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ABSTRACT 

 
 
 Supervising Professor:  Dr. Jie Zheng 
 
 
 
 
The past decade has witnessed the accelerating development of ultrasmall nanoparticles (NPs) in 

disease diagnosis and treatment. Fundamental understanding of the in vivo transport and nano-bio 

interactions of ultrasmall nanoparticles not only advances their biomedical applications but also is 

important for understanding physiology at nano scale.  Among many factors, size of NPs is known 

to play a key role in determining their elimination and targeting. For elimination, NPs with size 

larger than 6 nm are easily accumulated in the liver, spleen etc. while NPs with size smaller than 

6 nm are readily eliminated through the kidneys into urine. Subtle differences, even a several-atom 

difference in size can result in dramatically distinct renal clearance efficiency. For targeting, it has 

been conventionally deemed that only NPs within the size range of 10-100 nm can efficiently 

target tumors through the enhanced permeability and retention (EPR) effect, but in recent years, 

we have witnessed that ultrasmall nanoparticles (<6 nm) not only retain the EPR effect but also 

display deeper and more homogenous distribution in solid tumors than larger ones. Moreover, 

subtle differences of ultrasmall NPs in size also can result in their distinct accumulation and 
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interactions in tumors. This dissertation aims to fundamentally understand the size-dependent 

elimination and targeting of ultrasmall nanoparticles in the body.  

In this dissertation, Chapter 1 reviews the current understanding of in vivo transport and 

interactions of nanoparticles in the kidneys and tumors in terms of nanoparticle size. Chapter 2 

describes the size-dependent glomerular filtration of sub-nm gold nanoclusters and illustrates a 

unique size scaling law which shows that the glomerular barrier behaves as an atomically precise 

bandpass filter in a sub-nm regime. Chapter 3 focuses on the accumulation and interaction of sub-

nm gold nanoclusters in solid tumor at the cellular level and illustrates that smaller nanoclusters 

display higher cellular uptake efficiency in solid tumors than larger counterparts. In addition to 

metal-based nanomaterials, Chapter 4 describes the in vivo transport and nano-bio interactions of 

ultrasmall organic materials. By utilizing PEGylated (<10,000 Da) organic dyes, we not only found 

a general molecular weight dependent scaling law in renal clearance but also observed the renal 

tubular secretion of indocyanine green after PEGylation, which in turn greatly enhanced its 

targeting to primary and metastatic tumors. Finally, Chapter 5 presents conclusion and outlook. 
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1.1 Introduction 

As soon as engineered nanoparticles are introduced into the body, nano-bio interactions occur at 

every scale throughout their in vivo transport; nanoparticles interact with serum proteins during 

circulation1-3, they bind to macrophages in the liver2,4, they enter tumors’ microenvironment 

through leaky blood vessels5-8, are internalized by cancer cells9-11 and they could interact with 

DNA through intercalation12. These nano-bio interactions govern the targeting and clearance of 

nanoparticles and determine their therapeutic efficacy and biosafety. Thus, a comprehensive 

understanding of the in vivo transport and nano-bio interactions of nanoparticles are of 

fundamental importance for the clinical translation of nanomedicine and for the systematic design 

of nanoparticles for early disease detection and therapy. For example, the systematic investigation 

of nano-bio interactions and transport kinetics in tumors has led to the discovery of the enhanced 

permeability and retention (EPR) effect5,13, which constitutes the foundation of current cancer 

nanomedicine; the discovery of size-dependent tumor targeting opened a new pathway for the 

design of nanoparticles with specific size range to target cancer efficiently14-16. Moreover, studies 

of nano-bio interactions in healthy tissues and organs have enabled new approaches for the precise 

control of ‘off-target’ nanoparticle clearance, which is equally important as disease targeting. For 

example, coating of particles with polyethylene glycol (PEG) substantially reduces serum protein 

adsorption and thus, slows down the uptake of nanoparticles by the reticuloendothelial system 

(RES) organs such as the liver and spleen, in which the macrophage would internalize 

nanoparticles and retain them for long time in the body17-19. Another discovery is the 1000-fold 

reduction in the flow velocity of nanoparticles in liver sinusoid, leading to more chances of nano-

bio interactions in the liver20. Thus, a better understanding of nano-bio interactions is important 
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for improving targeting efficiency and therapeutic efficacy as well as for elimination of the 

nanomedicines21-24.  

          The kidneys, as a major clearance organ, not only removes nanoparticles from blood but 

also clears them out of body quickly; thus, compared with RES, renal clearance pathway could 

significantly reduce potential toxicity of nanoparticles, especially for non-degradable 

nanoparticles composed of heavy metals or other toxic elements25, such as quantum dots and noble 

metal nanoparticles. To improve biocompatibility and reduce potential toxicity, many engineered 

nanoparticles have been re-designed to be renal clearable26-29 and some have been tested in murine 

models, in non-human primate models30 and in humans31. Therefore, a detailed understanding and 

investigation of transport and interactions of nanoparticles in the kidneys is required for the design 

and translation of renal clearable nanoparticles to the clinic.  

          Engineering nanoparticles to efficiently target tumors, is essential for nanomedicine in the 

diagnosis and treatment of disease. On one hand, tumor targeting efficiencies of nanoparticles are 

mainly dictated by their in vivo transport in the body and characteristics of tumor type32. On the 

other hand, the intra-tumoral fate of nanoparticles, such as their distribution, cell targeting 

efficiency and retention within tumors, is closely related to their interactions with components of 

the tumor microenvironment, such as tumor-associated macrophages and extracellular matrix22,33. 

Therefore, unravelling the in vivo transport of nanoparticles in the body as well as the nano-bio 

interactions in the tumors in terms of  physicochemical properties of nanoparticles, such as 

size16,34, charge35,36 and surface chemistry37 et al. is required for the design of optimal 

nanomedicine in disease targeting. 
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1.2 Transport and Interactions of Nanoparticles in the Kidneys 

1.2.1 Kidney anatomy and function 

The kidneys are located in the retroperitoneal space on the posterior abdominal wall on each side 

of the spine. The right kidney is often situated slightly more inferior and lower than the left one 

because of the position of the liver. The kidney has a bean-shaped structure, and the blood enters 

through the paired renal arteries and exits through the paired renal veins. The urine is transported 

to the bladder through the ureters. The kidney can be divided into three regions: renal cortex, 

medulla and pelvis (Figure 1.1a). Nephrons are the basic structural and functional units of the 

kidneys (Figure 1.1b). They are located in the cortex and medulla and are composed of renal 

corpuscle, proximal tubule, loop of Henle, distal tubule, collecting ducts, and peritubular 

capillaries38 which surround tubules in the tubulointerstitum. The afferent arteriole transports 

blood into the renal corpuscle to the glomeruli (Figure 1.1c), where high blood pressure in the 

glomerular cavity causes the fluid, solutes and waste to be filtered into the Bowman's space. 

Unfiltered residual fluid is then effused through the narrower efferent arteriole, entering the 

peritubular capillaries and the renal vein before rejoining the main bloodstream. The filtered waste 

flows from the Bowman’s space into the proximal tubules, whose luminal surface is covered with 

densely packed microvilli. These specific structures of tubules enable a balance between urinary 

reabsorption and secretion (Figure 1.1d).  

          The kidney filtration function is carried by the glomerular filtration membrane (GFM) 39-44, 

which is supported by mesangial cells (or mesangium) in mesangial matrix.  Located  between the 

glomerular capillary42 , mesangial cells are also involved in the regulation of glomerular filtration 

of nanoparticles (Figure 1.1e). The GFM (Figure 1.1f) consists the endothelial glycocalyx, 
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endothelial cells, the glomerular basement membrane (GBM) and podocytes. The endothelial 

glycocalyx is composed of glycosaminoglycans (eg. heparin sulfate (HS), hyaluronic acid (HA) 

and chrondroitin sulfate) and associated proteoglycans, and it also plays important roles in kidney 

filtration, such as prevention of protein leakage43. The endothelial layer consists of a monolayer of 

endothelial cells with 70-90 nm fenestrations and the GBM is mainly composed of type IV 

collagen, laminin and proteoglycans. The collagen serves as the backbone of the GBM and 

proteoglycans (mainly composed of HS) contribute to form 2-8 nm pores in the GBM.  The 

podocytes, which face the Bowman’s space on the other side, have a pore size of 4–11 nm and are 

 

 Figure 1.1. The anatomical structure of the kidneys. 
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also covered by a glycocalyx with a thickness of ~200 nm. Because of this four-layer architecture, 

the kidney filtration is dependent not only on size45 but also on charge46. 

1.2.2 Size-dependent glomerular filtration of nanoparticles 

Nanosized macromolecules: Nano-bio interactions and glomerular filtration of nanosized 

macromolecules are strongly size-dependent owing to the unique ultrastructure of the glomerulus 

at the nanoscale. Dextran47 and the branched polymer Ficoll48 have been used at different sizes to 

investigate the size-dependency of glomerular filtration (Figure 1.2), because these molecules are 

solely excreted through glomerular filtration and neither tubular reabsorption nor secretion are 

involved in their renal excretion process. Using this approach, size-dependent glomerular filtration 

has been defined by quantifying the glomerular sieving coefficient (θ) (the ratio of urine amount 

to plasma amount) of these molecules: θ is approaching 1 if the Stokes-Einstein radius (r) is ~1 

nm and θ decreases to ~0 if r > 5 nm, showing the cutoff diameter of glomerular filtration for 

dextran is ~10 nm. However, for more rigid biomolecules, such as globular proteins45,49 (Figure 

1.2), the cutoff size becomes smaller. Low molecular-weight proteins49 with hydrodynamic 

diameters (HD) <6 nm, for example, enzymes (lysozyme), immunoproteins (macroglobulin) and 

peptide-hormones (insulin and growth hormones)49, can easily cross the glomerular filtration 

barriers with θ>0.5. If the HD of a protein increases to ~6 nm, the filtration rate substantially 

decreases by about one order of magnitude; for example, θ = 0.0609 for orosomucoid (HD = 5.8 

nm)45 and θ = 0.0591 for neutral horseradish peroxidases50 (HD = 5.96 nm). For proteins with HD 

> 6 nm, the glomerular sieving coefficient further decreases by another order of magnitude; for 

example, the θ of α2-macroglobulin45 (HD = 18 nm) is only 0.00516. Therefore, glomerular 

filtration of proteins is also strongly size-dependent but the pore diameter of the glomerular 
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filtration membrane for protein is ~6 nm; however, soft macromolecules with HDs slightly above 

6 nm can still be filtrated through the glomerulus, possibly owing to their ability to deform.  

Engineered nanoparticles: A variety of engineered nanoparticles have been developed for 

nanomedicine and understanding their filtration through the glomerulus is fundamental for their 

clinical translation to guarantee efficient clearance from the body. The kidney filtration threshold 

for metal-based nanoparticles is 5.5 nm, which has been defined by the investigation of renal 

clearance of quantum dots with different sizes27 (a threshold of 5.5 nm was defined using quantum 

dots, whereas a threshold of 6 nm was obtained using proteins; in this dissertation, 6 nm is chosen 

for consistency). Thus, the 6 nm pore size of the glomerular filtration membrane prevents the 

filtration of nanoparticles with HD >6 nm, resulting in an increased accumulation of particles in 

the RES organs (liver, spleen, etc); for example, the liver-to-kidney ratio is in the range of 40-400 

 

 

 

Figure 1.2. Glomerular filterability of protein, ficoll and dextran48. 
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for gold nanoparticles with HD of 30–250 nm51, but for renal clearable gold nanoparticles (HD < 

6 nm)26, this ratio is <1. Although large engineered nanoparticles (HD > 6 nm) usually accumulate 

less in kidneys than nanoparticles with HD < 6 nm, they still can interact with the glomerulus. A 

systematic investigation of the size effect of non-renal clearable PEG-coated gold nanoparticles 

(with HDs between 43 and 167 nm) on nano-bio interactions in the glomerulus revealed that 

particles with an HD >100 nm barely traverse the endothelium; however, the particles with an HD 

<100 nm can pass through the endothelial layer but be blocked by GBM, resulting in the 

accumulation of these nanoparticles in the mesangium52 rather than GBM. Therefore, the pore size 

in the endothelium provides the cutoff barrier for particles with HD >100 nm, and the GBM serves 

as a barrier for particles with an HD≤100 nm. On the other hand, it should be aware that some 

large nanoparticles can also be degraded into small fragments in the blood53-56 or in the 

glomerulus57, resulting in their renal clearance. 

          Engineered nanoparticles in the size range of 1–6 nm in HD are readily cleared into the urine 

by crossing the multiple layers of the glomerular filtration membrane; however, clearance 

efficiencies depend on their size. For example, the renal clearance efficiency of cysteine-coated 

quantum dots measured 4 hours post intravenous injection increases from 43.65 % injected dose 

(ID) to 62.18 % ID and 75.13 % ID with HD = 5.52 nm to 4.99 nm and 4.36 nm, respectively27. 

Similarly, PEG-coated silica nanoparticles with HD = 3.3 nm are cleared faster than larger particles 

with HD = 6.0 nm (73 % ID and 64 % ID at 48 hours post injection, respectively)28. The renal 

clearance efficiencies of gold nanoparticles with HDs of 6 nm26, 3.0 nm58, 2.4 nm26 and 1 nm16 

change from 4 % ID, 42 % ID, 52.5 % ID to 51.6 % ID at 24 hours post injection, respectively. 
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These data indicate that in a size range of 2–6 nm, smaller nanoparticles are cleared faster than 

larger nanoparticles, and that renal clearance efficiencies become comparable within the size range 

of 1-2 nm. The size-dependent glomerular filtration of nanoparticles with 2–6 nm HDs can be 

attributed to their different interactions with the GBM and podocytes59. The interaction of sub-nm 

nanoparticles with kidneys were systematically presented in Chapter 2. Briefly, nanoparticles with 

HDs of ≤1 nm have stronger interactions with the glomerular filtration membrane than 

nanoparticles with HD larger than 2 nm, resulting in a decrease of renal clearance efficiency 

because smaller nanoclusters are readily trapped in the endothelial glycocalyx16, illustrating the 

important role of the endothelial glycocalyx in the filtration of sub-nanometre nanoparticles.  

          In summary, the glomerular filtration membrane behaves like a ‘bandpass’ filter60 (Figure 

1.3): non-renal clearable nanoparticles with HD >100 nm barely cross the endothelial layer; non-

renal clearable nanoparticles with HDs in the range of 6–100 nm can traverse the endothelium, but 

 

 
 

GBM, glomerular basement membrane, NPs, nanoparticles. 
 

Figure 1.3. Size scaling law of nanoparticles in the glomerular filtration.  
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are blocked by the GBM, resulting in only few nanoparticles in the urine; renal clearable 

nanoparticles with HDs in the range of 2–6 nm exhibit size-dependent interactions with the GBM 

and the podocytes, and small nanoparticles are cleared faster than large ones; however, renal 

clearable nanoparticles with an HD of 1–2 nm show comparable renal clearance efficiencies and 

sub-nanometre particles interact with the endothelial glycocalyx, leading to a decrease in renal 

clearance efficiency with decreasing size.  

1.3 Transport and Interactions of Nanoparticles in the Tumors 

1.3.1 Nanoparticles delivery to tumors 

The delivery efficiency and distribution of nanoparticles in tumors are dictated by two important 

in vivo transports: in vivo transport of NPs in the whole body as well as in vivo transport in tumors 

(Figure 1.4). Since the extravasation of NPs from tumor vasculature into tumor microenvironment 

could be considered as an accumulative process, long-term in vivo transport (long blood 

 

 
 

RES, reticuloendothelial system. TAM, tumor-associated macrophage. Other, other cells. 
 

Figure 1.4. Flowchart of in vivo transport of nanoparticles in body and in the tumor. 
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circulation) of NPs in the body is favourable for enhancing their tumor targeting efficiency25. As 

soon as NPs reach tumor sites, their permeability, infiltration, retention and distribution within the 

tumors are highly related to their interactions and transport in the tumor microenvironment. 

Unfortunately, the majority of nanoparticles in the tumor are retarded by acellular compartments, 

resulting in few of them delivered into cancer cells61. Uneven distribution of NPs in tumors are 

largely due to the characteristics of the tumor microenvironment (Figure 1.5). Tumor vasculatures 

tend to show highly irregular endothelial cells, discontinuous coverage of pericytes, and enlarged 

intercellular openings (usually >50 nm, but the specific number is dependent on tumor types, 

special cases, such as the ~7 nm pore size in brain tumor62), very different from the usual 

vasculatures in normal tissue which consist of highly organized endothelial cells and <10 nm inter-

endothelial pores63. Such differences in vasculature aid the preferable extravasation of 

nanoparticles into tumors. Additionally, the blood flow in tumor vasculature is an order of 

magnitude smaller than that in normal vasculature32 from normal tissue, further increasing the 

chance of NPs extravasation into the tumor microenvironment. Extracellular matrix (ECM), 

stroma cells (non-malignant cells such as fibroblast, macrophage) and cancer cells are three major 

components of the tumor microenvironment. The ECM and stroma cells in tumor 

microenvironment are much denser than those in normal tissue, leading to elevated interstitial fluid 

pressure (IFP), which hinders the infiltration of NPs in the tumor microenvironment. Tumor-

associated macrophages (TAMs) in many tumor types account for a large quantity (~60%) among 

cells within the tumors64. TAMs concentrate in the surrounding space of tumor vasculature; thus, 

they are considered as the first barrier for the diffusion of NPs in tumor microenvironment61. The 

second barrier is the ECM, which is mainly composed of highly interconnected positively charged  
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collagen fibers and negatively charged sulfated glycosaminoglycan (GAG), which sterically and 

electrostatically hinder NPs diffusion65. Lymphatic systems in tumors, especially those in the 

tumor’s center, are collapsed and lose their functionality to drain excess fluid from tissue due to 

proliferating cancer cells and stromal cells, that lead to imbalance of interstitial fluid and interstitial 

hypertension. Overall, the hyperpermeable vasculature, dense extracellular matrix and stromal 

cells as well as dysfunctional lymphatic networks lead to low pH, hypoxia and high pressure in 

the tumor microenvironment. To conquer these tumor-associated barriers, many strategies have 

been established66, such as normalization of irregularity in tumor microenvironment34,67 and 

tailoring physical properties of NPs, such as size6,16,21, charge36 and surface chemistry68.   

 

 

 

 

 

Figure 1.5. Scheme of tumor microenvironment 
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1.3.2 Size effect on nanoparticles delivery to tumors 

Among many factors, size of nanoparticles plays a key role in determining their delivery to tumors 

6,34,63,66,69,70 because their blood circulation (in vivo transport of NPs in the body), tumor vascular 

permeability, tumor penetration depth and intratumoral interactions are all size-dependent.  

          First of all, size-dependent blood circulation of nanoparticles often induces their size-

dependent tumor targeting efficiency. For non-renal clearable nanoparticles with sizes ranging 

from 10 nm to 200 nm, smaller NPs exhibit longer blood retention and higher tumor targeting 

efficiency. For example, the blood half-lives of PEG-coated gold nanoparticles with hydrodynamic 

diameters of 54 nm, 64.3 nm, 77.6 nm, 99.89 nm and 121.11 nm are decreasing from 10.4 h, 7.9 

h, 5.0 h, 3.4 h to 1.29 h, respectively, resulting in their size-dependent decreasing of tumor 

targeting efficiency at 24 h post injection from 1.0 %ID to 0.9 %ID, 0.45 %ID, 0.25 %ID and 0.05 

%ID, respectively21. The basic reason behind this phenomenon is that the smaller nanoparticles in 

the size range of 10-200 nm can resist the rapid RES uptake and hepatobiliary clearance. It is 

conventionally deemed that sub-100 nm nanoparticles have optimal enhanced permeability and 

retention (EPR) effect71 and 12 nm is the smallest size for taking advantage of the EPR effect34. 

