaging of 4T-1 tumor-

bearing mice after administration of different sized ICG-AuNCs. (a) The area under the curve 

(AUC) of time-dependent fluorescence imaging of 4T-1 tumor-bearing mice after administration 

of different sized ICG-AuNCs. b) The tumor fluorescence intensity of 4T-1 tumor-bearing mice 

after administration of different sized ICG-AuNCs. 

It is noteworthy that by plotting the fluorescence intensity of extracted tumor tissue at 24h p.i of 

ICG-AuNCs (Figure 4.7 b) versus the AUC of blood retention of ICG (Figure 3.5 a), we 
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observed a strong linear correlation among them (Figure 4.8), which suggested that the size 

dependency of tumor-targeting efficiency was fundamentally due to the size dependency of 

blood retention. Combing these results, it is clear that the size dependency tumor-targeting 

effects of ICG-AuNCs in terms of ICG were fundamentally due to the size-dependent blood 

retention of ICG-AuNCs in terms of ICG. Meanwhile, the size-dependent blood retention of 

ICG-AuNCs in terms of ICG fundamentally results from the size-dependent nanoparticle-

biothiol interactions in vivo. Therefore, it is the nanoparticle-biothiol interactions that modulate 

the blood retention of ICG-AuNPs and therefore modulate the tumor-targeting efficiency of ICG-

AuNPs. 

Figure 4.10. The correlation of the blood retention of ICG-AuNPs in terms of ICG and the 

fluorescence intensity of the tumor tissues extracted from the 4T-1 tumor-bearing mice 

administrated with different-sized ICG-AuNPs. 
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After 24 hours p.i. of different-sized ICG-AuNPs, the mice were dissected and the amount of 

ICG and Au in major organs are quantitatively analyzed. As shown in Figure 4.11 a-d, at 24 

hours p.i., the liver displayed the highest fluorescence intensity compared to other organs, which 

was followed by kidney and tumor for all these four different-sized ICG-AuNPs (Figure 4.11 e). 

In Figure 4.11 f, the tumor/liver fluorescence ratio for different-sized ICG-AuNPs was quantified 

and ICG-Au25 was the highest one, followed by ICG-Au640, ICG-Au18, and ICG-Au11. The 

highest tumor/liver fluorescence ratio of ICG-Au25 was fundamentally due to the lowest liver 

activation and highest tumor-targeting effect of ICG-Au25 among these four different-sized 

ICG-AuNPs. 
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Figure 4.11. Biodistribution of different-sized ICG-AuNPs in tumor-bearing mice at 24 hours p.i. 

in terms of ICG. a-d, the fluorescence imaging of the biodistribution of (a) ICG-Au11, (b) ICG-

Au18, (c) ICG-Au25, and (d) ICG-Au640 in tumor-bearing mice at 24 hours p.i. in terms of ICG. 

(e) Quantitative analysis of the ICG fluorescence in the major organs. (f) The tumor/liver

fluorescence ratio of different-sized ICG-AuNPs in tumor-bearing mice at 24 hours p.i. He:

heart; Lu: lung; Li: liver; Sp: spleen; Ki: kidney; Tu: tumor.

Apart from the biodistribution of ICG, the Au amount in the major organs is also investigated. 

As shown in Figure 4.12, at 24 hours p.i., the kidneys display the highest accumulation of Au, 

which was fundamental since, after the interactions with biothiols in the liver, the ICG molecules 

of ICG-AuNPs were detached and were eliminated through the hepatobiliary clearance pathway 

while the AuNPs were cleared out of the body through the kidney. In Figure 4.12 b, the ratio 

between the amount of Au in the tumor and liver was quantified. ICG-Au11 exhibits the highest 
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tumor/liver ratio, followed by ICG-Au18, ICG-Au25, and ICG-Au640. The tumor-targeting 

effect of ICG-AuNPs in terms of Au was similar to the tumor-targeting effect of free AuNPs 

which our group reported previously31, that similar-sized nanoparticles exhibit stronger 

interactions with kidneys than larger ones and therefore exhibit longer blood retention and higher 

tumor targeting efficiency than larger ones. Combing these results together indicates the tumor-

targeting effect of ICG-AuNPs should be divided into two separate components, the tumor-

targeting effect in terms of ICG and the tumor-targeting effect in terms of Au. On one hand, the 

tumor-targeting effect in terms of Au was fundamentally due to the in vivo transport of gold 

nanoparticles. On the other hand, the tumor-targeting effect in terms of ICG was fundamentally 

mediated by the interactions between the ICG-AuNPs and the biothiols in the liver. 

