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Engineered nanoparticles (NPs) have demonstrated unprecedented physiological understandings 

and versatile biomedical applications. However, clinical translation of cancer nanomedicines 

remains slow due to limited tumor targeting but elevated body retention of off-target therapeutics. 

With decreased size and surface passivation, the engineered, ultrasmall NPs have shown not only 

efficient body elimination through renal pathway, but also high targeting efficiency to the disease 

tissues as tumors. Therefore, such renal-clearable NPs could possibly address the many challenges 

faced by non-renal-clearable nanocarriers, once the efficient and stable drug loading as well as 

systematic physiological understandings of such ultrasmall delivery systems were achieved. 

In Chapter 1, we prepared the delivery vector by using the renal-clearable gold nanoparticles 

(AuNPs) with high tumor targeting efficiency. By rational design and modification, we firstly 

loaded the widely used anticancer drug, doxorubicin (DOX), on the renal-clearable AuNPs at high 

loading capacity, and then investigated the physiological stability, drug release and in vitro 

cytotoxicity studies. In addition, this ultrasmall AuNPs can also load many other small-molecule 

therapeutic or imaging agents as well as small-interfering RNAs for gene therapy. 
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In Chapter 2 and 3, we systematically investigated blood circulation, tumor targeting, intratumoral 

transport, as well as body elimination of the renal-clearable 5-nm AuNP-based drug delivery 

system (DDS). The renal-clearable DDS not only significantly enhanced delivery efficiency and 

intratumoral transport of drug but also accelerated the renal clearance and body elimination of off-

target drug compared to both free drug (DOX) and the non-renal-clearable 30-nm DDS. As a result, 

the therapeutic index was improved by both enhanced efficacy and safety. 

In Chapter 4, we investigated the targeting and imaging of poorly permeable brain tumors 

(gliomas) by using the renal-clearable zwitterionic 3-nm AuNPs. The renal-clearable AuNPs 

increased tumor targeting efficiency and specificity compared to non-renal-clearable 18-nm 

counterpart. The effective NP penetration in brain tumors suggests that renal-clearable AuNPs may 

achieve early brain tumor detection once integrated with nuclear imaging techniques used in the 

clinics. 

In Chapter 5, we investigated the ligand-directed in situ growth of AuNPs in biological tissues and 

the possible biological interaction of biomolecules. The results indicate that the ligand-directed 

AuNP growth can serve as a novel tool for tissue imaging via nanoparticle labeling with multi-

modality and multi-scale characterization. 

Herein, we not only report the design and practice of renal-clearable AuNP-based DDS as well as 

tissue targeting and imaging with AuNPs, we also conclude the outlook and future work for the 

renal-clearable AuNPs. We believe the renal-clearable AuNPs can shift the paradigm in drug 

delivery and expedite the clinical translation of cancer nanomedicines once some critical 

challenges are further addressed in the near future.
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1.1 Abstract 

While anticancer drugs often cannot differentiate normal and cancerous tissues, using large 

engineered nanoparticles (NPs), we expect that cancer nanomedicines will circulate long in 

bloodstream by escaping rapid kidney elimination and target tumor at high efficiency. However, 

this strategy significantly reduces intratumoral transport of large-sized nanocarriers, and also 

dramatically increases the recognition and exposure of off-target drugs in the reticuloendothelial 

system (RES). With rational design and systematic investigation, renal-clearable nanoparticles can 

possibly be applied as powerful delivery vectors for enhancing drug delivery efficiency into tumor 

tissues and accelerating renal elimination of off-target drug concurrently, which is expected to 

open a new path to reconciling the long-standing paradoxes and shifting the paradigm in anticancer 

drug delivery. 

Herein, the renal-clearable gold nanoparticle (AuNP)-based drug delivery system (DDS) 

was successfully prepared and optimized via surface modification of AuNPs and loading study 

with a widely used small-molecule anticancer drug, doxorubicin (DOX). Not limited to the 

doxorubicin, multiple therapeutic and imaging molecules were also loaded successfully and 

efficiently on the delivery vector, including therapeutic agents for cancer treatment as platinum-

based drugs and highly potent drug as mithracin, fluorescence imaging agents as indocyanine 

green, methylene blue and gadolinium-based contrast agents, as well as photosensitizer for 

photodynamic therapy and small-interfering RNAs for gene therapy. In addition to the drug 

loading study, we selected the DOX-loaded DDS for further investigations in physiological 

stability, drug release as well as cytotoxicity as proof-of-concept. 
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1.2 Introduction 

One major prerequisite that anticancer agents are expected to meet is to differentiate 

cancerous tissue from normal ones and take preferred actions while traveling in the body.1 