However, the emergence of ultrasmall renal clearable nanoparticles allowed us to discover that 

renal clearable nanoparticles with sizes below 6 nm still retain the EPR effect72,73, reshaping our 

conventional understanding of size-dependent EPR effect. On the other hand, smaller NPs in the 

size range below 6 nm also display longer blood retention and higher tumor targeting efficiency 

than larger ones. For instance, sub-nm glutathione-coated gold nanoparticles (Au10-11, Au15 and 

Au25) have 2-5 times longer blood half-lives than that of larger counterparts (within the size range 

of 2-5 nm) as a product of increased tumor targeting efficiency with size reduction16, which are 
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systematically covered in Chapter 2 and Chapter 3. The underlying reason is that the smaller 

nanoparticles with size below 1 nm have stronger interactions with the glomerular filtration 

membrane. Regardless of the clearance routes of nanoparticles (renal clearance, hepatobiliary 

clearance or RES uptake), their reduced clearance rate often results in prolonged blood circulation 

time and increased tumor targeting efficiency.  

          Secondly, although vasculature pore size and tumor matrix pore size in most tumor types 

are >50 nm and the cutoff sizes (the largest size allowed to penetrate tumor vasculature and diffuse 

in tumor microenvironment) of each tumor type vary, smaller nanoparticles are more permeable 

and readily penetrate more deeply in tumors than larger ones, independent of nanoparticles 

materials66. For example, Jain’s group found that smaller nanoparticles with sizes of 12 nm are 

more permeable than 125 nm nanoparticles in the vasculature of orthotopic 4T1 and E0771 

mammary tumor34. In addition, size-dependent tumor penetration of sub-20 nm gold nanoparticles 

were unravelled by Xing’s group. They found that 2 nm gold nanoparticles penetrate tumors more 

uniformly than 6 nm and 15 nm ones14, resulting from the weak interaction of smaller nanoparticles 

with dense tumor microenvironment. Therefore, the small size of nanoparticles is favourable for 

nanomedicine to achieve optimal extravasation and homogenous distribution within tumors. Since 

ultrasmall renal clearable nanoparticles not only retain the EPR effect, but also display deep and 

homogenous distribution within tumors due to their small size, they have attracted lots of attention 

and effort to deeply and quantitatively understand their in vivo transport and interactions in tumor 

microenvironment. 

          Thirdly, nanoparticles’ blood retention and their ability to cross tumor vasculature and 

diffuse in tumor microenvironment, to a large extent, dictate their distribution in tumors 
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(acellular/cellular compartments). Unfortunately, large proportions of nanoparticles are hindered 

by stromal cells and matrix, resulting in a small quantity of nanoparticles in cancer cells of solid 

tumors. For example, in 2018, Chan’s group systematically quantified the in vivo accumulation of 

non-biodegradable, large gold nanoparticles (15-100 nm) in acellular components and cellular 

components (tumor-associated macrophage, cancer cell and other cells) of solid tumors in terms 

of nanoparticles size. They found: 1) whole tumor accumulation of NPs is ≤0.7%ID (percentage 

of injection dose, smaller NPs have higher tumor targeting efficiency); 2) over 90% of NPs among 

whole tumor are stuck in acellular parts; 3) the uptake of NPs by tumor-associated macrophage is 

4-8 times higher than that by cancer cells, meanwhile, 55 nm NPs accumulate more in macrophage 

relative to cancer cells than 15 nm NPs do. These quantitative understandings of cancer cell 

delivery of large nanoparticles in tumors seem a little bit disappointing, but they inspired us to 

seek new solutions, such as reducing the size of nanoparticles below 1 nm, which was 

systematically studied in Chapter 3. In addition to in vivo studies, the utility of in vitro studies to 

investigate the interactions of NPs with cells74-78 is also important, but the in vitro results should 

be analysed with and correlated to in vivo results because of the influence from in vivo transport 

of nanoparticles in the body. Since the nano-bio interactions of large nanoparticles in tumors have 

been understood more comprehensively than ultrasmall renal clearable nanoparticles, taking a step 

forward to thoroughly study the nano-bio interactions of ultrasmall nanoparticles in solid tumors 

at quantitative and qualitative levels (covered in Chapter 3) is crucial to advancing the biomedical 

applications of ultrasmall nanomedicine, due to their potential advantages over large nanoparticles, 

such as high vascular permeability as well as deep and homogenous localization in tumors. 
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          In summary, the size of nanoparticles is a crucial parameter for delivering nanoparticles to 

tumors because of size-dependent in vivo transport (blood retention and clearance), size-dependent 

permeability in tumor vasculature, size-dependent diffusion in tumor extracellular matrix and size-

dependent interactions with cells in tumors. Non-renal clearable nanoparticles in the size window 

of 10-20 nm can more efficiently target tumors than nanoparticles in the size window of >20 nm 

because they can resist rapid RES uptake and hepatobiliary clearance and penetrate relatively 

deeper than larger ones in tumors. Besides, renal clearable nanoparticles in the size window of 

sub-nm exhibit high potency in tumor targeting and the smaller ones accumulate more in tumors 

than larger ones due to their slow renal clearance rate, deep tumor penetration and strong 

interactions with cancer cells.   

1.4 Conclusion  

Understanding the in vivo transport and interactions of engineered nanoparticles in the body is 

fundamental to achieve optimal biomedical applications. Kidneys (as clearance organs) and tumors 

(as targeting sites), are both important focus for researchers to investigate the transport and 

interactions of nanoparticles in them. The nanoparticle size plays a key role in dictating their 

transport and interactions in the kidneys and tumors. Thorough investigations of large 

nanoparticles inspire us to study the interactions of ultrasmall nanoparticles (hard and soft 

materials) in the kidneys and tumors as well as their potential biomedical applications.   
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Abstract 

The glomerular filtration barrier is known as a “size cut-off” slit, which retains nanoparticles or 

proteins larger than 6 nm in the body and rapidly excretes smaller ones through the kidneys. 

However, in the sub-nm size regime, we have found that this barrier behaved as an atomically 

precise “bandpass” filter to significantly slow down renal clearance of few-atom gold nanoclusters 

(AuNCs) with the same surface ligands but different sizes (Au18, Au15 and Au10-11). Compared to 

Au25 (~1.0 nm), just few-atom decreases in the size result in four- to nine-fold reductions in renal 

clearance efficiency in the early elimination stage, because the smaller AuNCs are more readily 

trapped by the glomerular glycocalyx than larger ones.  The unique in vivo nano-bio interaction in 

the sub-nm regime also slows down the extravasation of sub-nm AuNCs from normal blood 

vessels and dramatically enhances their passive targeting to cancerous tissues through an enhanced 

permeability and retention effect. This discovery highlights the size precision in the body’s 

response to nanoparticles and opens a new pathway to develop nanomedicines for many diseases 

associated with glycocalyx dysfunction. 
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2.1 Introduction 

Among many factors involved in the retention and elimination of engineered nanoparticles (NPs)1-

3, size is known to play a key role4-6. Depending on particle size, engineered NPs interact 

differently with a variety of physiological barriers, are retained in the body for different periods of 

time and follow distinct clearance pathways7-10. For example, engineered NPs can end up in the 

spleen if their sizes are comparable to inter-endothelial cell slits of the spleen (200~500 nm)9 or 

accumulate in the liver if their sizes are close to vascular fenestration of the liver (50~100 nm)9. 

Uptake by the reticuloendothelial system (RES) (liver, spleen, etc.) is the most common pathway 

for the body to remove engineered NPs with sizes above 6 nm from the blood stream, but it often 

takes much longer for the body to completely eliminate them if they are not biodegradable11. On 

the other hand, engineered NPs with sizes below 6 nm can be readily eliminated through the 

kidneys by crossing a unique multiple-layer structure of glomeruli12,13.  Choi et al. developed a 

class of zwitterionic quantum dots (Qdots) and found that Qdots with hydrodynamic diameters 

(HDs) below 6 nm cleared from the body through the urinary system much more efficiently than 

the larger ones, with the renal clearance efficiency of Qdots increasing from 45  to 75 injection 

dose (%ID) (4 h post injection, p.i.) with just a slight decrease of HD from 5.64 nm to 4.64 nm14.  

A similar trend was also observed in renal clearable silica NPs15, where a decrease of HD from 6 

nm to 3.3 nm resulted in a significant increase in renal clearance efficiency from 55 %ID to 67.5 

%ID (24 h post injection). We also developed renal clearable gold NPs with HDs of 3.0 nm16 and 

2.2 nm17, which were eliminated from the body at efficiencies of 43 and 53 %ID (24 h post 

injection), respectively. These studies are also consistent with a general observation of protein 

filtration through the glomeruli, where smaller proteins such as 5.3 nm single-chain variable 
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fragment (ScFv) can be eliminated out of the body at an efficiency seven times higher than those 

larger ones ([ScFv]2)14. Moreover, the renal clearance of the smaller 3.0 nm inulin is nearly 30% 

more efficient than that of  3.4 nm myoglobin14. With these findings, it has been  accepted that the 

glomeruli serve as a one-directional “size cut-off” slit, where engineered NPs or proteins with sizes 

smaller than 6 nm can pass through the kidneys and the smaller ones clear out of the body more 

efficiently than the larger ones.  

          Since size-dependent glomerular filtration is mainly observed for engineered NPs or proteins 

with sizes ranging from 2 nm to 6 nm.  A fundamental question thus arises: is this size dependence 

in glomerular filtration still valid at an even smaller size scale? Investigation of how the glomeruli 

filter out engineered NPs in the sub-nanometer (sub-nm) regime not only helps us gain a more 

comprehensive understanding of glomerular filtration and kidney diseases in general but is also of 

fundamental importance for precise control of nanomedicines that can break into much smaller 

fragments in vivo. Here, we report that in a sub-nm size range (~1 nm), the glomerulus is no longer 

a “size cut-off” slit18 but can become an atomically precise “bandpass” barrier to significantly slow 

down renal clearance of sub-nm gold nanoclusters (sub-nm AuNCs). In the sub-nm regime, renal 

clearance of AuNCs exponentially increases with an increase of the number of atoms in the 

particle. Unlike the size-dependence observed in the glomerular filtration of engineered NPs larger 

than 2 nm, which is mainly dictated by the pore size of glomerular basement membrane (GBM) 

and podocyte19, the inverse size-dependence in the glomerular filtration in the sub-nm regime 

originates from a discovery that the smaller sub-nm gold NPs are more easily and physically 

retained by the endothelial glycocalyx of the glomerulus.  
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2.2 Experiment 

2.2.1 Materials and equipment 

Hydrogen tetrachloroaurate used for the synthesis of gold nanoclusters was obtained from Fisher 

Scientific (U.S.). All the other chemicals were obtained from Sigma-Aldrich and used as received 

unless specified. The gold in urine, blood and each organ were detected by Agilent 7900 

inductively coupled plasma mass spectrometry (ICP-MS). The luminescence spectra of Au18SG14, 

Au25SG18 and Au22SG16, Au22SG18 were collected with a PTI QuantaMasterTM 30 Fluorescence 

Spectrophotometer (Birmingham, NJ). The blood-vessel images were taken with IX-71 

microscope (Olympus). Optical images of kidneys and tumors were taken with IX-71 microscope 

(Olympus). Electron microscopic (EM) images of the kidney were recorded with a 120 kV Tecnai 

G2 spirit transmission electron microscope (FEI) equipped with a LaB6 source. The animal studies 

were performed according to the guidelines of the University of Texas System Institutional Animal 

Care and Use Committee. The female BALB/c mice (BALB/cAnNCr, strain code is 047) of 6-8 

weeks old, weighing 20~25 g, were purchased from Envigo. The female nude mice (Athymic NCr-

nu/nu, strain code is 069) of 6-8 weeks old, weighing 20-25 g, were also purchased from Envigo 

for tumor targeting study. All these mice were randomly allocated and four-group-housed per 

ventilated cage 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.  
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2.2.2 Methods 

Synthesis of glutathione-coated gold nanoclusters 

The gold nanoclusters were synthesized according to previously reported procedures with slight 

modifications20-25. The Au10-11SG10-11 and Au15SG13 nanoclusters were synthesized using carbon 

monoxide (CO) as a reducing agent under a controlled pH condition.20 Briefly, aqueous solutions 

of HAuCl4·3H2O (6.25 mL, 20 mM) and glutathione (GSH, 5 mL, 50 mM) were added to 114 mL 

water. This reaction mixture was stirred vigorously for 2 minutes, followed by adjusting pH to 7 

and 9 with 1 M sodium hydroxide for the synthesis of Au10-11SG10-11 and Au15SG13, respectively.  

CO gas was bubbled through the mixture at one atmospheric pressure to reduce Au(I)-SG for 3-4 

minutes. The reaction flasks were then sealed and the solutions were stirred for 24 h at room 

temperature. Synthesis of Au18SG14
21: aqueous solutions of HAuCl4·3H2O (2 mL, 10 mM) and 

glutathione (3 mL, 20 mM) were added to 15 mL water and stirred vigorously for 5 minutes. Then, 

a solution of borane tert–butylamine in toluene (20 mL, 10 mM) was added to the above mixture 

and the reaction mixture was stirred overnight (~16 h). After completion of the reaction, the 

aqueous phase was concentrated under a reduced pressure, followed by precipitation of the crude 

cluster product with excess methanol. The as-obtained precipitate was washed repeatedly with 

methanol and finally dried under vacuum to yield Au18SG14 clusters in a powder form. Synthesis 

of Au25SG18
22,23: In the first step, HAuCl4·3H2O (0.090 g, 0.228 mmol) was first dissolved in 5 

mL water, then added to a toluene solution of tetraoctylammonium bromide (10 mL, 0.145 g, 0.265 

mmol). The two-phase solution was vigorously stirred for 15 min for phase transfer of Au(III) salt 

from aqueous to toluene phase. The aqueous layer was then removed, and triphenylphosphine 

(PPh3) (0.180 g, 0.686 mmol) was added under vigorous stirring. A freshly prepared ethanol 
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solution of sodium borohydride (NaBH4) (0.026 g, 0.684 mmol, 5 mL) was rapidly added to the 

whitish suspension to reduce Au(I)-(PPh3)X (X=Cl or Br) to the clusters. After 6 h, toluene was 

removed via rotary evaporation. The resulting reddish brown product was first washed with water 

followed by repeated hexane:dichloromethane (6:1) washings to remove excess reactants. The 

Au:PPh3 clusters were finally extracted with dichloromethane, to which an aqueous solution of 

GSH (5 mL, 0.400 g, 1.3 mmol) was added. This reaction was stirred at 55 ℃ for 36 h. Then excess 

acetone was added to the aqueous phase to precipitate out the crude Au25SG18 cluster product. The 

as-obtained precipitate was then repeatedly washed with excess methanol and dried under vacuum 

to yield Au25SG18 clusters in powder form. Synthesis of Au22SG16 and Au22SG18
24,25: 1.0 mmol of 

glutathione was added to the methanol solution (50 mL) of HAuCl4 (0.25 mmol). The mixture was 

cooled to 0 °C for 30 min. The aqueous solution of NaBH4 (0.2 M, 12.5 mL) was added into the 

mixture, after which this mixture was stirred at 1600 rpm for 60 min. The resulting precipitate was 

washed with methanol repeatedly and purified with NAP-5 column in water to remove the 

impurities. The as-synthesized Au nanoclusters were separated using polyacrylamide gel 

electrophoresis.  

Stability test of AuNCs in the physiological environment 

To test whether these AuNCs bind serum proteins or not, the Au10-11SG10-11, Au15SG13, Au18SG14 

and Au25SG18 were incubated with either phosphate-buffered saline (PBS) or PBS supplemented 

with 10% (v/v) fetal bovine serum (FBS) at 37 ℃ for 30 min.  In addition, Au10-11SG10-11, Au18SG14 

and Au25SG18 were incubated with PBS or PBS supplemented with 10% (v/v) FBS at 37 ℃ for 24 

h to test whether these AuNCs bind serum proteins after long-term (24 h) incubation with FBS. In 

order to identify the colorless protein band, FBS incubated-Au10-11SG10-11, Au15SG13, Au18SG14, 
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Au25SG18 and pure FBS were stained by 10% (v/v) Coomassie Brilliant Blue 250 (CBB 250). All 

these samples were analyzed by 2% agarose gel electrophoresis (Mini-sub cell GT Gel 

electrophoresis system from Bio-Rad Laboratories INc.). The amount of gold in each band was 

quantified by ICP-MS. To quantify the long-term physiological stability of these AuNCs, Au10-

11SG10-11, Au18SG14 and Au25SG18 were incubated with PBS solution supplemented with 10% (v/v) 

FBS for 24 h incubation at 37 ℃. Their UV-vis absorption spectra were collected at different 

incubation time points (0, 1, 12 and 24 h). 

Binding test of AuNCs with blood cells 

The whole blood was collected from female BALB/c mice (6-8 weeks, 20-25 g) and then stored 

in an anti-coagulation BD Vacutainer. This blood was divided into 4×3 groups for incubation with 

Au10-11SG10-11, Au15SG13, Au18SG14, Au25SG18 at a 10% v/v ratio at room temperature for 30 min, 

followed by being centrifuged at room temperature at 500g to separate the plasma and blood cells. 

Finally, the amounts of gold in plasma and blood cells were quantified by ICP-MS. 

X-ray kidney images of the mice after intravenous injection of Au10-11, Au18 and Au25 

All X-ray images of kidneys were taken using Bruker In-vivo Xtreme Imaging. Parameters: X-ray: 

0.8 mm, KVP:45, Exposure type: standard, Mode: high speed, Exposure time: 15 sec, Bin: 1×1, 

FOV:12, fStop: 5.6, Focal plane: 0 mm. BALB/c mice were imaged under above parameters after 

intravenously injected with Au10-11SG10-11, Au18SG14 and Au25SG18 for 40 min. (Au10-11SG10-11: 

n=3; Au18SG14: n=4; Au25SG18: n=3) 
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In vivo renal clearance kinetics study 

BALB/c mice were intravenously injected with Au10-11SG10-11 (n=3), Au15SG13 (n=3), Au18SG14 

(n=6) and Au25SG18 (n=3), respectively (~100 µmol/L, 100 µL) and then placed in metabolism 

cages. Mouse urine was collected at 2 h, 5 h, 8 h, 12 h, and 24 h post injection. Then, the urine 

was completely lysed in freshly made aqua regia in plastic centrifuge tube (15 mL) for 2 days, then 

diluted to 10 mL using ultrapure water. All samples were centrifuged at 4500 rpm, 5 min and 

analyzed by ICP-MS. 

Optical images of kidney slices from the mice after injection of Au18SG14 and Au25SG18 

Au18SG14 and Au25SG18 of 300 µL (~0.7 mmol/L) as well as 300 µL PBS (control) were iv injected 

into the mice, respectively. These mice were sacrificed at 10 min and 7 days p.i., and kidneys were 

then harvested and fixed by 4% formalin, followed by dehydration and paraffin embedding. The 

fixed kidneys were then sectioned into 4 µm slices. These ultrasmall gold nanoclusters in the 

kidneys were silver-stained to enhance their size and contrast for clear visualization under bright-

field optical microscopes. Specifically, before silver staining, these slices were dewaxed using 

xylene and then dried in lab oven at 65 ℃. Each kidney slice was incubated in the silver staining 

solution containing 40 µL 0.1 M silver nitrate, 40 µL 0.2 g/L hydroquinone for 30 min.  These 

silver-stained slices were then washed with ultrapure water and dried in lab oven at 65 ℃ again.  