Figure 4.12. Biodistribution of different-sized ICG-AuNPs in tumor-bearing mice at 24 hours p.i. 

in terms of Au. (a) Quantitative analysis of the ICG fluorescence in the major organs. (b) The 

amount of Au in Tumor/Liver of different-sized ICG-AuNPs in tumor-bearing mice at 24 hours 

p.i.
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4.4 Conclusions 

In summary, we observed the size-dependency of GSH-mediated biotransformation of our thiol-

activatable nanoprobes—ICG-AuNPs and such size-dependency tailored the tumor-targeting 

effect of the ICG-AuNPs. We first compared these nanoparticle-biothiol interactions in normal 

and disease mice, and we found that the nanoparticle-biothiol interactions in the liver of the 

normal mice were comparable to the interactions in tumor-bearing mice, which was 

fundamentally due to the unchanged liver glutathione level between the tumor-bearing mice and 

the normal mice. Next, we compared the fluorescence reactivity of different-sized ICG-AuNPs in 

the tumor and liver and we found that the fluorescence reactivity of different-sized ICG-AuNPs 

in the tumor exhibit a similar size trend, but lower reactivity compared to that in the liver. Such 

phenomena were fundamental because the ICG-AuNPs can both be activated by the glutathione 

in the tumor and liver while the liver glutathione concentration is nearly one order higher than 

that in the tumor, leading to the higher fluorescence reactivity of different-sized ICG-AuNPs in 

the liver. Then, we observed that this size-dependent nanoparticle-biothiol interaction not only 

modulates the blood retention of the thiol-activatable nanoprobes but also results in the size-

dependent tumor-targeting effect of the different sized nanoprobes. We believe the understanding 

of nano-bio interactions at the molecular level not only helps us understand physiology at the 

nanoscale but also provides a foundation for the design of safe and efficacious nanomedicines. 
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4.5 Experiments 

4.5.1 Materials and equipment 

ICG-NHS was obtained from AdipoGen Life Science, Inc. Fetal Bovine Serum (FBS) was 

purchased from Corning, Inc. All the other chemicals were purchased from Sigma-Aldrich and 

used as received without further purification. Ultra-centrifugal filter units with the molecular 

weight cut-off (MWCO) of 3k, 10k, and 30k Da (MilliporeSigma™ Amicon™) were utilized for 

the purification of gold nanoparticles and ICG conjugated gold nanoparticles. The amount of 

gold was measured by Agilent 7900 inductively coupled plasma mass spectrometry (ICP-MS). 

The pH was measured by an Accumet AB15 pH meter and an Accuphast microprobe electrode. 

Agarose gel electrophoresis was carried out in a Bio-Rad Mini-Sub Cell GT system (Bio-Rad 

Laboratories, Inc. USA). The absorption spectra were collected with a Virian 50 Bio UV-vis 

spectrophotometer. The luminescence spectra of different-sized nanoparticles were detected with 

a PTI QuantaMasterTM 30 Fluorescence Spectrophotometer (Birmingham, NJ). The time-

dependent fluorescence enhancement of ICG-AuNPs was monitored by the BioTek Synergy H4 

plate reader. In vivo fluorescence images were recorded using a Carestream In-vivo FX Pro 

imaging system. Optical images of cultured cells and tissue slides were obtained with an 

Olympus IX-71 inverted fluorescence microscope coupled with Photon Max 512 CCD camera 

(Princeton Instruments). Animal studies were performed according to the guidelines of the 

University of Texas System Institutional Animal Care and Use Committee. BALB/c mice 

(BALB/cAnNCr, strain code 047) of 6-8 weeks old, weighing 20-25g, were purchased from 

Envigo. Nude mice (Athymic NCr-nu/nu, strain code 069) of 6-8 weeks old, weighing 20-25 g, 

were also purchased from Envigo. All of these mice were randomly allocated and housed under 
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standard environmental conditions (23±1 ℃, 50±5% humidity, and a 12/12 h light/dark cycle) 

with free access to water and standard laboratory food.s 

4.5.2 Methods 

Tumor implantation  

The human breast cancer cell line 4T1 was cultured in Dulbecco's Modified Eagle Medium 

(DMEM) with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin at 37 ºC 

in a humidified atmosphere containing 5% CO2. The cell suspension (in DMEM with 10% (v/v) 

FBS) was then mixed 2:1 (v/v) with matrix gel and injected subcutaneously upper near the 

mammary fat pad (MFP) area of the Balb/c mice with a volume of 100 µL dense suspension 

(containing about 1×106 cells) for each mouse. The tumor was allowed to grow ~1 week and 

reach a ~6-8 mm size before the study. 