Unfortunately, most anticancer drugs themselves show little selectivity and destroy both cancer 

and normal cells, resulting in low therapeutic efficacy and severe side effects. To address this long-

standing challenge in the anticancer drug delivery, engineered NPs have been used to achieve 

preferable pharmacokinetics by preventing drugs from entering healthy tissues and undergoing 

renal elimination.2-3 Therefore, more drugs will be retained in the tumors with dense and leaky 

vasculature through the enhanced permeability and retention (EPR) effect.4-5 This strategy has 

been the fundamental principle in today’s nanoparticle-based anticancer drug delivery. However, 

clinical translation of cancer nanomedicines remains fairly challenging since the in vivo 

interactions of NPs with normal and cancerous tissues raise new biological barriers for the 

effective delivery and treatment.6-7 As a result, the improvement in tumor targeting by nano-sized 

DDSs is often achieved at the price of reducing drug extravasation across tumor vasculature8-9 and 

decreasing penetration in tumor microenvironment,10-12 elevating the accumulation to 

reticuloendothelial system (including liver, spleen, etc.) and related side effects,13-15 as well as 

slowing down clearance of off-target drugs and increasing unwanted drug exposure to healthy 

tissues.16 

More recently, renal-clearable NPs17-20 have been developed and found many in vivo 

behaviors distinct from conventional, non-renal-clearable, engineered NPs used in drug delivery. 

By reducing the particle sizes (in hydrodynamic diameter, HD) smaller than kidney filtration 

threshold (KFT)21 and interendothelial junctions22 (approximately 6 nm), these NPs can distribute 
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rapidly in the body like small molecular agents.18 Secondly, by passivating particle surface with 

zwitterionic or low-molecular-weight poly(ethylene glycol), PEG, ligands,23 they can greatly resist 

serum protein adsorption, escape the liver uptake and undergo rapid kidney elimination.17, 24 Since 

rapid renal elimination significantly reduces the body accumulation of NPs and potential 

toxicological concerns, renal-clearable silica NPs have been evaluated in the clinics as multi-

modality probes for cancer diagnosis,25 and both renal-clearable iron oxide nanoclusters and 

AuNPs have been investigated in non-human primates for future translation into the human.26-27 

 

1.3 Results and Discussions 

1.3.1 Preparation of renal-clearable AuNP-based DDS (DOX@AuNPs) 

With more precise determination in kidney filtration threshold as well as increasing reports 

on preparation of ultrasmall NPs, many renal-clearable NPs have been recently investigated for 

tumor targeting and efficient renal clearance.18, 23, 25, 28-31 With one of the most significant tumor 

targeting efficiencies at above 8 percentage of injected dose per gram of tissue (%ID/g, Figure 

1.1), the renal-clearable PEGylated AuNPs (PEG-AuNPs)23 may serve as a suitable candidate for 

anticancer drug delivery. The high surface-to-volume ratio of ultrasmall renal-clearable AuNPs 

will make it possible to load greater amount of small-molecule drugs onto the particle surface, and 

the long-chain PEG structure of surface coating will further protect the loaded drug by steric 

shielding.  
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Figure 1.1. Passive tumor targeting efficiencies of the reported renal-clearable nanoparticles. 

The result was plotted from multiple recent reports on renal-clearable NPs with quantified tumor 

targeting efficiency and particle size (in hydrodynamic diameter, HD).18, 23, 25, 28-31 

 

As shown in several reports, engineered NPs can directly adsorb small molecules (imaging 

or therapeutic agents) within the surface coating layer,32-33 and the renal-clearable PEG-AuNPs 

also consist of the surface layer of the long-chain PEG structures. Therefore, we initially 

investigated the possible drug loading with PEG-AuNPs by using a widely used small-molecule 

anticancer drug, doxorubicin (DOX), as model. After the incubation of PEG-AuNPs (5 mg/mL) 

with DOX (2 mg/mL) overnight at room temperature for drug adsorption, we purified the DOX-

loaded PEG-AuNPs (DOX@PEG-AuNPs) by using size exclusion column (Sephadex LH-20, see 

Methods section) to remove any free unbounded drug. As a result, we successfully loaded 6.6 ± 

3.2 DOX per PEG-AuNP (Figure 1.2a-b). However, we further found that the drug loading by 

this physical entrapment within the PEG surface layer could not achieve a desired stability for 

loaded drug molecules. To address this challenge, we incorporated a secondary ligand, 4-

mercaptobenzoic acid (MBA), onto the PEG-AuNPs through ligand exchange reaction (see 