These final samples were imaged with an IX71 optical microscope in a bright-field mode.  
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Electron microscopic images of the glomerulus of the mice after intravenous injection of Au18SG14 

and Au25SG18 

Firstly, mice were sacrificed and fixed via transcardial perfusion at 10-min time point after i.v. 

injection of Au25SG18 (~0.7 mmol/L, 300 µL), Au18SG14 (~0.7 mmol/L, 300 µL) and PBS (300 

µL, control), respectively. Briefly, 10 mL heparizinzed normal saline as initial perfusant was used 

to remove the whole-body blood under the perfusion speed of 75 mL/h, then 10 mL 4% 

paraformaldehyde/PBS fixative as second perfusant was injected to fix the whole animals at the 

same perfusion speed. After fixation perfusion, the kidneys were collected and cut into pieces of 

1 mm3, which then were immersed in 4% paraformaldehyde/PBS in scintillation vials. Fixation 

was continued by immersion with agitation at 4 °C for 24-72 h. Secondly, these kidneys were then 

rinsed with 0.1 M sodium cacodylate buffer and post-fixed with 1% osmium tetroxide and 0.8 % 

potassium ferricyanide in 0.1 M sodium cacodylate buffer for one and a half hours at room 

temperature, followed by being rinsed with water and en bloc stained with 4% uranyl acetate in 

50% ethanol for two hours. The kidney tissues were then dehydrated with increasing 

concentrations of ethanol, transitioned into resin with propylene oxide, infiltrated with Embed-812 

resin and polymerized in a 60 °C oven overnight. Thirdly, the blocks were sectioned with a 

diamond knife (Diatome) on a Leica Ultracut 6 ultramicrotome (Leica Microsystems) and 

collected onto grids, followed by the silver-staining with the same method as described. Finally, 

EM images were taken using a Tecnai G2 spirit transmission electron microscope. 

Glycocalyx binding test of Au18SG14 and Au25SG18 

To test whether these AuNCs chemically bind the glycocalyx, we incubated Au18SG14 and 

Au25SG18 with 10% (v/v) major component of glycocalyx, heparan sulfate (HS) proteoglycan 
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(from Sigma-Aldrich) in PBS at 37 ℃ for 30 min and 24 h, respectively.  In order to identify the 

colorless HS proteoglycan band, HS proteoglycan incubated-Au18SG14, Au25SG18 were stained by 

10% (v/v) Coomassie brilliant blue 250 (CBB 250). All these samples were analyzed by 2% 

agarose gel electrophoresis using the Mini-sub cell GT Gel electrophoresis system (Bio-Rad 

Laboratories INc.). The amount of gold in each band was quantified by ICP-MS. 

In-situ blood vessel imaging 

The BALB/c mice were placed on the imaging station of an IX-71 microscope (Olympus) under 

isoflurane anesthesia after ear hair removal. The bright field images of blood vessels in ear were 

taken with a 10x objective and Photon Max 512 CCD camera (Princeton Instruments). After the 

breath rate of mice was controlled at ~16-20/min, these mice were injected with Au18SG14 (~0.7 

mmol/L, 300µL, n=3) and Au25SG18 (~0.7 mmol/L, 300µL, n=3) through the tail vein, 

respectively. The fluorescence images were taken with 10x objective under Hg-lamp excitation 

(Ex: 480/40 nm; Em: 700 Lang Path; Dichroic mirror: 560 nm; Exposure time: 2 s) after 

nanoclusters injection. 

Pharmacokinetics study 

The BALB/c mice (n=3 for each nanocluster) were intravenously injected with Au10-11SG10-11, 

Au15SG13, Au18SG14 and Au25SG18, Au22SG16, Au22SG18 (~100 µmol/L, 100 µL), respectively, 

followed by a collection of ~30 µL blood samples from retro-orbital at 2, 5, 10, 30 min, 1, 3, 5, 8, 

12, and 24 h and 48 h p.i.. The blood samples were weighted and completely lysed in 1 mL freshly 

made aqua regia in screw capped glass bottles (10 mL) for 3 days. They were then diluted into 10 
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mL using ultrapure water and transferred into 15 mL plastic centrifuge tubes, centrifuged at 4500 

rpm for 5 min to remove insoluble components. The final samples were analyzed by ICP-MS. 

Tumor targeting efficiency study 

Tumor implantation: The human breast cancer cell line MCF-7 (purchased from ATCC company) 

was cultured in Minimum Essential Medium (MEM) with 10% (v/v) fetal bovine serum (FBS) and 

1% (v/v) penicillin-streptomycin at 37 ℃ in humidified atmosphere containing 5% CO2. The cell 

suspension (in MEM with 10% (v/v) FBS) was mixed with matrix gel with volume ratio of 2:1, 

and then subcutaneously injected into upper skin near the mammary fat pad (MFP) area of the 

nude mouse with a volume of 100 µL dense suspension (containing about 1×106 cells) for each 

mouse. The tumors grew ~2 weeks and reached a ~6-8 mm size before the study. Au10-11SG10-11, 

Au15SG13, Au18SG14 and Au25SG18 (~100 µmol/L, 100 µL) were intravenously injected into nude 

mice bearing MCF-7 tumors (n=3), respectively. These tumors were collected and weighed after 

24 h post injection. The amount of gold in the tumor (% injection dose/g, % ID/g) was determined 

by ICP-MS. 

Biodistribution study 

To quantify the distributions of Au10-11SG10-11, Au15SG13, Au18SG14 and Au25SG18 in each organ 

and tissue over time, the mice were sacrificed at 12 h (the whole blood was perfused before the 

mice were sacrificed), 7 days and 1 month after intravenous injection of Au10-11SG10-11, Au15SG13, 

Au18SG14 and Au25SG18 (~100 µmol/L, 100 µL) respectively (n=3). Major organs and tissues were 

then collected and measured by ICP-MS to detect gold concentration (% injection dose/g, % ID/g). 
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Statistical analysis 

Error bars are reported as mean ± s.d. The differences between groups were compared by analysis 

of Student’s t-test and differences among three groups were compared by One-way ANOVA.   ns 

(no significant), *P<0.05 (significant), **P<0.005 (highly significant). Investigators conducting 

the experiments were not blinded. Dixon's Q test is used for identification and rejection of outliers 

in data analysis. 

2.3 Results and Discussion 

2.3.1 Atomically precise glutathione-coated gold nanoclusters 

The observation of size-dependency in the glomerular filtration in the sub-nm size regime was 

made possible by a recent breakthrough in the precise control of the number of gold atoms in sub-

nm AuNCs26-29. Atomically precise AuNCs coated with glutathione (GSH) were synthesized by 

controlling the reduction kinetics of gold ions in the presence of glutathione in aqueous solutions 

based on reported methods30. Characteristic peaks shown in UV-vis absorption and electrospray 

ionization mass spectra both confirmed the successful synthesis of Au25SG18, Au18SG14, Au15SG13 

and Au10-11SG10-11 (SG, glutathione thiolate) (Figure 2.1). We specifically used glutathione to 

stabilize ultrasmall AuNCs because zwitterionic glutathione can effectively minimize adsorption 

of the AuNPs to serum protein17,31.  Similarly, these ultrasmall glutathione-coated AuNCs are also 

highly resistant to the adsorption of serum protein (Figure 2.2) and blood cells (Figure 2.3); thus, 

they can retain their original sizes in native physiological environment and allow us to 

quantitatively correlate renal clearance, pharmacokinetics as well as tumor targeting with their 

original sizes without interference from serum protein and blood cells during circulation. In 
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addition, among these ultrasmall clusters, Au25 and Au18 generate near-infrared (NIR) emissions 

(Figure 2.4), allowing us to in-situ fluorescently image the interactions of Au25 and Au18 with the 

endothelium of normal blood vessels.  

 

 

 

 

 
Figure 2.1. Characterization of Au10-11SG10-11, Au15SG13, Au18SG14 and Au25SG18. a-d, UV-vis 
absorption spectra. Color pictures of each nanocluster were inserted. e-h, Electrospray 
ionization mass spectra. i-l, Simulated isotope pattern. 
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Figure 2.2. Serum protein binding test by agarose gel electrophoresis in FBS. Au10-11, Au15, 
Au18 and Au25 in PBS solution supplemented with 10% (v/v) fetal bovine serum (FBS) were 
incubated under 37 ºC for 30 min. FBS was labelled by Coomassie brilliant blue 250 (CBB). 
Gold amount in each band was quantified by ICP-MS. 
 
 

 

Figure 2.3. Blood cell binding test of Au10-11, Au15, Au18 and Au25. N.S. means no statically 
significant difference based on One-way ANOVA. 
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2.3.2 Renal clearance of gold nanoclusters 

The strong X-ray absorption cross section of the gold atom offers a unique opportunity to 

noninvasively image renal clearance of these ultrasmall AuNCs. We selected three AuNCs, Au10-

11, Au18 and Au25, with a seven-atom difference in size for X-ray imaging studies. As shown in 

Figure 2.5, Au25 was rapidly eliminated through the kidneys, renal elimination of Au18 was slow 

and renal clearance of Au10-11 was even slower. At 40 min post intravenous injection (p.i.), much 

more Au10-11 and Au18 were retained in the kidneys than Au25 (Figure 2.6a) and the ratios of bladder 

to kidneys derived from X-ray imaging were 2.32±0.25, 1.87±0.46 and 1.06±0.30 for Au25, Au18 

and Au10-11 (Figure 2.6b), respectively. Since these three AuNCs are highly physiologically stable 

and resistant to serum protein adsorption for both short (30 min, Figure 2.2) and long periods (24 

hrs, Figure 2.7), the observed differences in bladder/kidney ratios clearly indicate that the kidney 

filtration is highly sensitive to the cluster size in the sub-nm regime. In order to more quantitatively 

understand the renal clearance of these atomically precise AuNCs, BALB/C mice were 

 

Figure 2.4. Excitation and emission spectra of Au18 and Au25. 
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intravenously injected with 100 µL phosphate buffered saline (PBS) containing Au25, Au18, Au15 

and Au10-11, respectively at the same molar concentration of 100 µmol/L, followed by 

quantification of the Au amount in urine with inductively coupled plasma-mass spectrometry (ICP-

MS) at 2, 5, 8, 12 and 24 h post intravenous injection (p.i.). Consistent with X-ray imaging studies, 

renal clearance of sub-nm AuNCs was highly sensitive to the number of Au atoms (Table 2.1 and 

Figure 2.8a). A significant difference in renal clearance between Au25 (46.71 %ID, 2 h p.i.) to Au18 

(to 10.79 %ID, 2 h p.i.) indicates that a 7-Au atom decrease in size can lead to 4 times decrease in 

renal clearance efficiency at 2 h p.i..  Furthermore, the renal clearance efficiency declined to 6.03 

and 5.29 %ID at 2 h p.i. once the cluster size was further reduced to Au15 and Au10-11, respectively. 

At 24 h p.i., the urinary excretion of these AuNCs also decreased as the decrease of the number of 

Au atoms in the clusters (51.57, 26.82, 22.90 and 19.07 %ID for Au25, Au18, Au15 and Au10-11, 

respectively). Comparing those results with our previously reported renal clearance efficiencies of 

~1.7 nm17, ~2.5 nm16 and ~6 nm GS-AuNPs17(Figure 2.8b), our results for Au25 (~1.0 nm) are 

almost identical to those for ~1.7 nm GS-AuNPs (Au201)17 in terms of renal clearance efficiency 

at 24 h p.i. (~52 %ID for Au25 and 53 %ID for 1.7 nm AuNPs), despite there is an eightfold  

difference in the number of Au atoms. But ~2.5 nm GS-AuNPs16 (Au640, ~43 %ID, 24 hr p.i.) 

cleared out of the body more slowly than the smaller Au25 and Au201. In addition, only 4 %ID of 

~6 nm GS-AuNPs17 (Au8856, 24 hr p.i.) were renally cleared. Combining these results, it is clear 

that there is  an inverse size-dependency in the renal clearance of AuNCs in the sub-nm region, 

distinct from the prevailing understanding that the smaller NPs always clear more rapidly through 

the urinary system than larger NPs 14,15. This indicates that the glomerulus (structure in chapter 1), 

composed of glycocalyx, endothelial cells, glomerular basement membrane and podocyte,12,32 is 
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no longer a one-directional “size-cut-off” slit18 but becomes an atomically precise “bandpass” 

barrier to significantly slow down renal clearance of ultrasmall AuNPs with sizes in sub-nm 

regime. 

 

 

 

 

 

 
Figure 2.5. In vivo X-ray imaging of Au11, Au18 and Au25 over time. RK, right kidney, LK, 
left kidney. 
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Figure 2.6. Images and quantifications of in vivo X-ray images at 40 min post injection.                                                                              
a. In vivo X-ray images of mice at 40 min after being intravenously injected with Au10-11, Au18 
and Au25. RK, right kidney, LK, left kidney. b. X-ray intensity bladder-to-kidney ratios of Au10-

11, Au18 and Au25 at 40 min post injection. * represents P<0.05 based on One-way ANOVA 
(n=3). 
 

 

Figure 2.7. Long-term stability of Au10-11, Au18 and Au25 in FBS. a, serum protein binding test 
of Au10-11, Au18 and Au25 after 24 h incubation with 10% (v/v) FBS. FBS was labelled with 
Coomassie brilliant blue (CBB). Gold amount in each band was quantified by ICP-MS. b-d, 
UV-vis absorption spectra of Au25, Au18 and Au10-11 after incubation with 10% (v/v) FBS for 0, 
1, 12 and 24 h. Inserted figures show the time-dependent intensity change of these three gold 
nanocluster at their characteristic absorbance peak. Au25: 675 nm, Au18: 515 nm. Au10-11: 370 
nm. 
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 Au10-11SG10-11 Au15SG13 Au18SG14 Au25SG18 

2 h 5.29±0.09 6.03±0.14 10.79±0.17 46.71±0.90 

5 h 9.32±0.14 12.29±0.14 16.97±0.27 47.82±0.90 

8 h 13. ±0.16 15.26±0.14 19.99±0.28 48.78±0.90 

12 h 16.35±0.16 17.14±0.15 21.74±0.28 49.77±090 

24 h 19.07±0.19 22.90±0.16 26.82±0.34 51.57±0.90 

 

 

 

Figure 2.8. Renal clearance efficiency. a, Renal clearance efficiencies of Au25, Au18, Au15 and 
Au10-11 at 2 h and 24 h post intravenous injection. b, The relationship of gold atom number with 
renal clearance efficiency at 24 h post injection for <6 nm glutathione-coated gold 
nanoparticles.   
 

Table 2.1. Renal clearance efficiencies of Au10-11SG10-11, Au15SG13, Au18SG14 and Au25SG18 at 2 
h, 5 h, 8 h, 12 h and 24 h post intravenous injection. (Unit: %ID) 
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2.3.3 Glomerular filtration of Au18 and Au25 

Since renal clearance is fundamentally governed by the glomerular filtration barrier, to unravel the 

origin of the observed size-dependent clearance in sub-nm regime, we investigated the interactions 

of two representative AuNCs, Au18 and Au25, with the glomeruli using electron microscopy (EM) 

because these two AuNCs only have a seven-atom difference in size but exhibit a fourfold 

difference in renal clearance 2 hr p.i.. Since these AuNCs were too small to be directly revealed 

with EM, we applied silver staining33 to increase their sizes and contrast. As shown in Figure 2.9, 

both Au18 and Au25 can catalyse the deposition of metallic silver on their surface, resulting in 

formation of larger hybrid silver-gold NPs in the glomerular arterioles and peritubular capillaries 

(yellow line) while no silver NPs were observed from the silver-stained glomerular tissues of the 

mouse without injection of AuNCs (Control). To unravel the differences in the nano-bio 

interactions between Au18 and Au25 in vivo and avoid interference from the AuNCs in the blood, 

we perfused the glomeruli with saline to remove those clusters that have weak interactions with 

 

                      
Figure 2.9. Optical images of Au18 and Au25 distribution in the glomerulus at tissue level after 
10 min injection. All tissue was processed by silver staining. 
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the glomeruli in the blood, followed by tissue fixation with 4% paraformaldehyde/PBS. As shown 

in Figure 2.10, all the fine structures of the glomeruli were observed, including endothelium 

(endothelial glycocalyx and endothelial cell), glomerular basement membrane, podocytes and 

glycocalyx layers. While no silver NPs were observed in the control glomeruli after silver staining 

(Figure 2.10a) and only a few large silver-enhanced Au25 were found in the glomeruli of the mice 

injected with Au25 (Figure 2.10b), a large number of monodispersed silver-enhanced Au18 were 

retained on the glycocalyx of endothelium and podocytes (Figure 2.10c).  

          To unravel whether the long retention of Au18 on the glycocalyx is involved in any chemical 

interactions, we incubated Au18 with heparan sulfate proteoglycan, a major component of the 

glycocalyx layer12,34 for more than 24 h. As control, Au25 clusters were also investigated under the 

same condition. As shown in Figure 2.11, very little binding of Au18 and Au25 to heparan sulfate 

proteoglycan was observed, implying that the retention of smaller Au18 on the glycocalyx was not 

due to any specific chemical interactions. In addition, very few Au18 and Au25 were found in the 

glomeruli 7 days p.i. at the tissue-level (Figure 2.12), further suggesting that both clusters were 

eventually filtered through the glomerular compartments without involvement of any specific 

cellular uptake. Therefore, the slow renal clearance of Au18 over Au25 is very probably caused by 

Au18 being physically retained on the glycocalyx for a longer period than Au25, very similar to the 

inverse size-dependency observed in gel filtration or size-exclusion chromatography35: larger 

molecules/particles will be filtrated faster than smaller ones because the smaller ones are  

physically retained by stationary materials for a longer period (Figure 2.13). These results also 

imply that potential pore sizes on the glycocalyx can be smaller than 1nm; as a result, they can 

retain sub-nm AuNCs for long periods of time.  
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Figure 2.10. EM images of the ultrastructure of the glomerular filtration membrane from mice 
after i.v. injection of PBS, Au25 or Au18. a, control glomerular filtration membrane (GFM) 
without nanoparticles injection. b, GFM of mice at 10 min post injection of Au25. c, GFM of 
mice at 10 min post injection of Au18. Au25 and Au18 were both enhanced by silver-staining. 
GBM, glomerular basement membrane. 
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Figure 2.12. Optical images of Au18 and Au25 distribution in the glomerulus at tissue level 
after 7 days injection. All tissue was processed by silver staining.  
 

 

Figure 2.11. Heparan sulfate (HS) proteoglycan binding test of Au18 and Au25. a, agarose gel 
electrophoresis of Au18 and Au25 after 30 min incubation with 10% (v/v) HS proteoglycan at 
37 ºC. b, Agarose gel electrophoresis of Au18 and Au25 after 24 h incubation with 10% (v/v) 
HS proteoglycan at 37 ºC. The gold amount in each band was quantified by ICP-MS. HS 
proteoglycan was labelled by Coomassie brilliant blue 250 (CBB). 
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2.3.4 Normal vessel extravasation and pharmacokinetics 

Glycocalyx, a major component of the glomerulus, also lines normal blood vessels36,37; so the long 

retention of Au18 on the endothelial glycocalyx observed in the glomeruli might also affect their 

extravasation from normal blood vessels. By taking advantage of NIR emission from both Au18 

and Au25, we noninvasively imaged the extravasation of these two AuNCs from normal blood 

vessels to the interstitial tissue space in ears. As shown in Figure 2.14a, right after the intravenous 

injection, both of Au18 and Au25 were immediately transported to the artery, followed by a gradual 

 

Figure 2.13. Comparison between the glomerular filtration of sub-nm gold nanoclusters and 
size exclusive/gel filtration chromatography. 
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increase in fluorescence intensities of the tissue interstitial space. We used the ratio of (interstitial 

intensity-background intensity) / (artery intensity-background intensity) to quantify the differences 

in extravasation between these two different AuNCs (Au18 and Au25). As shown in Figure 2.14b, 

it took 2.7 min for Au25 to reach an equal intensity between the tissue interstitial space and artery 

while the intensity of Au18 in the tissue interstitial space is only 37% of that in artery during the 

same period. This difference clearly indicates that it is more difficult for Au18 to cross the blood 

 

Figure 2.14. Blood vessel imaging of Au18 and Au25. a, Non-invasive bright-field (BF) and 
fluorescence images of mouse ear blood vessels after intravenously injection of Au18 or Au25 at 6 
s and 3 min. Scale bar, 150 µm. b, Ratio of (interstitial intensity – background intensity)/(artery 
intensity-background intensity) (RIA) of Au18 and Au25. Color shading represents standard 
deviation. (n=3). c, Schematic diagram of Au18 and Au25 crossing blood vessels in background 
tissue. 
 