 

Biodistribution study of different-sized ICG-AuNPs  

BALB/c mice were i.v. injected with 150 µL ICG-AuNPs (the amount of ICG was about 20 µM 

the amount of ICG, in PBS) per mouse. At a certain time point post-injection, Organs/tissues 

were collected and weighed following the sacrifice of mice and then completely digested in aqua 

regia to determine the Au content via ICP-MS. The ICG content in different organs/tissues was 

quantified by the fluorescence of ICG using the in vivo imaging system. 

 

The quantification of the concentration of liver glutathione concentration 

The mice were dissected and about 0.4 g of liver tissues were collected. The liver tissues were 

immediately stored in liquid nitrogen for the future quantification of the concentration of liver 
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glutathione concentration. The quantification of the liver GSH level was performed according to 

the modified Tietze enzymatic recycling assay, which was published previously81. 

Statistics and reproducibility 

Welch’s t-test was used to compare two groups of data and analysis of variance (ANOVA) was 

used for the comparison of multiple data points among data sets. Data were reported as mean 

values with error bars representing the standard deviation. Differences were considered 

statistically significant when P < 0.05. Unless otherwise specified, all of the experiments were 

repeated at least three times with similar results to ensure reproducibility. 
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5.1 Summary 

In this thesis, we fundamentally investigate one type of nano-biochemical interaction. We used 

the atomically precise gold-dye hybrid nanoparticles with activatable fluorescence (ICG-AuNPs) 

to explore nano-biochemical interactions at the in vitro level, in the normal organs as well as 

tumors. We first synthesized and purified the different-sized ICG-AuNPs, followed by the 

careful characterization of the physical and physicochemical properties of the ICG-AuNPs. 

Then, a systematic investigation of the interactions between the thiols and the different-sized 

ICG-AuNPs was performed at in vitro level. We explored the influence of the nanoparticle size, 

thiol species, and protein binding on the interactions between the thiols and the different-sized 

ICG-AuNPs. After in vitro study, we conducted the research on the interactions of nanoparticle-

biothiol at in vivo level and correlated the interactions of nanoparticle-biothiol in vitro with the 

interactions in vivo. In this section, we systematically investigated the size of nanoparticles 

affects the nanoparticle-biothiol interactions in the liver. Then, we studied how these 

nanoparticle-biothiol interactions in the liver affect the in vivo transport of nanoparticles. It was 

noteworthy that the blood retention of ICG-AuNPs was modulated by the interactions of 

nanoparticle-biothiol in the liver, where stronger nanoparticle-thiol interactions in the liver 

would result in the lower blood retentions of nanoparticles. 

After investigating the interactions of nanoparticle-biothiol in the healthy mice, we would like to 

verify whether these interactions exist in diseased mice and how these interactions affect the in 

vivo behavior of the nanoparticles in the diseased mice. In this section, we discovered the size-

dependent tumor-targeting effect of ICG-AuNPs, and such size-dependency was due to the size-

dependent blood retention of ICG-AuNPs. The size-dependent blood retention of ICG-AuNPs 
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fundamentally arose from the size-dependent nanoparticle-biothiol interactions in the liver. 

Therefore, to achieve the highest tumor-targeting effect of the engineered nanoparticles, it is 

necessary to modulate the nanoparticle-biothiol interactions. These new understanding on nano-

biochemical interactions at both in vitro and in vivo levels will help further advance physiology 

at the nanoscale as well as open new pathways to early disease diagnosis and treatment. 

5.2 Outlook 

 In this dissertation, we investigate the nano-biochemical interactions at both the in vitro and the 

in vivo levels. We also study the nano-biochemical interactions at normal and disease conditions. 

We comprehensively investigate how the nano-biochemical interactions affect the tumor-

targeting efficiency of our nanomaterials. In future research, we will focus on two directions to 

further explore the study of nano-biochemical interactions. First, we would investigate the 

interactions of nanoparticles with other biochemicals at both in vitro level and in vivo levels and 

the correlation of these interactions in vitro and in vivo. Second, it is necessary to explore the 

nano-biochemical interactions in other disease models like diabetes, liver fibrosis, and cirrhosis 

model. It is noteworthy that the difference in nanomaterials behaviors between the normal and 

disease conditions could be attributed to either the difference of nanomaterials transport between 

the normal and disease conditions or the difference of nano-bio interactions between the normal 

and disease conditions. These two factors need to be decoupled in the future when we investigate 

the in vivo behavior of nanomaterials in disease conditions. 
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