Methods for details); so that the enhanced drug loading onto the AuNPs and improved stability of 

loaded DOX could be achieved through a stronger π-π stacking interaction34-35 between DOX and 

the aromatic ligand (MBA).  
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Figure 1.2. Drug (doxorubicin) loading study with renal-clearable AuNPs. a-b) Purification 

of the DOX-loaded PEG/MBA-AuNPs (DOX@AuNPs, a, left) and DOX-loaded PEG-AuNPs 

(DOX@PEG-AuNPs, a, middle) with size exclusion column, and quantification of the number of 

loaded DOX per particle (PEG/MBA-AuNPs was shown as “AuNPs” in b, n = 3). The DOX-

loaded NPs were collected as the lower band and well separated from free DOX (upper band). In 

contrast, free DOX showed a single band in the size exclusion column (a, right). In addition, the 

negatively-charged MBA ligand (HS-C6H4-CO2H) showed enhanced loading capacity versus the 

positively-charged 4-aminothiophenol (ATP, HS-C6H4-NH2, 16.0 DOX/NP) and neutral 2-

phenylethanethiol (PET, HS-C2H4-C6H4, 29.2 DOX/NP), where the dual-ligand AuNPs made of 

PEG/ATP and PEG/PET were prepared in the same way as PEG/MBA-AuNPs. c) The loaded 

DOX on the AuNPs with a lower MBA-to-PEG ratio (vials 1, 2, 3) showed better stability in 

aqueous solution. As the surface ligand MBA : PEG ratio increases (above 3 : 2, vials 4, 5 ,6), the 

DOX-loaded AuNPs cannot be suspended well in aqueous solution, which is due to the 

significantly increased number of loaded drugs and increased hydrophobicity of the DOX-loaded 

AuNPs. Therefore, the dual-ligand AuNPs with average structure of Au358PEG61MBA91 were 

chosen as the delivery vector because of its increased loading capacity and stability. 

 

The obtained ultrasmall dual-ligand AuNPs (with average structure Au358PEG61MBA91, 

see ref36 for detailed quantification results) revealed that not only some PEG ligands were replaced 

but also more MBA molecules were adsorbed onto the AuNPs. As a result, the as-modified AuNPs 

showed the loading capacity of 32.7 ± 6.8 DOX/NP (Figure 1.2a-b), indicating the drug loading 
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5 folds more efficient than unmodified PEG-AuNPs and much higher than many other known 

ultrasmall NPs with comparable sizes (typically, 5-25 DOX/NP).33, 37-39 To be noted, further 

increasing drug loading resulted in the instability of DOX@AuNPs (Figure 1.2c), thus, in this 

study, we mainly focused on the AuNPs loaded with 33 DOX molecules. 

1.3.2 Characterization of renal-clearable AuNP-based DDS 

 
Figure 1.3. Design and characterization of the renal-clearable DOX-loaded AuNPs 

(DOX@AuNPs). a) Scheme of the average size and structure of renal-clearable DOX@AuNPs. 

b) HDs of DOX@AuNPs and AuNPs in phosphate-buffered saline (PBS) at room temperature. 

Loading DOX onto the AuNPs resulted in 1.2-nm increase in HD. c) UV-Vis absorption spectra 

of DOX@AuNPs, AuNPs and free DOX in aqueous solution. The loaded DOX exhibited 8-nm 

redshift (from 488 to 496 nm) compared with free DOX, indicating the dipole-dipole coupling of 

loaded DOX molecules and formation of J-aggregates.  
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The renal-clearable AuNP-based delivery vector consists of the metal core (Au358, 2.06 ± 

0.18 nm in diameter, Figure 1.3a, from electron microscopy analysis), surface coating with PEG-

SH (MW, 800 Da) and MBA; the drug loading is achieved through the π-π stacking interaction 

between DOX and MBA on the AuNPs. The DOX-loaded PEG/MBA-AuNPs (DOX@AuNPs) 

showed a 1.2-nm increase in HD compared to free AuNPs (4.70 ± 0.89 versus 3.55 ± 0.77 nm, 

respectively, Figure 1.3b). In addition, the strong characteristic absorption of DOX at around 500 

nm was observed, superimposing on the absorption of AuNPs (Figure 1.3c). Meanwhile, an 8-nm 

redshift in the absorption of the loaded DOX suggested strong dipole-dipole coupling of multiple 

DOX molecules on the particle surface.40  

1.3.3 In vitro physiological stability, drug release and cellular studies 

As the renal-clearable AuNPs can successfully load the anticancer drug, DOX, with high 

loading capacity, we next investigated some essential studies on the in vitro physiological stability, 

drug release as well as cytotoxicity to cancer cells. With loading of more than 30 DOX molecules, 

the DOX@AuNPs showed no significant size change or nanoparticle aggregation after incubation 

with human serum albumin (HSA, 6.0 nm, Figure 1.4a), indicating the minimized protein binding. 