 

48 

vessel walls than Au25 (Figure 2.14c), consistent with the observation of the slow glomerular 

filtration of Au18 than Au25.   

          Although the other smaller-sized AuNCs are not luminescent and their interactions with the 

blood vessels could not be imaged with fluorescence microscopy like Au18 and Au25, the 

combination of the observed size-dependent renal clearance and the slow extravasation of smaller 

Au18 imply that other smaller AuNCs might also have longer blood retention and elimination half-

lives. By quantifying their blood pharmacokinetics (Table 2.2 and Figure 2.15a), we were able to 

obtain more quantitative nano-bio interactions in vivo in this sub-nm regime. As shown in Figure 

2.15a, the smallest Au10-11 exhibited the longest blood retention, followed by Au15, Au18 and Au25. 

At 2 min. p.i., the blood concentration of AuNCs  linearly decreased from 28.45, to 25.51, 19.37, 

12.13 %ID/g (injection dose per gram of blood) while the volume of distribution (Vd38, a parameter 

that reflects the extent of NPs in extravascular tissues) linearly increased from 3.30 to 3.84, 4.55 

and 6.07 ml with the number of atoms increased from 11 to 15, 18 to 25, respectively (Figure 2.15b 

and Table 2.3), consistent with the different extravasation kinetics of Au18 and Au25 from the 

fluorescence imaging studies. On the other hand, clearance (CL)38, a parameter to measure the 

efficiency of the body in eliminating particles through the urinary system, increased exponentially 

from 0.41 to 0.50, 0.71 and 2.04 ml/h and the elimination half-life (t1/2β) of AuNCs exponentially 

decreased from 5.65, 5.31, 4.47 to 2.06 h with increasing number of atoms from 11, 15, 18 to 25, 

respectively (Figure 2.15c and Table 2.3).  The consistency among these studies of the urine 

excretion, glycocalyx retention, extravasation and pharmacokinetics of these sub-nm AuNCs 

clearly suggests that the in vivo behaviours of sub-nm AuNCs are highly size-dependent: the 
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smaller sized AuNCs have longer blood retention and slower extravasation and glomerular 

filtration. 

 

 

 

 

 

 
Figure 2.15. In vivo behavior of gold nanoclusters. a, Pharmacokinetics of Au10-11, Au15, Au18 
and Au25. (n=3) b, Correlation of the number of gold atoms in the clusters with their 
concentration in blood at 2 min p.i. and their volume distribution (Vd) (n=3). c, Correlation of 
the number of gold atoms in the clusters with their elimination half-life and clearance. (n=3) 
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 Au10-11SG10-11 Au15SG13 Au18SG14 Au25SG18 

2 min 28.45±1.57 25.51±2.83 19.37±0.70 12.13±1.09 

5 min 26.47±1.55 23.86±3.16 16.73±0.93 8.39±0.63 

10 min 23.22±2.13 21.37±2.89 13.99±0.57 5.72±0.14 

30 min 19.55±2.27 18.45±3.06 11.80±0.56 4.62±0.21 

1 h 18.44±1.39 16.61±2.32 10.79±0.61 3.88±0.11 

3 h 16.02±1.14 13.19±2.16 9.84±0.52 3.47±0.20 

5 h 14.28±0.91 11.71±1.78 8.39±0.74 2.97±0.36 

8 h 11.52±1.01 9.34±2.21 6.70±0.02 2.45±0.06 

12 h 9.68±0.92 7.57±1.10 4.86±0.41 1.78±0.34 

24 h 3.93±0.38 2.96±0.73 2.60±0.17 0.56±0.07 

48 h 1.73±0.95 0.49±0.47 1.04±0.12 0.02±0.04 

 
 
 
 
 
 
 C2min (%ID/g) AUC 

(h%ID/g) 
Vd (mL) CL (mL/h) T1/2β (h) 

Au10-11SG10-

11 
28.45±1.57 247.58±17.14 3.30±0.30 0.41±0.03 5.65±0.32 

Au15SG13 25.51±2.83 201.81±32.90 3.84±0.40 0.50±0.08 5.31±0.33 

Au18SG14 19.37±0.70 141.55±5.98 4.55±0.27 0.71±0.03 4.47±0.44 

Au25SG18 12.13±1.09 49.31±4.37 6.07±1.22 2.04±0.17 2.06±0.34 

 

Table 2.2. The concentration of Au10-11SG10-11, Au15SG13, Au18SG14 and Au25SG18 in blood at 2 
min, 5 min, 10 min, 30 min, 1 h, 3 h, 5 h, 8 h, 12 h, 24 h and 48 h post injection. (Unit, %ID/g) 

Table 2.3. Five parameters (C2min, Vd, CL, AUC, T T1/2β) of Au10-11SG10-11, Au15SG13, Au18SG14 
and Au25SG18, derived from their pharmacokinetics studies. C2min: gold concentration at 2 min 
p.i.; Vd: volume of distribution; CL: clearance; AUC: area under the curves; T1/2β: elimination 
half-life.  
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2.3.5 Passive tumor targeting of gold nanoclusters   

Not limited to glomerular filtration and extravasation from normal tissues, the passive tumor 

targeting of sub-nm AuNCs is also size-dependent. Using the nude mice bearing MCF-7 breast 

xenografts as a model, we quantified the tumor targeting efficiencies of these AuNCs at 24 h p.i., 

which were measured as 8.17 ± 0.23 %ID/g, 6.07 ± 1.18 %ID/g, 5.27 ± 0.23 %ID/g and 2.28 ± 

0.13 %ID/g, for Au10-11, Au15, Au18 and Au25, respectively (Figure 2.16a). These results clearly 

indicate that the efficiency of passive tumor targeting in the sub-nm regime linearly decreased with 

the increase of the number of Au atoms in the clusters. Once the AuNPs are larger than Au25, this 

linear relationship vanished; instead, the tumor uptake of ~1.7 nm GS-AuNPs (Au201, ~1.97 

%ID/g) and ~2.5 nm GS-AuNPs (Au640, ~2.00 %ID/g) became comparable to that of Au25 (2.28 

%ID/g). To unravel the origin of the observed size-dependent tumor targeting of sub-nm AuNCs, 

we correlated tumor targeting efficiency with blood retention (area under pharmacokinetics curve, 

AUC). The linear relationship between the targeting efficiency and AUC (Figure 2.16b)  indicates 

that the size-dependent tumor targeting in the sub-nm regime is fundamentally due to size-

dependent blood retention of sub-nm AuNCs: the smallest AuNCs, Au10-11, has the longest 

retention in the blood; as a result, they have the highest accumulation in tumors. Since tumor/blood 

ratios of all the sub-nm AuNCs are all larger than 1 and much higher than muscle/blood ratios at 

24 hr p.i. (Figure 2.16c), the selective accumulation of sub-nm AuNCs is fundamentally because 

of the enhanced permeability and retention (EPR) effect39 where leaky and dense vasculature of 

tumors leads to long retention of nanosized particles in tumors.  Further investigation of 
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distribution of Au18 and Au25 in tumors 24 hr p.i. (Figure 2.16d) confirmed that both AuNCs 

crossed the leaky tumor vasculature and entered the tumor microenvironment. More importantly, 

because Au18 has much longer blood retention than Au25, more Au18 clusters were retained in 

tumor microenvironment than Au25 clusters, consistent with the observed size-dependent tumor 

 

Figure 2.16. Tumor targeting efficiency. a, Relationship between tumor targeting efficiency 
and gold atom number for Au10-11, Au15, Au18 and Au25 (n=3) as well as ~1.7 nm AuNPs (Au201) 
and ~2.5 nm AuNPs (Au640) at 24 h p.i. b, The linear relationship between tumor targeting 
efficiency at 24 h p.i. and area under the pharmacokinetics curve (AUC) (n=3). c, Ratios of 
tumor/blood and muscle/blood of Au10-11, Au15, Au18 and Au25 at 24 h p.i. (n=3). d, Distribution 
of Au18 and Au25 in MCF-7 tumor at 24 h p.i.. Major tumor vasculatures are indicated by red 
arrows. Silver-stained Au18 and Au25 are indicated by yellow triangles. The nucleus and 
cytoplasm were stained with H&E. Scale bars, 50 µm. 
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targeting in the sub-nm regime. Combiningn these results with our previous observation of passive 

tumor targeting of 2.5 nm renal clearable AuNPs31,40 confirms that the EPR effect is indeed 

retained in renal clearable gold NPs with size down to a few atoms, which could further broaden 

EPR effect, a major strategy used by large non-renal clearable NPs in the tumor targeting5.   

2.3.6 Long-term fate of these gold nanoclusters 

To understand the long-term fate of these gold nanoclusters, we measured the accumulation of 

Au10-11, Au15, Au18 and Au25 in major organs and tissue at 24 h post injection. As shown in Figure 

2.17a, majority of these four gold nanoclusters accumulate in the kidneys and smaller gold 

nanoclusters accumulate more in the kidneys than the larger ones, resulting from the stronger 

interactions of smaller gold nanoclusters in the glomeruli. Besides the kidney, the accumulation of 

smaller gold nanocluster in other organs, such as liver, spleen, lung, heart, is higher than that of 

the larger ones, which is the result of size-dependent blood retention.  Moreover, the ratios of the 

 

Figure 2.17. 24 h biodistribution. a, The accumulation of Au10-11, Au15, Au18 and Au25 in major 
organs and tissue at 24 h post injection. b, The ratio of liver, spleen, intestine and kidneys to 
blood derived from 24 h biodistribution. RES, reticuloendothelial system. (n=3) 
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liver, spleen and intestine to the blood at 24 hrs. p.i. were all close to 1 (Figure 2.17b), suggesting 

that these ultrasmall AuNCs have little interactions with those RES organs. On the other hand, the 

ratio of the kidney to the blood was much larger than 1, clearly indicating that the kidneys remain 

the major organ for eliminating these ultrasmall AuNCs. By monitoring the accumulation of these 

gold nanoclusters in the body at different time points, we found that after one month, the major 

 

Figure 2.18. Whole body accumulation over time. a, 12 h biodistribution, b, 7 days 
biodistribution. c, One month biodistribution. d, Accumulation of Au10-11, Au15, Au18 and Au25 
in the major organs (brain, stomach, intestine, heart, spleen, lung, liver and kidneys) in the 
body at 12 h, 7 days and 1month post injection. (n=3) 
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organs accumulation of different-sized AuNCs decreased to 1.5 %ID (Figure 2.18), suggesting 

that most of these AuNCs were gradually eliminated from the body through the urinary system.   

 

 
Figure 2.19. Characterization of Au22SG16 and Au22SG18. a, Polyacrylamide gel electrophoresis 
(PAGE) results. b-c, UV-vis absorption spectra. d-e, Excitation and Emission spectra. 
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2.3.7 Size not surface ligand number dictated in vivo behaviours of these AuNCs 

While these AuNCs are slightly different in the numbers of glutathione ligands on the particles, 

our reported results have shown that a 50% difference in the number of glutathione ligands on 2.5 

nm AuNPs have little effect on their renal clearance efficiencies41. Moreover, we synthesized 

another two gold nanoclusters, Au22SG18 and Au22SG16 (same gold atom number, different surface 

 

Figure 2.20. The effect of surface ligand number on pharmacokinetics. a, Pharmacokinetics of 
Au22SG16 and Au22SG18. b, The comparison of Au22SG16 and Au22SG18 in clearance (CL) and 
area under the curve (AUC). c, The comparison of Au22SG18 and Au25SG18 in CL and AUC. 
ns, no significant difference based on student t-test. *, P<0.05, student-test. n=3 
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ligand number) (Figure. 2.19) and quantified their pharmacokinetics (Figure. 2.20a). We found 

that a slight difference in the number of GS ligands between Au22SG18 and Au22SG16 induces little 

differences in blood retention and clearance of sub-nm AuNCs (Figure 2.20b). In addition, by 

comparison of Au22SG18 and Au25SG18, 3 gold atom difference in size indeed induced statistically 

different blood retention and clearance (Figure 2.20c). All these data proved that the sizes of gold 

nanoclusters rather than the number of glutathione ligands dictate their renal clearance and blood 

retention. All these results are consistent with the previous observation of renal clearance of a class 

of cysteine coated Qdots, where their sizes rather than the number of cysteine ligands govern their 

renal clearance efficiencies14. 

2.4 Conclusion 

In summary, by investigating in vivo behaviours of sub-nm AuNCs with high resistance to the 

binding of serum protein and blood cells, we discovered that the glomeruli can serve as an 

atomically precise barrier to slow down the renal clearance of the clusters with size below 1 nm: a 

few-atom decrease in the cluster size results in a nearly one order reduction in renal clearance.  

This “surprising” observation of renal clearance of few-atom AuNCs fundamentally originates 

from the fact that the smaller AuNCs are more easily and physically retained on the glycocalyx of 

the glomeruli, similar to the separation principle used in gel filtration or size-exclusion 

chromatography. Such size-dependent interaction between sub-nm AuNCs and the glycocalyx also 

dictates the extravasation of sub-nm AuNCs from normal blood vessels and significantly impacts 

their accumulation in cancerous tissues through EPR effect.  This discovery highlights how 

precisely the glomerulus and the body could respond to ultrasmall AuNPs, which might be 

generalized to other renal clearable nanosystems14,15,42 and further improve our comprehensive 
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understanding of the glomerular filtration in the sub-nm regime. Considering the similarity of 

rodents and humans in the pore sizes of glomerular filtration membrane (Table 2.4), these findings 

will also open a new pathway to design clinically translatable precision nanomedicines that can 

target many endothelial-dysfunction associated diseases such as stroke, atherosclerosis, 

hypertension, chronic renal failure once the biocompatibility of these renal clearable smaller 

AuNCs is fully investigated. 

Table 2.4. Comparison of human and rat in pore sizes of the three layers of glomerular filtration 
membranes from literatures. These values are measured using electron microscopy. 
 
 Human Rat  

Fenestration in endothelial 

cells 

70~100 nm43 60~80 nm44,45 

Glomerular basement 

membrane 

Similar to animals46 Endothelio-mesangial surface: 4~10 

nm 

Endothelial surface: 3~21 nm 

Epithelial surface: 3~42 nm47 

Filtration slit between 

podocytes  

5x12 nm48 4x14 nm49 
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Abstract 

Unravelling the delivery efficiency of nanoparticles to cancer cells in solid tumors could advance 

our fundamental understanding of nanoparticle-tumor interactions. Currently, little is known about 

how efficient sub-nm nanoclusters target cancer cells after blood circulation. Herein, by 

quantifying the accumulation of sub-nm gold nanoclusters (Au10-11 and Au25) in tumors at the tissue 

and cellular levels, we found that sub-nm gold nanoclusters not only display high tumor 

accumulation (~3 %ID) but also target cancer cells with 20 times higher efficiency than large 

counterparts, which is because they easily escape macrophage uptake in the tumor 

microenvironment and the prolonged blood retention further facilitated the cancer cell uptake of 

sub-nm gold nanoclusters in tumors. These fundamental studies enriched our understanding of 

ultrasmall nanoparticles in targeting tumors down to the cellular level and illustrated the 

advantages of sub-nm sized nanoparticles in targeting cancer cells. 
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3.1 Introduction 

Fundamental understandings of how engineering nanoparticles (NPs) target cancer cells in the 

tumor microenvironment is critical to clinical translation of cancer nanomedicines. The delivery 

efficiency of nanoparticles to cancer cells in solid tumors is often determined by two key 

processes1-5: how many NPs extravasate into the tumor microenvironment and how many NPs 

overcome tumor-associated barriers (macrophages, extracellular matrix etc.) to reach cancer cells. 

Although large nanoparticles within the size range of 10-100 nm can accumulate in tumors through 

the enhanced permeability and retention (EPR) effect2,3,6, the in vivo delivery efficiency of these 

nanoparticles to cancer cells is still quite low due to their poor tumor penetration depth1,4,5, arising 

from the hinderance of dense tumor microenvironment7-10. For example, only 0.0014% ID 

(injection dose) of gold nanoparticles with hydrodynamic diameters of 30-120 nm accumulated in 

cancer cells, which is 4-8 times lower than their uptake efficiencies by tumor-associated 

macrophages (TAM)11. Improving the blood retention of large nanoparticles is ineffective to 

enhance their cancer cell targeting efficiency due to the strong hinderance of tumor-associated 

barriers.  For example, 15 nm PEG-coated gold nanoparticles with a blood half-life of 10.4 h has 

a cancer cell targeting efficiency of ~0.00275 %ID in solid tumors , which is comparable to 55 nm 

PEG-coated gold nanoparticles (~0.0027 %ID) with ~2 times shorter blood half-life than the 15 

nm ones11. Combining current studies indicates that the transport of large nanoparticles in the 

tumor microenvironment plays a more important role than their blood retention and EPR effect in 

the cancer cell targeting efficiency in solid tumors.  

          In addition to large nanoparticles, ultrasmall renal clearable nanoparticles (<6 nm) also play 

a vital role in targeting tumors since they not only retain the EPR effect12-15 but also display deeper 
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and more homogenous distribution in solid tumors than large ones16,17. In previous work14 (Chapter 

2), we found that in sub-nm regime, the tumor targeting efficiencies of atomically precise gold 

nanoclusters linearly increased with the reduction of gold atom number in nanoclusters: the tumor 

targeting efficiencies at 24 h post injection were measured as 2.28, 4.89, 6.07, 8.17 %ID/g for 

Au25, Au18, Au15 and Au10-11, respectively. Furthermore, both the linear relationship between their 

tumor targeting efficiencies and area under pharmacokinetics curve (AUC) and the tumor/blood 

ratio larger than 1 indicated that the tumor accumulation of sub-nm gold nanocluster is dependent 

on the EPR effect. Inspired by the quantitative measurement of large nanoparticles’ (10-100 nm) 

cellular fate in solid tumors11 and the potential of sub-nm gold nanoclusters in tumor targeting, we 

naturally arise the following  fundamental questions: how efficient are sub-nm gold nanoclusters 

in the targeting of cancer cells in solid tumors? what is their cellular fate in tumor 

microenvironment and could the enhanced blood retention facilitate their cell targeting in solid 

tumors?  

          To answer these unknown questions, herein, we quantified the cancer cell targeting 

efficiencies of Au10-11SG10-11 and Au25SG18 by using the MCF-7 breast cancer as a model and also 

conducted the same experiments on 3.1 nm and 14 nm gold nanoparticles in order to 

comprehensively understand the impact of size reduction of nanoparticles on their cancer cell 

targeting.  Our results showed that ultrasmall nanoparticles more efficiently targeted cancer cells 

than large ones because they are capable of circumventing macrophage uptake in the tumor 

microenvironment. More importantly, Au10-11 displayed 5 times higher cancer-cell-targeting 

efficiency than Au25, which fundamentally originated from their size-dependent blood retention, 

the unique observation indicating that the EPR effect is crucial for improving ultrasmall 
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nanoparticles delivery to cancer cells in solid tumors. Moreover, with dual strengths of high cell 

targeting efficiency in solid tumors and strong interactions with cancer cells illustrated by in vitro 

studies endowed Au10-11 much high tumor retention among ultrasmall gold nanoparticles. These 

fundamental studies enriched our understanding of sub-nm gold nanoclusters in tumor targeting 

down to the cellular level and showed the great promise of sub-nm gold nanoclusters for 

biomedical applications.  

3.2 Experiment 

3.2.1 Materials and equipment 

Hydrogen tetrachloroaurate used for the synthesis of gold nanoclusters was obtained from Fisher 

Scientific (U.S.). The enzymes Collagenase IV used in digestion of tumor was purchased from 

Fisher Scientific (U.S.) and DNAse I was purchased from Sigma-Aldrich. The anti-mouse F4/80, 

PerCP-Cyanine5.5 (Clone: BM8, Catalog No. 50-158-46) used for labelling macrophages was 

purchased from Invitrogen 45480180 through Fisher Scientific (U.S.). FalconTM Cell strainer 70 

µm (Catalog No. 08-771-2) used in separation of cells and acellular parts was purchased from 

Fisher Scientific (U.S.). InvitrogenTM eBioscienceTM RBC Lysis Buffer, 1x (Catalog No. 50-112-

9751) used for removing red blood cells was purchased from Fisher Scientific (U.S.). The other 

chemicals were obtained from Sigma-Aldrich and used as received unless specified. The gold in 

tumor and cells were detected by Agilent 7900 inductively coupled plasma mass spectrometry 

(ICP-MS). The cells were sorted by BD fluorescence assisted cell sorting (FACS) Aria Fusion. 

The animal studies were performed according to the guidelines of the University of Texas System 

Institutional Animal Care and Use Committee. The female BALB/c mice (BALB/cAnNCr, strain 
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code is 047) of 6-8 weeks old, weighing 20~25 g, were purchased from Envigo. The female nude 

mice (Athymic NCr-nu/nu, strain code is 069) of 6-8 weeks old, weighing 20-25 g, were also 

purchased from Envigo for tumor targeting study. All these mice were randomly allocated and 

four-group-housed per ventilated cage 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.  

3.2.2 Methods 

Synthesis of gold nanoparticles 

The Au10-11SG10-11 nanocluster was synthesized using carbon monoxide (CO) as a reducing agent 

under a controlled pH condition as reported in the literature18. Briefly, aqueous solutions of 

HAuCl4·3H2O (6.25 mL, 20 mM) and glutathione (GSH, 5 mL, 50 mM) were added to 114 mL 

water. This reaction mixture was stirred vigorously for 2 minutes, followed by adjusting pH to 7 

with 1 M sodium hydroxide.  CO gas was bubbled through the mixture at one atmospheric pressure 

to reduce Au(I)-SG for 3-4 minutes. The reaction flasks were then sealed, and the solutions were 

stirred for 24 h at room temperature. 

          The 3.1 nm glutathione-coated gold nanoparticle was synthesized by following our reported 

method12. Briefly, 150 µL, 1 M HAuCl4 in water solution was added into 50 mL, 2.4 mM 

glutathione water solution and the mixed solution was stirred at 95℃ in an oil bath for reacting ~30 

min when the fluorescence intensity of the mixture at 810 nm reached its maximum. Using ethanol 

and saturated sodium chloride to precipitate gold nanoparticles to remove unreacted free 

glutathione in the supernatant. The precipitation was re-dispersed in DI water and centrifuged at 

21,000 g to precipitate large aggregates and the supernatant was stored at 4℃ for use.  
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        The 14 nm PEG-coated gold nanoparticle was synthesized by adding HAuCl4 into PEH 

(2kDa)-SH aqueous solution at a molar ratio of 10:1 with stirring and the mixture was allowed to 

react for 5 min. Then under vigorous stirring, TBAB (borane tert-butylamine complex) aqueous 

solution was introduced at a molar ratio of 5:1 (TBAB:Au) and the solution turned dark red 

immediately. This mixture was incubated in 37 ℃ water bath for 2 h and the resulting nanoparticles 

were precipitated by ultracentrifugation. 

Tumor accumulation quantification 

Tumor implantation: The human breast cancer cell line MCF-7 (purchased from ATCC company) 

was cultured in Minimum Essential Medium (MEM) with 10% (v/v) fetal bovine serum (FBS) and 

1% (v/v) penicillin-streptomycin at 37 ℃ in humidified atmosphere containing 5% CO2. The cell 

suspension (in MEM with 10% (v/v) FBS) was mixed with matrix gel with volume ratio of 2:1, 

and then subcutaneously injected into upper skin  near the mammary fat pad (MFP) area of the 

nude mouse with a volume of 100 µL dense suspension (containing about 1×106 cells) for each 

mouse. The tumors grew ~2 weeks and reached a ~6-8 mm size before the study. Au10-11SG10-11, 

Au15SG13, Au18SG14 and Au25SG18 (~100 µmol/L, 100 µL) were intravenously injected into nude 

mice bearing MCF-7 tumors (n=3), respectively. These tumors were collected and weighed after 

24 h and 48 h post injection. The amount of gold in the tumor (% injection dose, % ID) were 

determined by ICP-MS.  

Quantification of cellular uptake efficiency of nanoparticles in tumor 

After 24 h injection of gold nanoparticles into tumor-bearing mice, the tumors were harvested from 

mice and minced into 1-2 mm pieces by razor, which were then put into 10 mL 1×HBSS digestion 
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solution with 0.75 mg/mL Collagenase IV and 0.025 mg/mL DNAse I. The tumor tissue in 

digestion solution was then rotated under 37 ℃ for 90 min to allow enzyme to adequately digest 

tumor tissue for the separation of cells from matrix and then cellular parts were filtered out by 

using 70 µm Cell strainer with 50 mL plastic centrifuge tube. The filtrate was centrifuged down at 

300 g for 10 min at 4℃ and the precipitated cell pellet was collected and was further dissolved in 

2 mL red blood cell lysis buffer with incubation time of 5 min on ice to remove red blood cells, 

followed by centrifugation at 300 g for 10 min. The cells then were washed by 1×HBSS buffer 

supplemented with 0.5% w/v BSA and 2 mM EDTA for two times. After adjusting cells number 

into ~107/mL, we used F4/80 APC to stain the tumor-associated macrophages with incubation time 

of 30 min on ice and then washed cells by 1×HBSS buffer for 3 times. Finally, the cells were sorted 

by BD FACS Aria Fusion based on green and red color from cancer cell (GFP) and labelled 

macrophages, respectively. The sorted cells including cancer cells, macrophage and other cells 

were recollected and quantified by ICP-MS to measure the amount of gold in them.  

Quantification of in vitro cellular uptake efficiency of Au10-11 and Au25 

Firstly, MCF-7 cells or 4T1 cells were seeded in each well of two 6-well cell culture plates (n=6) 

at a density of 105 cells/well. All cell plates were incubated for 36 h to allow cell attachment.  

Secondly, 50 µM Au10-11 and Au25 dissolved in DMEM were added in each plate with incubation 

time of 24 h, respectively. After that, cell medium was removed and cells were washed carefully 

with PBS by three times to remove uninternalized Au10-11 and Au25, then cells in each well were 

trypsinized and collected in separate plastic tubes. The cell number in each tube was counted by a 

hemocytometer and the gold amount in cells was quantified by ICP-MS. 
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Statistical analysis  

Error bars are reported as mean ± s.d. The differences between groups were compared by analysis 

of Student’s t-test.   ns (no significant), *P<0.05 (significant), **P<0.005 (highly significant). 

Investigators conducting the experiments were not blinded. Dixon's Q test is used for identification 

and rejection of outliers in data analysis. 

3.3 Results and Discussion  

3.3.1 Tumor accumulation of ultrasmall gold nanoparticles 

It is reported that 0.7 %ID (median value) of large nanoparticles (10-100 nm) were accumulated 

in tumors19. To make a comparison, we summarized the tumor targeting efficiencies of sub-nm 

gold nanoclusters and 1-3 nm gold nanoparticles at 24 h post injection with the unit form of % ID 

at 24 h post intravenous injection (p.i.) by using MCF-7 breast tumor-bearing nude mice (Table 

3.1) and also quantified their tumor targeting efficiency at 48 h p.i.. By plotting the curves based 

 

 

Nanoparticles 24 h tumor accumulation (% 
ID) 

48 h tumor accumulation 
(% ID) 

Au10-11SG10-11 3.26±1.18 3.05±0.12 
 

Au15SG13 2.28±0.57 2.31±0.28 
 

Au18SG15 2.75±1.14 2.01±0.91 
 

Au25SG18 1.58±0.34 
 

1.03±0.38 
 

Au201 0.80±0.11 
 

1.00±0.23 
 

Au640 1.15±0.82 0.93±0.22 
 

Table 3.1. Tumor accumulation of ultrasmall gold nanoparticles with unite form of % ID 
(percentage of injection dose) 
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on the relationship between tumor accumulation and number of gold atoms in nanoparticles 

(Figure 3.1), we found that the tumor accumulation of 1-3 nm gold nanoparticles is very close to 

the 0.7 %ID but the gold nanoclusters in the sub-nm regime showed high, size-dependent tumor 

accumulation. Especially, the tumor accumulation of Au10-11 is 3.26±1.18 %ID and 3.05±0.12 %ID 

at 24 h and 48 h p.i., respectively, which are ~2.5 times higher than that of Au25 (1.58±0.34 %ID, 

24 h p.i., 1.03±0.38 %ID, 48 h p.i.). These results showed that sub-nm gold nanoclusters more 

efficiently accumulate in tumors than both 1-3 nm gold nanoparticles and large non-renal clearable 

nanoparticles.  

 

                       
Figure 3.1. The relationship between tumor accumulation (%ID) and gold atom number in 
nanoparticles. The data includes the tumor accumulation of Au10-11, Au15, Au18, Au25, Au201 and 
Au640 at 24 h and 48 h post injection. Blue line is the average value of tumor accumulation at 
24 h and 48 h. (n=3) 
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3.3.2 Nanoparticles delivery efficiency to cancer cell in solid tumor 

To investigate whether sub-nm gold nanoclusters could target cancer cells with a higher efficiency 

than larger counterparts, we chose Au10-11 and Au25 (Figure 3.2), two representative nanoclusters 

in the sub-nm regime, as well as 3.1 nm GS-AuNPs (Au640) (Figure 3.3) as a control. It is 

conventionally believed that 12 nm is the ideal nanomedicine size to target cancer1,20; thus, we 

also chose a similar sized gold nanoparticle with a hydrodynamic diameter of 14 nm (Figure 3.4) 

as a representative of large nanoparticles. The tumor model used is MCF-7/GFP breast cancer, 

which is composed of ~18% collagen, ~24% glycocalyx and ~58% of cells in tumor tissue (Figure 

3.5) and tumor weight is controlled in the 0.2-0.8 g range with an average weight of 0.35±0.15 g 

(Figure 3.6). The GFP expression of cancer cells (Figure 3.7) allows us to conduct the follow-up 

cell sorting to differentiate cancer cells and stroma cells in tumor tissue. Additionally, tumor-

associated macrophages were immune-labeled by antimouse PerCP cy5.5 F4/80 antibodies (F4/80 

APC) to further sort stroma cells into two groups (macrophages and other cells).  Au10-11, Au25 and 

the two control nanoparticles were intravenously injected into MCF-7/GFP tumor-bearing mice, 

 

Figure 3.2. Characterization of Au10-11SG10-11 and Au25SG18. a. i) UV-vis absorption of Au10-

11SG10-11, ii) Electrospray ionization mass spectrum of Au10-11SG10-11. b, i) UV-vis absorption 
of Au25SG18, ii) Electrospray ionization mass spectrum of Au25SG18. 
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respectively. After 24 h, tumors were harvested and then mechanically excised and enzymatically 

digested into single cell suspensions (Figure 3.8a), which were then stained by F4/80 APC and 

gated for singlet cells by excluding debris (Figure 3.8b, c). Later, fluorescence-assisted cell sorting 

(FACS) enabled us to obtain cancer cells, macrophages and other stroma cells based on GFP 

signals from cancer cells and Cy5.5 signals from macrophages (Figure 3.8d). The method of FACS 

 
 
Figure 3.3. Characterization of 3.1 nm glutathione-coated gold nanoparticles. Core size (a) and 
hydrodynamic diameter (b) of GS-AuNPs as well as its UV-vis absorption (c).  
 
 

 

Figure 3.4. Characterization of 14 nm PEG2000-coated gold nanoparticles. Core size (a) and 
hydrodynamic diameter (b) of PEG-AuNPs as well as its UV-vis absorption (c). 
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also help us to accurately quantify the proportion of cancer cells (25.6±18.2%), macrophages 

(52.0±16.9%) and other cells (22.6±5.0%), respectively in MCF-7/GFP tumor type (Figure 3.9). 

Finally, the gold amount in each kind of cell was quantified by inductively coupled plasma mass 

spectrometry (ICP-MS). 

 

Figure 3.5. Characterization of MCF-7 breast tumor. a. The collagen in tumor tissue is stained 
by Masson’s Trichrome Staining Protocol and glycocalyx is stained by fluorescein-labelled 
wheat germ agglutinin (WGA). b. The area quantification of collagen and glycocalyx in tumor 
microenvironment.  
 
 

 

 
Figure 3.6. The tumor weight used in this work.  
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Figure 3.7. MCF-7/GFP. a. The bright field and fluorescence imaging of MCF-7/GFP cells. b. 
The fluorescence imaging of MCF-7/GFP tumor in mice. 
 
 

 

Figure 3.8. Tumor digestion and cell sorting. a. The scheme of tumor digestion. Briefly, the 
MCF-7/GFP tumor was harvested and mechanically, enzymatically digested into single cell 
suspension. Tumor-associated macrophages were stained by F4/80 APC. b-d, flow cytometry 
gating strategy by selecting non-debris population (b), then singlet population (c) and sorting 
cells into three populations (macrophage, cancer cells and others) (d) based on the signal of 
GFP and F4/80 APC.  
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          The sub-nm gold nanoclusters showed a higher efficiency in in vivo cancer cell targeting 

than larger counterparts. As shown in Figure 3.10a and Table 3.2, by comparing the cancer cell 

targeting efficiency of Au10-11, Au25, 3.1 nm and 14 nm gold nanoparticles under normalization by 

cell number, we found that the delivery efficiencies of nanoparticles to cancer cells are increased 

with size reduction. On one hand, the ultrasmall gold nanoparticles showed more efficient cancer 

cell targeting than large nanoparticles. On the other hand, in the ultrasmall size range, the sub-nm 

Au10-11 showed 5 times and 20 times higher cancer cell targeting efficiency than Au25 and 3.1 nm 

gold nanoparticles, respectively. Firstly, to elucidate the high cancer cell targeting efficiency 

observed in ultrasmall nanoparticles, we calculated the ratio of gold amount in macrophages to 

that in cancer cells and found that the ratios of ultrasmall nanoparticles are below 1, which are 

~12.55 times lower than the ratio of large nanoparticles (Figure 3.10b). This result indicated that 

ultrasmall nanoparticles are capable of resisting the uptake by macrophages in tumor 

microenvironment while large nanoparticles are more easily recognized and taken up by 

macrophages, which is consistent with the quantitative results of 15 nm, 55 nm and 100 nm gold 

 

Figure 3.9. Cell proportion in MCF-7 breast tumor model. 
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nanoparticles measured by Chan’s group11. Secondly, since the extravasation of nanoparticles from 

tumor vasculature into the tumor microenvironment could be considered as an accumulative 

process and the AUC of sub-nm gold nanoclusters is linearly related to their tumor targeting 

efficiency14, the blood retention of ultrasmall nanoparticles, to some extent, might determine their 

delivery efficiency to cancer cells. Therefore, we normalized the cancer cell targeting efficiencies 

of Au10-11 and Au25 by their AUC to eliminate their difference in blood retention. As shown in 

Figure 3.10c, no difference between Au10-11 and Au25 was observed, which indicates that the 

difference in cancer cell targeting between Au10-11 and Au25 originated from their distinct blood 

retention. The difference in tumor microenvironment diffusion between Au10-11 and Au25 is 

indistinguishable and makes little contribution to their different delivery efficiencies to cancer 

cells.  Not limited to cancer cells in tumors, the prolonged blood retention of Au10-11 also results in 

its ~6.5 times higher accumulation in stromal cells (noncancer cell) than Au25 (Figure 3.10d), 

owing to the properties of homogenous distribution in tumor microenvironment of ultrasmall 

 
 
 
 Au10-11SG10-11 Au25SG18 3.1 nm AuNPs 14 nm AuNPs 

ECM(%ID) 2.87±0.94 0.52±0.01 0.45±0.08 
 

1.22±0.35 
 

Cell (%ID) 0.18±0.05 0.02±0.01 0.006±0.002 
 

0.025±0.008 
 

Cancer cell 
(%ID/cell) 

8.96 ±5.56 1.80±0.23 0.45±0.22 
 

0.21±0.09 
 

TAM (%ID/cell) 5.69±2.34 
 

1.04±0.43 
 

0.22±0.16 
 

1.29±0.20 
 

Others (%ID/cell) 5.80±3.22 
 

0.74±0.21 
 

0.41±0.18 
 

0.42±0.07 
 

 

Table 3.2. The accumulations of Au10-11, Au25, 3.1 nm and 14 nm gold nanoparticles in tumor 
extracellular matrix (ECM) (%ID) and cellular parts (%ID) as well as their deliver efficiency into 
cancer cells, tumor-associated macrophages (TAM) and other kinds of cells (%ID/cell). (n=3) 
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nanoparticles. These results indicate the important role of EPR effect in controlling sub-nm gold 

nanoclusters’ cell targeting efficiency in solid tumors.   

 

  
Figure 3.10. Nanoparticles delivery efficiency to cancer cell in solid tumor at 24 h post 
injection. a. The cancer cell targeting efficiencies of Au10-11, Au25, 3.1 nm and 14 nm gold 
nanoparticles. (n=3). b. The ratios of gold amount in tumor-associated macrophages to that in 
cancer cells. (n=3). c. The normalized cancer cell targeting efficiencies of Au10-11 and Au25 by 
their AUC. d. The noncancer cell uptake efficiency of Au10-11 and Au25. (n=3). N.S. represents 
no significant difference based on student t-test. * means P<0.05, significant difference based 
on student t-test.  
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          Such EPR-dependent cancer cell targeting observed in sub-nm gold nanoclusters is distinct 

from large nanoparticles. For example, 15 nm PEG-coated gold nanoparticles with a  blood half-

life of 10.4 h has a comparable cancer cell targeting efficiency (~0.00275 %ID) in solid tumors 

with 55 nm PEG-coated gold nanoparticles which have ~2 times shorter blood half-life than the 

15 nm ones5,11. Combining these results allows us to conclude (Figure 3.11) that the large 

nanoparticles (10-100 nm) display EPR-independent cancer cell targeting due to their strong 

tumor-associated macrophage uptake, the big barrier for large nanoparticles to reach cancer cells 

although their blood retention is enhanced; whereas sub-nm gold nanoclusters display resistance 

to macrophage uptake, homogenous distribution in the tumor microenvironment and a linear 

relationship between tumor targeting efficiency and blood retention; thus, enhancing the  

nanocluster amount in the tumor site through improving blood retention is key to increasing their 

chance of  targeting cancer cells. 

 

Figure 3.11. The schematic diagram of the delivery of large nanoparticles and sub-nm 
nanoclusters into cancer cells in solid tumors. 
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3.3.3 Retention of sub-nm gold nanoclusters in solid tumor  

Such efficient cell targeting of Au10-11 in solid tumors inspired us to further investigate its retention 

in tumors. We calculated the difference between tumor-to-blood (T/B) ratio of Au10-11 at 24 h and 

the T/B of Au10-11 at 48 h. As shown in Figure 3.12a, the ratio difference for Au10-11 is 17.90±3.06, 

which is ~8 times higher than the value of Au25 (2.18±0.42), showing the much longer retention 

time of Au10-11 in tumors than Au25. Furthermore, by correlating the relationship between gold 

atom number and the value of [T/B(48 h)]/[T/B(24 h)] based on the data of Au10-11, Au15, Au18, 

Au25, Au201 and Au640 (Figure 3.12b and Table 3.3), we found that smaller nanoclusters in the sub-

nm regime, especially of Au10-11, showed longer retention time than larger ones while nanoparticles 

within the size range of 1-3 nm display relatively low and size-independent retention in tumors. 

Moreover, the values of T/B at 48 h or 72 h of other reported ultrasmall gold nanoparticles are all 

lower or equal to 10, which are much lower than the T/B value of Au10-11 at 48 h (31.5) (Table 

3.4). Combining this data clearly showed us the uniqueness of Au10-11 in tumor retention, which 

could be ascribed to two reasons. Firstly, the accumulation of Au10-11 in cellular parts of solid 

tumors is quite high regardless of whether the cell is a cancer cell or stromal cell. Secondly, we 

found that the Au10-11 interacted with cancer cells more strongly than Au25 (Figure 3.13a) illustrated 

by in vitro studies, which resulted in a two orders of magnitude higher in vitro cellular uptake 

efficiency of Au10-11 than Au25 in MCF-7 cell line after 24 h incubation. This two-order of 

magnitude higher cellular uptake of Au10-11 than Au25 also can be observed in triple-negative 4T1 

breast cell line (Figure 3.13b), showing the generalizability of strong interactions of Au10-11 with 

cancer cells. Overall, the long tumor retention time of Au10-11 can be attributed to both its long 
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blood circulation, which enabled Au10-11 to efficiently target cancer cells and stromal cells in tumor 

tissue, and its strong interactions with cancer cells. 

 
Figure 3.12. The tumor retention of gold nanoparticles reflected by the change of tumor/blood 
over time. a. The ratio of T/B (48 h) to T/B (24 h) of Au10-11 and Au25 with MCF-7 tumor 
model. T/B, tumor/blood. ** represents significant difference with P<0.005 based on student 
t-test. b. The relationship between the value of [T/B (48 h)]/[T/B(24 h)] and gold atom number. 
(n=3)  
 

 
 
Figure 3.13. In vitro studies of Au10-11 and Au25. a. MCF-7 cellular uptake efficiencies of Au10-

11 and Au25 under 37 � with incubation time of 30 min, 3 h and 24 h. P value is based on 
Student t-test. b. 4T1 cellular uptake efficiencies of Au10-11 and Au25 with incubation time of 
24 under 37 �, n=6. **, P<0.005 based on Student t-test.  
 



 

82 

 
 

 

Table 3.4. Summary of the reported tumor/blood ratios of ultrasmall nanoparticles. 

NPs HD (nm) Tumor/Blood 
(48 h p.i.) 

Tumor/Blood 
(72 h p.i.) 

Ref  

PEG-AuNPs 5.5 9.0±1.2, MCF-7 -- 13  
 
<<31.5 
(Au10-11, 
48 h, 
MCF-7) 

GS-AuNPs 3.3 -- ~1.8, PC-3 21 
GS-AuNPs 3.3 -- ~3.4, LnCap 21 
GC-AuNPs 2.9 -- ~4.1, PC-3 21 
GC-AuNPs 2.9 -- ~6.1, LnCap 21 
GS-AgNPs 3.1 5.1±1.9, MCF-7 -- 22 

GS-Au/AgNPs-1 3.1 2.43±1.0, MCF-7 -- 22 
GS-Au/AgNPs-2 3.1 10.44±3.1, MCF-7 -- 22 

3.4 Conclusion  

In summary, by quantifying the interactions of sub-nm gold nanoclusters with tumors, we found: 

1) the whole tumor accumulation of sub-nm gold nanoparticles (especially of Au10-11) is ~4 times 

higher than the median value of 0.7% observed in large nanoparticles; 2) sub-nm nanoclusters 

showed ~20 times higher cancer cell targeting efficiency in solid tumors than large counterparts 

because they are capable of resisting the uptake by tumor-associated macrophages; 3) the 

atomically precise gold nanoclusters display EPR-dependent cancer cell targeting in solid tumors, 

 Tumor/Blood 
(24 h p.i.) 

Tumor/Blood 
(48 h p.i.) 

[T/B(48h)]/[T/B(24h)] 
 

Au10-11 1.76±0.25 31.50±3.00 17.90±3.06 
Au15 2.43±0.13 27.70±8.85 11.40±3.69 
Au18 4.39±1.30 10.35±2.11 2.36±0.85 
Au25 3.67±0.57 7.99±0.94 2.18±0.42 

Au201 2.85±0.39 10.56±0.79 3.71±0.58 
Au640 2.90±0.70 10.73±2.37 3.70±1.21 

Table 3.3. The ratios of gold amount in tumor over that in blood (T/B) at 24 and 48 h post injection 
as well as the value of [T/B(48h)]/[T/B(24h)]. 
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in sharp contrast to the EPR-independent cancer cell targeting of large-sized nanoparticles (10-100 

nm); 4) Au10-11 had longer tumor retention time than other ultrasmall gold nanoparticles due to its 

high cell targeting efficiency and strong interactions with cancer cells. The fundamental studies of 

sub-nm gold nanoclusters in tumors not only enriched our understanding of nanoparticles in tumor 

targeting at the cellular level but also illustrated the important role of sub-nm sized nanoparticles 

in targeting tumors.  
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Abstract 

While both glomerular filtration and renal tubular secretion are key pathways for the kidneys to 

eliminate exogenous substances, glomerular filtration is generally believed the route PEGylated 

molecules utilize to clear through the kidneys. Herein, we report the first observation that 

PEGylated indocyanine green (ICG) with molecular weight (MW) around 3000 Da can be 

eliminated through renal tubular secretion, which is often restricted to small molecules (MW<1000 

Da). This new pathway for ICG elimination is in sharp contrast to the hepatobiliary pathway taken 

by free ICG or glomerular filtration utilized by the low-MW PEG molecules and PEGylated 

IRDye800CW. This unique kidney transport enabled ICG to selectively target primary and 

metastatic renal cancer, which cannot be achieved with any other known ICG formulations. These 

findings highlight the importance of precise control of small molecule kidney transport and open 

a new path to significantly broaden their biomedical applications with simple low-MW 

PEGylation.  
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4.1 Introduction 

Unraveling clearance pathway and transport of exogenous substances is not only fundamentally 

important to understanding physiology at nano scale but also critical to precise control of their 

functionalities and toxicities. As a vital organ for removal of wastes in the body, the kidneys 

generally eliminate small molecules or nanoparticles through two distinct transports1: glomerular 

filtration and renal tubular secretion (Figure 4.1).  Glomerular filtration is a passive, non-specific 

process to eliminate  molecules2,3 and nanoparticles4,5 from glomerular capillaries to Bowman’s 

space as long as their sizes are below the kidney filtration threshold (~6 nm or 40 kDa)6,7. On the 

other hand, the tubular secretion is an active, specific process for removal of small molecules8, 

especially for those with molecular weight (MW) below 1000 Da9, from peritubular capillary to 

proximal tubular lumen with assistance of organic anion/cation transporters. Additionally, tubular 

secretion is able to eliminate protein-bound substances that cannot be filtered by glomerulus, such 

as p-aminohipurate10 and MAG311. While these two clearance pathways in the kidneys have 

distinct transport mechanisms, slight modification on small molecules’ structure would result in 

clearance pathway switching from one to the other in the kidneys. For instance,  6-

carboxyfluorescein12 (MW=376 Da) is cleared through renal tubular secretion, but after being 

conjugated with inulin, it is completely filtered through the glomeruli and has been used as a gold 

standard for quantification of the glomerular filtration rate13.  

          PEG molecules are known to exhibit size-dependent glomerular filtration14,15.  PEG with 

MW of 1500 Da and 4000 Da are known to rapidly clear through the glomerular membranes2,  

whereas longer PEGs in the MW range of 6000-40,000 Da interact with glomerular membrane, 

resulting in slower renal clearance2,16.Because of these,  PEGylation has been a simple and widely 
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used way to tailor the blood retention, clearance kinetics and tumor targeting of small molecules. 

For example, the single attachment of PEG20kDa to indocyanine green (ICG) remarkably 

increased its tumor targeting efficiency to ~11 % ID/g (percentage of injection dose over tumor 

mass) 17. PEGylation with MW below 10 kDa cannot significantly enhanced the blood retention 

of organic molecules. For instance, the single conjugation of PEG2kDa only increased the blood 

retention of drug zidovudine by 1.15 times due to unremarkable change in clearance18; the 

conjugation of four chains PEG2kDa to organic molecules CH1055 yields rapid renal clearance19. 

All these results showed that low MW PEGylation (<10 kDa) is generally incremental to enhance 

or even reduce tumor targeting of small molecules due to their fast glomerular-filtration, compared 

with high MW PEGylation14,17,20-22.  

          Herein, we report a surprising discovery that low-MW PEGylation (<10 kDa) is not limited 

to enhance glomerular filtration of small molecules but can open another kidney clearance 

pathway, renal tubular secretion, for small molecules, which results in significant enhancement in 

their tumor targeting and imaging contrast. In this work, we used two near-infrared (NIR)-emitting 

organic dyes, IRDye800CW and indocyanine green (ICG) as models because they represent two 

different variety of organic molecules. IRDye800CW resists serum protein binding and is 

eliminated through the glomerular filtration into urine while ICG has high affinity to serum protein 

and is rapidly cleared through active hepatobiliary route through the liver into feces3. By 

comparing the effect of low-MW PEGylation on IRDye800CW and ICG in clearance pathways, 

we found a generalizable MW-dependent scaling law originated from PEGylation which dictates 

the renal clearance efficiencies of both organic dyes. Most importantly, we found completely 

distinct kidney transport between PEGylated 800CW and PEGylated ICG that PEGylation 
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rendered ICG to be cleared through active tubular secretion in the kidneys rather than glomerular 

filtration taken by PEGylated IRDye800CW. Consequently, the blood half-life of ICG is increased 

more than 27 times after conjugation of PEG45 (MW=2100 Da), whereas the blood half-life of 

IRDye800CW even decreased 2 times after same PEGylation. The unique kidney transport and 

enhanced blood retention endowed PEGylated ICG to detect primary and metastatic renal cancers, 

the challenge cancer types for passive targeting. These findings highlight the importance of precise 

control of small molecule transport in the kidneys with PEGylation, which open a new path to 

significantly broaden their biomedical applications. 

4.2 Experiment 

4.2.1 Materials and equipment 

PEG samples with average molecular weight of 1100 Da, 2100 Da, 3500 Da, 5000 Da and 10100 

Da were purchased from Sigma-Aldrich (USA). ICG-NHS and IRDye800CW-NHS were 

 

Figure 4.1. Schematic diagrams of glomerular filtration and renal tubular secretion. PTC, 
peritubular capillary, PT, proximal tubule. Yellow arrows indicate the transport of exogenous 
substances. 
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purchased from Intrace Medical (Switzerland) and LI-COR, respectively. Absorption spectra were 

measured by a Virian 50 Bio UV-vis spectrophotometer. Fluorescence spectra were acquired by a 

PTI QuantaMasterTM 30 Fluorescence Spectrophotomer (Birmingham, NJ). 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). Agarose gel 

electrophoresis was carried out by a Bio-Rad Mini-Sub Cell GT system. 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.  

4.2.2 Methods 

Synthesis of 800CW-PEG conjugates 

400 µL, 10 mM PEG molecule in ultrapure water was added into 400 µL, 400 µM IRDye800CW-

NHS in DMSO and the mixture was vortexed for 3 h. Then 800CW-PEG conjugates were purified 

with 2% agarose gel electrophoresis from free 800CW dye and PEG molecules based on their 

different mobility from free 800CW. Meanwhile, the different mobilities in agarose gel proved the 

successful synthesis of 800CW-PEG conjugates. 
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Synthesis of ICG-PEG conjugates 

400 µL, 10 mM PEG molecule in ultrapure water was added into 400 µL, 400 µM ICG-NHS in 

DMSO and the mixture was vortexed for 3 h. Then ICG-PEG conjugates were purified with 

sephadex column from unconjugated ICG and PEG molecule with mobile phase of ultrapure water. 

The different mobilities of ICG, ICG-PEG22, ICG-PEG45 and ICG-PEG220 in sephadex column 

and agarose gel both proved the successful synthesis of ICG-PEG conjugates.  

Serum protein binding test 

To test whether the PEG conjugation will affect the protein binding of ICG or not, free ICG, ICG-

PEG22, ICG-PEG45 and ICG-PEG220 were incubated with either phosphate-buffered saline 

(PBS) or PBS supplemented with 10% (v/v) fetal bovine serum (FBS) at 37 ℃ for 30 min. In order 

to identify the colorless protein band, FBS incubated ICG and ICG-PEGn were stained by 10% 

(v/v) Coomassie Brilliant Blue 250 (CBB 250). All these samples were analyzed using 2% agarose 

gel electrophoresis. In addition to gel electrophoresis, the protein binding of ICG and ICG-PEGn 

also can be tested by quantifying their fluorescence intensity in water and in 100% FBS (same 

concentration, but different solvent). The fluorescence images were taken by Carestream In-vivo 

FX Pro imaging system under 790nm/830nm. The protein binding of 800CW and 800CW-PEGn 

were also tested by quantifying their fluorescence intensity in water and in 100% FBS. The 

fluorescence images were taken by Carestream In-vivo FX Pro imaging system under 

710nm/790nm. 
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Non-invasive fluorescence imaging of body with ICG-PEG conjugates and ex vivo images 

Hair-removed BALB/c mouse (~25 g/mouse) was prone-positioned on imaging stage of 

Carestream In-vivo FX Pro imaging system under 3% isoflurane anesthesia and then intravenously 

injected by 200 µL, 40 µM ICG or ICG-PEG conjugates, following a start of sequential time-series 

imaging collection for 10 min. The fluorescence imaging parameters were set as follow: 

EX760/EM830 nm; 10 sec exposure time; 2×2 binning. At 10 min post injection, liver, kidneys, 

heart, spleen and urine in bladder were harvested and were imaged under EX790/EM830 nm, 10 

sec exposure.  

Renal clearance efficiencies of ICG-PEG conjugates and 800CW-PEG conjugates 

BALB/c mice were intravenously injected with ICG (n=3), ICG-PEG conjugates (n=3 for each 

conjugate), 800CW (n=3), 800CW-PEG conjugates (n=3 for each conjugate), respectively, with 

concentration of 40 µM and injection volume of 200 µL and then placed in metabolism cages. 

Mouse urine from ICG, ICG-PEG22, ICG-PEG45 and ICG-PEG220 were collected at 24 h post 

injection and mouse urine from 800CW, 800CW-PEG22, 800CW-PEG45, 800CW-PEG77, 

800CW-PEG110 and 800CW-PEG220 were collected at 2 h post injection. Then, the urine was 

quantified based on fluorescence and each standard curve of conjugates were built in control urine. 

The renal clearance efficiencies of ZW800-PEG conjugates and fluorescein-PEG conjugates were 

measured with same method. 

Noninvasive fluorescence imaging of kidney with ICG-PEG45 and 800CW-PEG45 

The hair-removed BALB/c mouse was anesthetized using 3% isoflurane and a catheter filled with 

PBS was inserted into the tail vein. The mouse with tail vein catheter was placed in supine position 
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on the imaging stage of Carestream In-vivo FX Pro imaging system, allowing the back to face the 

excitation light and CCD camera. Mouse with the steady breath rate of 10-14 times per 15 sec was 

injected PBS solution of ICG-PEG45 and 800CW-PEG45 (200 µL, 40 µM) and then followed 

sequential time-series imaging (10 sec exposure) collection with EX790/EM830 nm for ICG-

PEG45 and EX710/EM790 nm for 800CW-PEG45.  

Kidney and tumor tissue slides images with optical microcopy 

BALB/c mice were sacrificed at 5 min, 10 min and 1 h after intravenous administration of 200 µL, 

400 µM of ICG-PEG45. And other BALB/c mice were sacrificed at 5 min and 1 h after intravenous 

administration of 200 µL, 400 µM of 800CW-PEG45. The kidneys were then collected and fixed 

immediately in 10% neutral buffered formalin, followed by standard dehydration and paraffin 

embedding. The embedded tissues were then sectioned into 4 µm slices and H&E stained. The 

final slides were visualized under Olympus IX-71 fluorescence microscope. The filters used for 

ICG-PEG45 are EX775/EM845 and dichroic mirror 810 nm. The filters use for 800CW-PEG45 

are EX747/EM780LP and dichroic mirror 776 nm. Tumors were processed with the same method.  

Probenecid inhibition studies 

BALB/c mice were pre-treated by intraperitoneal injection of 200 mg/kg probenecid and control 

group were treated by PBS. After 30 min, ICG-PEG45, 800CW-PEG45 and FITC-inulin were 

intravenously injected into control group of mice and probenecid-treated mice, respectively, n=3 

for each group. The mice were anesthetized under 3% isoflurane for 30 min under steady breath 

rate of 7-8 times per 15 sec. After 30 min, the urine was collected from bladder and quantified by 

fluorescence. 
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Pharmacokinetics studies 

BALB/c mice (n=3 for each molecule) were intravenously injected with ICG, ICG-PEG45, 

800CW and 800CW-PEG45 with concentration of 40 µM, 200 µL, respectively. Then, ~30 µL 

blood samples were collected from retro-orbital at 2, 5, 10, 30 min, 1, 3, 5, 8, 10, 24 h post 

injections. The blood samples were weighted and completely lysed in freshly made lysis buffer 

and then quantified based on fluorescence. Each standard curve of molecule was built in control 

blood. 

Primary tumor imaging studies 

Tumor implantation: the human breast cancer cell line MCF-7 (purchased from ATCC company) 

was cultured in Minimum Essential Medium (MEM) with 10% (v/v) fetal bovine serum (FBS) and 

1% (v/v) penicillin-streptomycin at 37 ℃ in humidified atmosphere containing 5% CO2. The cell 

suspension in MEM with 10% (v/v) FBS was then mixed with matrix gel with the volume ratio of 

MEM to matrix gel 2:1. 100 µL (1×106 cells) prepared cell suspension was injected upper near the 

mammary fat pad area of the nude mouse. The tumors grew ~2 weeks and reached a ~6-8 mm size 

before the study. Triple-negative breast cancer cell 4T1 was implanted into BABL/c mice by same 

method with MCF-7 implantation. ICG, ICG-PEG45, 800CW-PEG45 and other conjugates with 

concentration of 200 µL, 40 µM were intravenously injected to tumor-bearing mice (n=3), 

respectively. Then, tumor-bearing mice were imaged by Carestream In-vivo FX Pro imaging 

system at time points of 10 min, 1 h, 5 h, 8 h, 12 h, 24 h, 48 h, 72 h, 96 h, 120 h, 144 h and 168 h 

after injections of organic dyes. ICG and ICG-PEG conjugates were imaged under EX790/EM830 

nm, 10 sec exposure time. 800CW-PEG45 were imaged under EX710/EM790 nm, 10 sec exposure 

time.  
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Cellular uptake of ICG, ICG-PEG45 

Cellular imaging of ICG and ICG-PEG45: MCF-7 cells were seeded in peri-dish and allowed to 

adhere and grow for ~48 h. 40 µM ICG and ICG-PEG45 dissolved in DMEM were added to above 

peri-dish, respectively, with incubation time of 4 h. The cells were rinsed with PBS and nucleus 

were stained by Hoechst before imaging. Bright field and fluorescence images of live cell were 

obtained by Olympus IX-71 fluorescence microscope with ICG channel of EX775/EM845.  

Cellular uptake efficiencies of ICG and ICG-PEG45: MCF-7 cells were seeded in each well of two 

6-well cell culture plates (n=4) at a density of 105 cells/well. All cell plates were incubated 36 h 

for cell attachment. 40 µM ICG and ICG-PEG45 dissolved in DMEM were added in each plate 

with incubation time of 12 h. At 12 h, cell medium was removed and washed carefully with PBS 

three times to remove uninternalized ICG and ICG-PEG45, then cells in each well were trypsinized 

and collected in separate plastic tubes. The cell number in each tube was counted by a 

hemocytometer and ICG, ICG-PEG45 were quantified by fluorescence. Standard curves were built 

in blank cells. 

RCC and metastatic tumor imaging studies 

Orthotopic model (i.e., sponge model): orthotopic model was established by performing unilateral 

renal implantation23. Briefly, the procedures were performed by a 1.0-cm dorsal incision using 6-

8 weeks old NOD/SCID mouse. The cell suspension (1-2×106 cells) mixed with Gelfoam 

®(Ethicon, Somerville, NJ) was implanted into subcapsular space of the left kidney with a 

capillary tube. Tumor growth was monitored by Bioluminescent imaging using IVIS® Spectrum 

(PerkinElmer, Waltham, MA). PDX (patients derived xenograft) model was used frozen RCC-

PDX tissue samples (20-30 mm3) from UT Southwestern Kidney Cancer and SPORE program. 
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Tissues were surgically implanted into left kidney of 6-8 weeks-old male NOD/SCID mice as 

previously described24. Metastatic tumor models were established by intravenously injection of 

RCC cells through tail vein into 6-8 weeks-old male NOD/SCID mice. Tumors were monitored 

by Bioluminescent imaging. All experimental procedures were approved by the Institutional 

Animal Care and Use Committee. When above tumors were ready, 40 µM, 200 µL ICG-PEG45 

were intravenously injected into mice. Normal right kidney and left kidney with RCC were 

collected and imaged at 24 h (orthotopic model), 68 h (PDX) after injection. Metastatic tumors 

were collected and imaged at 24 h after injection of ICG-PEG45.  

Statistical analysis 

Error bars are reported as mean ± s.d. The differences between groups were compared by analysis 

of Student’s t-test. P-value <0.05 was considered to be statistically significant. N.S. means no 

significant difference with p value>0.05. Investigators conducting the experiments were not 

blinded. 

4.3 Results and Discussion  

4.3.1 Conjugation and characterization 

The synthesis of IRDye800CW-PEGn (abbreviated as 800CW-PEGn, n represents the number of 

repeat ethylene oxide) including 800CW (1.091 kDa), 800CW-PEG22 (2.151 kDa), 800CW-

PEG45 (3.151 kDa) 800CW-PEG77 (4.551 kDa), 800CW-PEG110 (6.051 kDa) and 800CW-

PEG220 (11.151 kDa) as well as ICG-PEGn, including ICG (0.775 kDa), ICG-PEG22 (1.810 kDa), 

ICG-PEG45 (2.823 kDa) and ICG-PEG220 (10.810 kDa), were readily achieved through the 

reaction between the NHS group of activated 800CW or activated ICG and the amine group of 
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PEG molecules (Figure 4.2). For 800CW-PEGn, unreacted IRDye800CW and PEGn were 

removed by agarose gel electrophoresis based on their size difference, which also reflect the 

successful synthesis of each conjugate (Figure 4.3). The obtained 800CW-PEGn have the same 

absorption and emission spectra as free IRDye800CW (Figure 4.4) and resist protein binding 

(Figure 4.5). For ICG-PEGn, unreacted ICG and PEGn were removed by sephadex-based gel 

filtration based on their differences in hydrophobicity and size. The success of synthesis was also 

confirmed by gel electrophoresis (Figure 4.6). ICG-PEGn also exhibit the same absorption and 

photoluminescence properties as ICG (Figure 4.7), which will help us conduct follow-up studies, 

such as in vivo imaging and quantitative analysis. While ICG is known to strongly bind proteins, 

PEGylation reduces its protein affinity and the longer PEG molecule grants ICG more resistance 

to serum proteins (Figure 4.8). ICG-PEG22 and ICG-PEG45 still weakly and temporarily bind 

proteins while ICG-PEG220 can totally resist protein interaction. The differences in the 

interactions of ICG-PEGn with protein are also consistent with the observation of luminescence 

responses to the protein (Figure 4.9). The successful synthesis and near-infrared luminescent 

properties of 800CW-PEGn and ICG-PEGn allowed us to further investigate how the body 

responds to the subtle differences in the MW of ultrasmall soft materials in the low molecular 

weight regime.  
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Figure 4.2. Synthesis of 800CW-PEGn and ICG-PEGn. a. The reaction of 800CW NHS and 
PEG as well as information table of 800CW, 800CW-PEG22, 800CW-PEG45, 800CW-
PEG77, 800CW-PEG110 and 800CW-PEG220. b. The reaction of ICG NHS and PEG as well 
as information table of ICG, ICG-PEG22, ICG-PEG45 and ICG-PEG220. 
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Figure 4.3. Mobility of 800CW and 800CW-PEG conjugates in 2% agarose gel. High 
molecular weight conjugates move slower than low molecular weight ones. 
 

 
 

Figure 4.4. UV-vis absorption and fluorescence spectra of 800CW and 800CW-PEGn. 
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Figure 4.5. Protein binding test of 800CW and 800CW-PEGn by quantifying their fluorescence 
intensity change in water and in serum. a. Fluorescent images of 800CW and 800CW-PEG 
conjugates in water and in 100% fetal bovine serum (FBS) (same dye concentration). b. The 
ratio of sum intensity in FBS over that in water of 800CW and 800CW-PEG conjugates. All 
values of ratio were near 1, indicating that both 800CW and 800CW-PEG conjugates resisted 
protein binding.  
 

 

 

                                                                                                       
Figure 4.6. Mobility of ICG-ICG-PEGn in 2% agarose gel. 
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Figure 4.7. UV-vis absorption and fluorescence spectra of ICG and ICG-PEGn. 
 

 

 

Figure 4.8. Serum protein binding test of ICG and ICG-PEGn by agarose gel electrophoresis.  
ICG (a), ICG-PEG22 (b), ICG-PEG45 (a) and ICG-PEG220 (b) in 10% fetal bovine serum 
(FBS) were incubated under 37 ºC water bath for 30 min. Coomassie brilliant blue 250 (CBB) 
was used to stain FBS. Color pictures of CBB-stained protein were inserted. ICG completely 
binds protein, while conjugation of PEG molecules reduces its protein binding affinity and 
longer PEG molecule grants ICG more resistance to serum proteins. 
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4.3.2 Molecular weight scaling law in renal clearance 

Firstly, we investigated whether the kidneys can differentiate the subtle differences in molecular 

weight among these ultrasmall PEGylated organic dyes. By systematically quantifying the renal 

clearance efficiencies of 800CW, 800CW-PEG22, 800CW-PEG45 800CW-PEG77, 800CW-

PEG110 and 800CW-PEG220 at 2 h post intravenous injection (p.i.), we surprisingly found that 

only ~1 kDa difference in the MW of PEGylation can result in distinct renal clearance efficiency: 

once a PEG ligand is smaller than PEG45, smaller conjugates are eliminated more slowly; 

however, once the PEG ligand is larger than PEG45, smaller ones are cleared faster into urine 

(Figure 4.10). The addition of PEG45 significantly reduced the affinity of IRDye800CW to 

 

Figure 4.9. Intensity change of ICG and ICG-PEGn in FBS. a. Fluorescence intensity of ICG, 
ICG-PEG22, ICG-PEG45 and ICG-PEG220 in water and in 100% fetal bovine serum (FBS) 
(same dye concentration). b. The ratio of sum intensity in FBS over that in water of ICG, ICG-
PEG22, ICG-PEG45 and ICG-PEG220. The ratio decreased with the increase of molecular 
weight of PEG, indicating that the protein binding of ICG is gradually decreasing with the 
increase of molecular weight of conjugated PEG molecules.  
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background tissue (Figure 4.11), which could be the reason why 800CW-PEG45 cleared fast into 

urine. In addition to IRDye800CW, PEG45 also behaves as a turning point for another two renal 

clearable dyes (fluorescein and ZW8003) and shows similar MW-dependent scaling law in terms 

of renal clearance (Figure 4.12). This data elucidated the high sensitivity and unique responses of 

the body to low molecular weight PEGylated renal clearable organic dyes. 

 

 

 

 

 

 
Figure 4.10. Clearance percentage of 800CW and 800CW-PEGn in urine at 2 h post 
intravenous injection. n=3. PEG45, as a turning point, splits the results of renal clearance of 
800CW-PEGn into two sections.  
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Figure 4.11. The affinity test of 800CW and 800CW-PEG45 with background tissue. The in 
vivo fluorescent images of mice injected with 800CW and 800CW-PEG45 through intra-
muscle route. The conjugation of PEG45 dramatically reduced the affinity of 800CW with 
background tissue. 

 

Figure 4.12. Renal clearance efficiency of PEGylated renal clearable organic dyes. a. Renal 
clearance efficiencies of ZW800-1, ZW800-1-PEG45 and ZW800-1-PEG220 at 2 h post 
intravenous injection. b. Renal clearance efficiencies of fluorescein (FL)-PEG22, FL-PEG45 
and FL-PEG220 at 2 h post intravenous injection. 
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          Aside from 800CW-PEGn, the molecular weight scaling law in renal clearance was also 

observed in ICG-PEGn even though the free ICG clears out of the body through hepatobiliary 

clearance. Upon intravenous injection, ICG was rapidly transported into the liver, leading to little 

accumulation in the kidneys and undetectable signal in urine, but we found that PEGylation was 

able to switch the elimination pathway of ICG from hepatic clearance to kidney elimination 

(Figure 4.13a). Ex vivo fluorescence imaging studies of the liver, kidney and urine obtained from 

mice after being injected with ICG, ICG-PEG22, ICG-PEG45 and ICG-PEG220 at 10 min p.i. 

show that the signal of ICG-PEG22 and ICG-PEG220 from kidneys and liver are comparable while 

the signal of ICG-PEG45 from kidneys are higher than liver (Figure 4.13a). This data suggests that 

PEG45 delivered more ICG into the kidneys than PEG22 and PEG220 within the same periods of 

time. As a result, the signal of ICG-PEG45 from urine at 10 min p.i. is higher than that of ICG, 

ICG-PEG22 and ICG-PEG220. These results clearly showed that PEGylation can gradually switch 

the clearance pathway of ICG from the liver to the kidneys, which could be ascribed to their 

different serum protein binding efficiency. 

          To gain more quantitative clearance efficiencies of ICG and ICG-PEGn, the feces and urine 

were collected within 24 hours from the mice treated by ICG, ICG-PEG22, ICG-PEG45 and ICG-

PEG220, respectively.  Although free ICG is known to be rapidly taken up by the liver, the amount 

of ICG in feces decreases with the increase of PEG MW: 85.3% ID of free ICG was found in feces, 

which is 3.2 times, 29.8 times and 275.2 times higher than ICG-PEG22 (26.5% ID), ICG-PEG45 

(2.9% ID) and ICG-PEG220 (0.31% ID), respectively (Figure 4.13b). On the other hand, free ICG 

is undetectable in urine but 28.9% of injection dose (ID) of ICG-PEG22, 92.9% ID of ICG-PEG45 

and 44.9% ID of ICG-PEG220 were found in urine, showing the uniqueness of PEG45 for ICG in 
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terms of renal clearance, consistent with 800CW-PEGn. The MW-dependent scaling law observed 

from the renal clearance of both ICG-PEGn and 800CW-PEGn highlighted the generalizability in 

the body’s precise responses to subtle differences in low-MW PEGylation, which is consistent 

with our previous observation from ultrasmall gold nanoparticles with just few-atom differences 

in size5.  

 

 

 

Figure 4.13. Clearance efficiency of ICG-PEGn. a. Real-time in vivo imaging of ICG and ICG-
PEG22, ICG-PEG45 and ICG-PEG220 within 10 min post injection and ex vivo images of 
harvested liver, kidneys, heart, spleen and urine collected from bladder at 10 min post 
intravenous injections (Ex/Em filters: 790/830 nm). b. Clearance percentage of ICG, ICG-
PEG22, ICG-PEG45 and ICG-PEG220 in feces and urine at 24 h post injections. n=3. PEG45 
also behaved as a turning point in terms of renal clearance of ICG-PEGn. 
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4.3.3 Same PEGylation results in two distinct transport 

The uniqueness of PEG45 found in MW scaling law inspired us to further investigate the transport 

of 800CW-PEG45 and ICG-PEG45 in the kidneys. By noninvasively and fluorescently imaging 

the kidneys of mice injected with 800CW-PEG45 or ICG-PEG45 at different times post injection 

(Figure 4.14a), we obtained distinct time-dependent fluorescence intensity curves between them 

(Figure 4.14b). The 800CW-PEG45 signal in the kidneys reached its highest peak at ~2 min, 

followed by a rapid decrease within 30 min. In contrast, the fluorescent signal of ICG-PEG45 in 

the kidneys reached its maximum at ~5 min p.i. and no fluorescence intensity decay was observed 

in the following 30 min time period. This plateau was still observed even after the injection dose 

of ICG-PEG45 was 10 times reduced (Figure 4.15a). However, the plateau of ICG-PEG45 in the 

kidneys gradually disappeared after one hour and was followed by a descending phase (Figure 

4.15b). This data implied the different transport of 800CW-PEG45 and ICG-PEG45 in the kidneys. 

To unravel the origin of the observed differences in kidney transport between these two organic 

dyes, we harvested the kidneys from the mice injected with 800CW-PEG45 and ICG-PEG45, 

respectively, at 5 min and 1 h p.i. for H&E staining to locate their distribution in the kidneys at 

tissue level. As shown in Figure 4.16a, the distribution of 800CW-PEG45 and ICG-PEG45 in each 

compartment of the kidneys is remarkable different. The fluorescence signals of 800CW-PEG45 

in the glomerulus and proximal tubular lumen were clearly detected at 5 min p.i., indicating that 

800CW-PEG45 is being filtered through the glomerulus and into the tubular lumen. The rapid 

renal clearance of 800CW-PEG45 resulted in a very weak signal from the kidneys at 1 h p.i.. In 

contrast, at 5 min, the fluorescent signals of ICG-PEG45 from the glomerulus and proximal tubular 

lumen were much weaker than that from the peritubular space. After one hour, the glomerulus’ 
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fluorescent signal remained dark, but the tubular lumen’s signal became stronger and more 

obvious, indicating that ICG-PEG45 had been transported into the tubular space from peritubular 

capillaries. These results implied that 800CW-PEG45 was filtered into urine through the glomeruli 

but ICG-PEG45 was cleared through tubular secretion route in the kidneys by crossing the 

peritubular capillary (PTC) into the tubularinterstitum (TI) and finally into the proximal tubular 

lumen (Figure 4.16b). 

 

Figure 4.14. Non-invasively kidney Imaging. a. Real-time noninvasive kidney imaging before 
and after intravenous injection of 800CW-PEG45 (Ex/Em filters: 720/790 nm) and ICG-
PEG45 (Ex/Em filters: 790/830 nm). b. Time-fluorescence intensity curves of two kidneys and 
background skin within 30 min post injection of 800CW-PEG45 (i) and ICG-PEG45 (ii). 
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Figure 4.15. Kidney imaging of ICG-PEG45 with low injection dose and long-term imaging. 
a. Bright filed (BF) and fluorescence images at 1 min, 10 min and 30 min post intravenous 
injection of 4 µM ICG-PEG45. The 4 µM is 10 times lower than the dose used for ICG-PEG45 
kidney imaging in Figure 4.14. The skin on the back side was removed in order to clearly 
monitor the fluorescence signals from kidneys. b. Kinetics of right kidney and left kidney over 
time. LK, left kidney. RK, right kidney. c. Long-term non-invasive kidney imaging of ICG-
PEG45 with injection dose of 40 µM. d. Kinetics curves of right kidney, left kidney and skin 
over time. 
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Figure 4.16. Distribution of 800CW-PEG45 and ICG-PEG45 in kidney. a. Fluorescent images 
of glomerulus and tubules at tissue level at 5 min and 1 h post injection of 800CW-PEG45 and 
ICG-PEG45. G, glomerulus, PT, proximal tubule. Kidney tissue was stained by Hematoxylin 
and Eosin (H&E) stain. Fluorescence images were taken at 775/845 nm for ICG-PEG45, 
720/790 nm for 800CW-PEG45. Scalar bar is 20 µm. The intensity curve of ICG-PEG45 at 5 
min p.i. from peritubular space to tubular lumen was plotted. b. The schematic diagrams of 
glomerular filtration of 800CW-PEG45 and renal secretion of ICG-PEG45 in the kidneys. G, 
glomerulus, PTC, proximal tubular capillary, PT, proximal tubule, TI, tubularinterstitum. 
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          To further confirm the mechanism of renal secretion of ICG-PEG45, we treated the mice 

with probenecid, an organic anion transporter inhibitor, to inhibit the renal basolateral uptake 

process without alteration of glomerular filtration (Figure 4.17). As shown in Figure 4.18, the 

administration of probenecid significantly reduced the renal clearance efficiency of ICG-PEG45 

at 30 min p.i. but did not influence the clearance of 800CW-PEG45, further proving the 

involvement of renal secretion in the renal clearance of ICG-PEG45 and glomerular filtration for 

800CW-PEG45. The different kidney transport between 800CW-PEG45 and ICG-PEG45 is 

closely related to the inherent properties of the parent molecules since IRDye800CW has no 

specific interactions with the body and can be filtered through glomeruli, whereas ICG is known 

to bind to a variety of organic anion transporters25. The observed change in elimination pathways 

of ICG (from hepatic clearance to renal secretion) after conjugation of PEG45 potentially implied 

that PEG45 enhanced its affinity to organic anion transporters in the kidneys while reduced its 

affinity to those in the liver. These findings greatly advance our understanding of low-MW 

PEGylation effect on renal clearance of organic dyes in the perspective of mechanism.  

 

Figure 4.17. The effect of probenecid on the renal clearance efficiency of FITC-inulin. n=3. 
N.S. means no significant difference based on Student-t test, P>0.05. 
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4.3.4 Same PEGylation results in two distinct blood retention and tumor targeting 

The same PEGylation not only resulted in significant differences in the kidney elimination 

pathways between these two different organic dyes but also had significant impacts on their blood 

retention and tumor targeting. Pharmacokinetics studies of IRDye800CW and 800CW-PEG45 

(Figure 4.19a) showed that the elimination half-life and area under the pharmacokinetics curve 

(AUC) of IRDye800CW were changed from 4.03 min to 2.57 min and 188.6 min●%ID/g to 31.4 

min●%ID/g after conjugation of PEG45, respectively (Figure 4.19b). In contrast, the conjugation 

of PEG45 to ICG dramatically prolonged the blood retention of ICG (Figure 4.19c), with 

elimination half-life of 72.96±19.23 min, ~27 times higher than free ICG (2.66±1.81 min) and 

 

 
Figure 4.18. The effect of probenecid treatment on renal clearance. The renal clearance 
efficiencies of ICG-PEG45 and 800CW-PEG45 at 30 min post injection under control 
condition and probenecid-treated condition. n=3. * represents statistically different based on 
student t-test, P<0.05. N.S. represents no significant difference based on student-test, P>0.05. 
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with ~8 times AUC enhancement from 235 min●%ID/g to 3421 min●%ID/g after PEG45 

conjugation (Figure 4.19d). The observed prolonged blood retention of ICG after being conjugated 

with PEG45 is fundamentally related to the changes in the elimination pathways of ICG. Free ICG 

is rapidly taken up by the liver after binding to serum protein26. However, the conjugation of 

PEG45 significantly reduced the binding affinity of ICG to serum protein and allowed ICG to 

 

Figure 4.19. Pharmacokinetics. a. Pharmacokinetics of free IRDye800CW (800CW) and 
800CW-PEG45, n=3. Elimination half-lives were calculated. b. Area under the 
pharmacokinetics curve (AUC) of 800CW and 800CW-PEG45. * represents statistically 
different based on student t-test, P<0.05. c. Pharmacokinetics of ICG and ICG-PEG45, n=3. 
Elimination half-lives were calculated. d. AUC of ICG and ICG-PEG45. * represents 
statistically different based on student t-test, P<0.05.  
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circumvent the rapid liver uptake and to be retained in the blood stream before being eliminated 

through tubular secretion. 

          Significant increment in the blood retention of ICG after PEG45 conjugation greatly 

enhanced ICG targeting to breast tumors. By conducting a head-to-head comparison of ICG and 

ICG-PEG45 in real-time imaging of MCF-7 tumors in a subcutaneous xenograft (Figure 4.20), we 

found that ICG-PEG45 not only enabled the tumor visualization at a contrast index higher than 4 

but also retained the high imaging contrast for at least 4 days even though the cellular uptake 

efficiency of ICG-PEG45 is nearly 10 times lower than that of free ICG (Figure 4.21),  indicating 

that the tumor targeting of ICG after PEG45 conjugation was largely dictated by its in vivo 

transport rather than its cellular interactions. 

 

 
Figure 4.20. Real-time in vivo images of mice bearing MCF-7 tumor after injection of ICG and 
ICG-PEG45, respectively. Ex/Em: 790/830 nm. Tumor sites were pointed out by arrow or 
triangle. 
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          Not limited to visualization of MCF-7 tumor model, ICG-PEG45 also readily detected triple-

negative 4T1 breast cancer. As shown in Figure 4.22a and 4.22b, imaging contrast of 4T1 breast 

tumor can be retained above a contrast index of 6 for at least 4 days and a 2.5 contrast index for 

more than 6 days. Such high fluorescence contrast index of the tumor fundamentally arises from 

two unique reasons involving transport and interactions of ICG-PEG45 within the tumor. The first 

reason is that the clearance of ICG-PEG45 in background tissue is much faster than it is in tumor. 

As shown in Figure 4.22c, the decay half-life of ICG-PEG45 in the tumor is 98.36±20.02 h, which 

is ~2 times longer than that in background tissue (47.03±6.81 h). The second reason is that ICG-

PEG45 was found to be readily taken up by the cells in the tumor (Figure 4.22d), which slows 

down its clearance from the tumor microenvironment. The unique in vivo transport and 

interactions of ICG-PEG45 in the tumor microenvironment and background tissue are responsible 

for its high imaging contrast for a long period of time.  

 

Figure 4.21. Cellular uptake of ICG and ICG-PEG45. a. Location of ICG and ICG-PEG45 in 
MCF-7 cells after 4 h incubation. Nuclei were stained by Hoechst. BF, bright field. Scale bar 
is 20 µm. b. MCF-7 cellular uptake efficiencies of ICG and ICG-PEG45 with incubation time 
of 12 h. The conjugation of PEG45 to ICG reduced its cellular uptake efficiency for ~10 times. 
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          Under the same conditions, we also investigated how PEG45 conjugation impacted the 

primary breast tumor (4T1) detection of IRDye800CW (Figure 4.23) and found that the tumor 

 

Figure 4.22. 4T1 tumor imaging by ICG-PEG45. a. Real-time in vivo images of mice bearing 
triple-negative 4T1 tumor after injection of ICG-PEG45. BF, bright field. Tumor sites were 
pointed out by arrow or triangle. b. Tumor contrast index of ICG-PEG45 in mice bearing 4T1 
tumors. Tumor contrast index was calculated by the ratio of intensity from tumor site over that 
from background tissue. The dotted line represents contrast index threshold (CI=2.5). The CI 
of ICG-PEG45 reached 2.5 at 3 h. c. Time-fluorescence curves of ICG-PEG45 in tumors site 
(4T1) and background tissue. Decay half-lives of ICG-PEG45 in tumor sites and background 
tissue sites were calculated. T, tumor site, B, background tissue. d. The distribution of ICG-
PEG45 in tumor tissue at 24 h post injection. Tumor tisue was H&E stained. Fluorescence 
images were taken at EX775/EM845 nm. Scalar bar is 20 µm.  
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contrast index of 800CW-PEG45 was only ~2, which is ~3 times lower than that of ICG-PEG45, 

largely owning to the significant reduction in the blood retention of IRDye800CW after PEG45 

conjugation. In addition, we also investigated how two other low-MW PEG, PEG22 and PEG220, 

 

 
Figure 4.23. 800CW-PEG45 imaging of 4T1 breast tumor. a. Tumor images at different time 
after intravenous injection of 800CW-PEG45. A different intensity scale was adopted for 1 h 
image due to high intensity from the bladder. BF, bright field. Triangle in yellow indicates 
tumor sites. b. Time-fluorescence curves of tumors and background tissue. c. Decay half-lives 
of 800CW-PEG45 in tumor and background tissue. n=3. N.S. means no significant difference 
based on Student t-test, P>0.05. d. Tumor contrast index of 800CW-PEG45 in mice bearing 
4T1 mice. Tumor contrast index was calculated by the ratio of intensity from tumor site over 
that from background tissue. For comparison, the tumor (4T1) contrast index of ICG-PEG45 
was included in this figure.  
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impacted tumor detection of ICG. By conducting the whole body imaging of mice bearing 4T1 

tumor at 24 h after injection of ICG-PEG22, ICG-PEG220, respectively and comparing with ICG-

PEG45, we discovered that the in vivo tumor contrast index of ICG-PEG22 and ICG-PEG220 are 

 

Figure 4.24. Tumor (4T1) imaging of ICG-PEG22, ICG-PEG45 and ICG-PEG220 at 24 h p.i.. 
a, Whole body images were taken at 24 h post intravenous injection of ICG-PEG22, ICG-
PEG45 and ICG-PEG220, respectively. At 24 h post injection. heart (He), lung (Lu), kidneys 
(Kid), spleen (Spl), muscle (Mus), tumor (Tu), liver (Liv) and brain (Bra) were harvested for 
ex vivo images. All fluorescence images were taken under EX790/EM830 nm, 10 sec exposure 
time. Contrast index for each ICG-PEG conjugate was calculated. n=3. Ex vivo images of 
organs allowed us to calculate the intensity ratio of organs to muscle. Particularly, the ratio of 
tumor over muscle is 7.24, 13.03 and 10.27 for ICG-PEG22, ICG-PEG45 and ICG-PEG220, 
respectively. b, The in vivo tumor contrast index and ex vivo ratio of tumor over muscle. 
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3.24±0.76 and 3.25±0.80, respectively, which are both lower than that of ICG-PEG45 (4.04±0.20) 

at 24 h p.i. (Figure 4.24a). Moreover, the intensity ratios of harvested tumor to muscle of ICG- 

PEG22 (7.24±2.82) and ICG-PEG220 (10.27±0.62) were also lower than that of ICG-PEG45 

(13.03±1.91). These results implied that PEG45 is also the optimum MW in the sub-10 kDa regime 

of PEG for ICG to effectively detect tumors (Figure 4.24b). Not limited to 24 h, ICG-PEG220 still 

showed a lower contrast index than ICG-PEG45 did for an even longer periods of time even though 

it has longer blood retention than ICG-PEG45 (Figure 4.25), which was mainly due to ICG-

PEG45’s faster clearance from background tissue than ICG-PEG220.   

   

 

 

 
Figure 4.25. Comparison of ICG-PEG45 with ICG-PEG220 in pharmacokinetics and tumor 
contrast index. a. Comparison of ICG-PEG45 and ICG-PEG220 in pharmacokinetics. Area 
under the curve (AUC) of ICG-PEG220 is ~2 times higher than ICG-PEG45, indicating longer 
circulation of ICG-PEG220 in blood than ICG-PEG45. b. Comparison of ICG-PEG45 and 
ICG-PEG220 in tumor (MCF-7) contrast index over time.   
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4.3.5 Detection of primary RCC and its metastases 

Efficient targeting and high-contrast fluorescence imaging of ICG-PEG45 in the detection of 

primary breast tumor inspired us to further investigate whether ICG-PEG45 can be used to tackle 

long-standing challenges in the fluorescence cancer imaging. It has been documented that ICG and 

some ICG-incorporating nanoparticles have been extensively used in the fluorescence imaging of 

hepatocellular carcinoma (HCC) and HCC-associated extrahepatic metastases27 as well as other 

cancer types28 (such as breast tumor, pancreatic carcinoma, brain tumors). However, hundreds of 

clinical cases showed that ICG fails to positively detect renal cell carcinoma (RCC) due to its rapid 

liver uptake and nonspecific accumulation in normal renal parenchyma29,30. To test whether ICG-

PEG45 could positively light up renal cell carcinoma, patient-derived xenograft (PDX) clear cell 

RCC (ccRCC), the most popular type of renal cell carcinoma, were implanted into the kidneys of 

mice, which later was treated by ICG-PEG45 through intravenous injection. Our results showed 

that ICG-PEG45 is not only capable to light up the primary ccRCC, but also showed the 

hyperfluorescent contrast (the signal from RCC is higher than that from surrounding kidney tissue) 

(Figure 4.26a). By investigating the distribution of ICG-PEG45 at tissue level, we found that ICG-

PEG45 majorly localized in cancerous tissue and has been taken up by cancer cells, showing the 

preferability of ICG-PEG45 to accumulate in RCC.  Such selective targeting to primary RCC has 

never been achieved with any other ICG formulation. For example, a transistor-like pH 

nanoprobe31 can detect a variety of malignant tumors but it failed to fluorescently distinguish the 

RCC and surrounding normal kidney tissue, resulting in isofluorescent contrast.  Although one 

active targeting probe, 111In-DOTA-girentuximab-IRDye800CW32 has been proved to 

hyperfluorescently light up primary ccRCC but it is only limited to ccRCCs, which express 
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carbonic anhydrase IX (CAIX), and failed to target other types of RCC with low level expression 

of CAIX, such as papillary RCC. However, as shown in Figure 4.26b, ICG-PEG45 also 

successfully targets the papillary RCC with positive contrast, indicating that such simple ICG-

PEG45 could hyperfluorescently detect multiple models of RCC and showing advantages over 

 

 
Figure 4.26. Fluorescence detection of renal cell carcinoma (RCC). a. Ex vivo images of 
cancerous kidney with patient-derived xenograft (PDX) clear cell RCC (ccRCC) and 
contralateral kidney without RCC at 68 h post injection of ICG-PEG45 and fluorescence 
imaging of tissue level after H&E staining. BF, bright field. Fl, fluorescence from ICG-PEG45. 
The dot line represents the margin between normal kidney tissue and ccRCC. b. Ex vivo images 
of cancerous kidney with papillary RCC and contralateral kidney without RCC at 24 h post 
intravenous injection of ICG-PEG45. c. Ex vivo fluorescent images of kidneys with RCC and 
without RCC after injection of ICG and 800CW-PEG45, respectively, at 24 h. BF, bright filed. 
Fl, fluorescence. RCC, renal cell carcinoma. d. Comparison of RCC contrast index among ICG-
PEG45, free ICG and 800CW-PEG45. 
 
 



 

122 

current active targeting probes. The specificity of ICG-PEG45 for hyperfluorescent contrast of 

RCC with the higher signal from cancerous tissue over surrounding normal kidney tissue 

fundamentally arise from its unique renal tubular secretion pathway, which prolonged its blood 

retention in the kidneys. In comparison, the free ICG and 800CW-PEG45 both failed to light up 

RCC (Figure 4.26c), with the contrast index of 0.95 and 0.33, respectively, which is 1.59 times 

and 4.58 times lower than that of ICG-PEG45 (Figure 4.26d), clearly showing the uniqueness of 

ICG-PEG5 in detecting RCC.  

          Not limited to primary RCC in kidney tissue, we also found that ICG-PEG45 can 

successfully detect RCC metastases in other areas of the body. As shown in Figure 4.27a, the 

metastatic tumors near the spine and brain confirmed by bioluminescence can be detected by ICG-

PEG45. More importantly, very small tumor nodules in the bones of limbs, which cannot be 

detected with bioluminescence but confirmed by H&E pathology images, were also readily picked 

up by the fluorescence of ICG-PEG45 (Figure 4.27b). These results clearly showed that low-MW 

PEG45 endowed ICG a new functionality in detection of RCC and its metastases with positive 

contrast and high specificity, which are hard to be achieved by free ICG and other ICG 

formulations.  
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Figure 4.27. Fluorescence detection of RCC-associated metastasis. a. i) In vivo noninvasive 
bioluminescence images and fluorescence images of mice bearing RCC metastatic tumors at 
24 h after injection ICG-PEG45. BLI, bioluminescence images. Fl, fluorescence. R, right, L, 
left. ii) Ex vivo images of tumor near spine and brain at 24 h post injection of ICG-PEG45. 
BLI, bioluminescence images. Fl, fluorescence. iii) Ex vivo images of upper limbs and lower 
limbs at 24 h post injection of ICG-PEG45. BLI, bioluminescence images. Fl, fluorescence. b. 
i) In vivo noninvasive images of other mice bearing RCC metastatic tumors at 24 h post 
injection of ICG-PEG45. ii) Ex vivo FL images of lower limbs and upper limbs (with and 
without muscle) and color images (without muscle) at 24 h post injection of ICG-PEG45 as 
well as H&E pathology images.  
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4.4 Conclusion 

      In summary, by systematically investigating in vivo transport of two representative organic 

dyes, IRDye 800CW and ICG conjugated with a series of low-MW PEG molecules (<10,000 Da), 

we found that 1000 Da difference in length of PEG molecules can induce significant changes to 

parent dyes in their clearance and tumor targeting, clearly indicating  the sensitive responses of the 

body to seemingly trivial differences among ultrasmall soft materials. The observation of MW-

dependent scaling law in renal clearance of PEGylated dyes showed that there is an optimized MW 

of PEG (PEG45) for small molecules to achieve the most efficient renal clearance, which further 

emphasized the necessities of precise control of PEGylation length in tuning clearance. Moreover, 

we report the first observation that ~3000 Da ICG-PEG can be eliminated through the active renal 

tubular secretion even though tubular secretion is often restricted to molecules below 1000 Da, in 

sharp contrast to the hepatobiliary pathway taken by free ICG or glomerular filtration utilized by 

the free PEG45 molecules and 800CW-PEG45. Such changes in the elimination pathways of ICG 

after conjugation with PEG45 significantly enhance its blood retention as well as tumor targeting, 

which allow primary breast cancers to be readily detected at high contrast for a long period of time. 

More importantly, PEG45 enabled ICG to positively target primary RCC as well as its metastasis 

at high contrast. Combination of all these results highlights the importance of precise control of 

small molecule transport in the kidneys with PEGylation, which opens a new path 

to significantly broaden their biomedical applications. 
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CHAPTER 5 

SUMMARY AND OUTLOOK 

5.1 Summary  

In this dissertation, we systematically investigated the size-dependent transport and interactions of 

ultrasmall nanoparticles (inorganic & organic) in the kidneys and tumors. By studying the renal 

clearance of four different-sized, atomically precise, glutathione(SG)-coated gold nanoclusters, 

Au10-11SG10-11 (<1 nm), Au15SG13 (<1 nm), Au18SG15 (<1 nm) as well as Au25SG18 (~1 nm), and 

comparing them with 1-3 nm glutathione-coated gold nanoparticles, we found that in the sub-nm 

size regime, the glomerular filtration barrier behaves as an atomically precise “bandpass” filter to 

significantly slow down renal clearance of sub-nm gold nanoparticles following one 

counterintuitive size-dependent scaling law, which originated from the stronger physically 

interaction of smaller gold nanoclusters with glomerular glycocalyx than larger ones. The unique 

in vivo nano-bio interaction in the sub-nm regime also slows down the extravasation of sub-nm 

AuNCs from normal blood vessels and enhances their passive targeting to cancerous tissues 

through the enhanced permeability and retention effect. Furthermore, by investigating cellular fate 

of sub-nm gold nanoclusters in solid tumors, we found that sub-nm gold nanoclusters targeted 

cancer cells much more efficiently than large ones with two aspects of reasons: firstly, sub-nm 

gold nanoclusters are capable of circumventing macrophage uptake in the tumor 

microenvironment, the inherent advantage of ultrasmall nanoparticles over large nanoparticles (10-

100 nm); secondly, compared with 1-3 nm gold nanoparticles, sub-nm gold nanoclusters display 

enhanced blood retention, which significantly improved their delivery efficiency to cancer cells. 

With dual strengths in high cell targeting efficiency in solid tumors and strong interactions with 
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cancer cells proved by in vitro studies endowed Au10-11 quite high tumor retention among 

ultrasmall gold nanoparticles. Inspired by the unique size-dependent transport and interactions of 

ultrasmall gold nanoparticles in the kidneys and tumor, we further explored the in vivo behaviors 

of ultrasmall organic nanoparticles to expand our understanding on the precise response of our 

body to ultrasmall nanomaterials.  By systematically investigating in vivo behaviors of two 

representative organic dyes, IRdye 800CW and indocyanine green (ICG), with single-conjugation 

of a size series of low-MW PEG, we found similar molecular weight-dependent scaling law in 

renal clearance among these conjugates, consistent with the size-dependent scaling law in renal 

clearance observed in ultrasmall gold nanoparticles. Most importantly, we firstly observed that 

PEGylated ICG with molecular weight around 3000 Da can be eliminated through renal tubular 

secretion into urine, which, in turn, enabled the ICG-PEG to selectively target primary and 

metastatic renal cancer with high specificity. These fundamental studies in this dissertation on the 

size-dependent clearance and targeting of ultrasmall nanomaterials not only physiologically 

enriched our understanding of our body’s precise response to ultrasmall nanomaterials, but also 

showed the great promise of ultrasmall nanomaterials in targeting tumors.  

5.2 Outlook 

With these fundamental understandings presented in the dissertation, we will further develop new 

biomedical applications of these ultrasmall nanomaterials, mainly in diagnosis of kidney-related 

disease and tumor detection and treatment. For example, due to the free filtration of Au25 in the 

glomerulus, Au25 can be served as a marker to measure glomerular filtration rate (GFR) of each 

kidney in normal and damaged conditions by photoacoustic imaging1.  
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5.2.1 A group of low-MW PEGylated organic dyes in detecting kidney diseases.  

Since the organic small molecules studied in Chapter 4 are highly biocompatible, easily 

synthesized, strongly fluorescent, cleared fast into urine with clear clearance mechanisms, they are 

promising in detecting kidney-related diseases (Table 5.1). The conjugation of PEG45 to ICG 

could become a probe to detect renal dysfunction originated from tubular damage, such as drug-

induced renal disorder2, providing a complementary function for ICG that is being used to detect 

liver function3. ICG-PEG45 already showed its high specificity to light up renal cell carcinoma 

and associated metastasis through fluorescence imaging, but the fluorescence imaging has 

limitations in primates due to its penetration depth, thus, radio-labelling ICG-PEG45 is essential 

in the future. 800CW-PEG45 could be used to measure glomerular filtration rate since it is freely 

filtrated through glomeruli, like FITC-inulin4 (the gold standard in quantification of GFR), by 

blood testing or photoacoustic imaging due to the absorption of 800CW-PEG45 at 790 nm. 

Overall, these low-MW PEGylated organic dyes would form a library to detect kidney-associated 

diseases in the future and are promising in clinical use.  

Table 5.1. Biomedical applications of organic small molecules.  

Organic small molecules Clearance 
Pathways 

Biomedical applications 

ICG Hepatobiliary 
clearance 

Diagnosis of liver function3; fluorescence 
imaging of hepatocellular carcinoma5 

IRDye 800CW Glomerular 
filtration 

Failed to light up kidney non-invasively due 
to its high affinity with background tissue6 

ICG-PEG45 Renal tubular 
secretion 

1. Diagnosis of tubule-related renal 
function, such as drug-induced tubular 
damage2; 2. PET imaging of renal cancer 
and its  associated metastasis 
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800CW-PEG45 Glomerular 
filtration 

1. Measurement of glomerular filtration 
rate; 2. Diagnosis of glomerular-related 
renal function 

 

5.2.2. Ultrasmall nanomaterials-mediated immunotherapy 

The past decade has witnessed the development of immunotherapy for cancer treatment, and 

noticeably, two researchers were awarded by 2018 Nobel Prize in Medicine because of their 

significant contributions in immune checkpoint blockage therapy. Nanotechnology plays an 

important role in cancer immunotherapy7 based on checkpoint blockage, vaccines and adoptive 

cell transfer, the main methods used in immunotherapy. Currently, nanomaterials used in cancer 

immunotherapy are larger than 10 nm. For example, iron oxide nanoparticles with hydrodynamic 

diameter of ~140 nm loaded by anti-PD-L1, anti-CD3 and anti-CD28 showed prominent 

therapeutic efficacy for cancer immunotherapy8. Nevertheless, little is known about the role of 

ultrasmall nanocarriers play in immunotherapy. In chapter 2, we found that sub-nm gold 

nanoclusters display high cell targeting efficiency in solid tumors, thus, sub-nm gold nanoclusters 

might reprogram tumor-associated macrophages and activate the silent T-cells in tumor 

microenvironment to achieve cancer cells killing.    
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