Meanwhile, free DOX was known to efficiently bind to HSA at a binding constant of 1.1 (± 0.3) 

× 104/M and a DOX-to-HSA ratio of 1.5.41-43 These findings indicate that the renal-clearable 

AuNPs can reduce the interaction of loaded DOX with serum proteins due to the protein-

adsorption resistance of PEGylation. In addition, similar to many other DDSs where drugs were 

loaded through molecular interactions,44-47 DOX@AuNPs gradually released drug within a 

reasonable time period in 48 h under physiological conditions. More importantly, the loaded DOX 

showed accelerated release in the slightly acidic condition (77.8% at pH 5.5 within 48 h, Figure 
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1.4b) due to increased protonation of DOX,34 compared to the neutral environment (46.7% at pH 

7.4), which was favorable for drug release in the acidic tumor environment in vivo.  

 
Figure 1.4. Physiological stability, drug release and in vitro cellular studies. a) HDs of 

DOX@AuNPs (5 μM) in PBS with and without the presence of human serum albumin (HSA, 6 

nm, 5 μM) at 37 °C for 3 h. The absence of larger aggregation indicated that the DOX@AuNPs 

had low affinity to serum protein adsorption. b) In vitro drug release from the renal-clearable 

DOX@AuNPs in neutral (pH 7.4) and acidic (pH 5.5) physiological environment. ***P <0.005 (n 

= 3, Student’s t-test). c) In vitro cytotoxicity of free DOX, DOX@AuNPs to MCF-7 breast cancer 

cells, obtained from the 72-h MTT study (n = 6). To be noted, the PEG/MBA-AuNPs without 

DOX loading showed fairly low toxicity with more than 50% cell viability even at 100 µM AuNPs. 

d) Intracellular drug delivery characterized via fluorescence microscopy imaging. The MCF-7 

breast cancer cells were incubated with DOX@AuNPs and equivalent free DOX (1 μM) for up to 

48 h, respectively. Endosomes (yellow arrows) were readily observed in the cells incubated with 

DOX@AuNPs, indicating the endocytosis of drug-loaded AuNPs. For free DOX, the fluorescence 

of DOX distributed relatively evenly in the cytoplasm of cells, suggesting passive diffusion of free 

DOX into cells. Scale bar, 20 µm. 

 

Next, we investigated the cytotoxicity of the DOX@AuNPs as well as free DOX by using 

MCF-7 human breast adenocarcinoma cells. We found that the IC50 (half maximal inhibitory 

concentration) of DOX loaded on the AuNPs was 0.95 µM, comparable to that of free DOX (1.25 
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µM, Figure 1.4c), indicating the retained cytotoxicity of loaded DOX. Interestingly, we found that 

the renal-clearable DDS could alter the cellular pathways of the loaded drug even though the 

comparable cytotoxicity was found between DOX@AuNPs and free DOX. Free DOX was known 

to enter the cells through passive diffusion; whereas, DOX loaded on the AuNPs could enter the 

cells through endocytosis, since the DOX-containing individual endosomes were visualized via 

fluorescence microscopy imaging (Figure 1.4d). 

Therefore, the DOX@AuNPs showed the desired stability to resist protein binding in the 

physiological environment. And the DOX@AuNPs had the increased drug release kinetics in the 

slightly acidic environment, which was favorable for the drug release in the acidic tumor 

microenvironment. In addition, the in vitro cellular study indicated that DOX@AuNPs were taken 

up by cancer cells and retained the cytotoxicity of the potent drug, which was further confirmed 

by the presence of drug in cellular endosomes from fluorescence microscopy imaging. 

1.3.4 Loading strategy of renal-clearable AuNP-based DDSs 

While the efficient and stable loading of DOX can be achieved with the modified renal-

clearable AuNPs, it is necessary to understand this AuNP-based loading strategy with extensive 

efforts as well as to explore the potential candidates as the loadable drugs:  

Firstly, we prepared a DOX prodrug and loaded on the AuNPs via covalent interaction 

compared to the abovementioned non-covalent interaction, as shown in Figure 1.5. In comparison 

to the non-covalent interaction (Figure 1.5a), the DOX prodrug, also known as the acid-cleavable 

doxorubicin (AC-DOX), can also be loaded with high efficiency at about 31 DOX/AuNP via the 

covalent gold-sulfur bonding between the prodrug molecules and AuNPs (Figure 1.5b). However, 

it has been found in multiple reports that this loading strategy via covalent bonding can greatly 
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reduce the potency of the loaded drug, especially for the delivery systems as albumin-bounding 

DOX (DOXO-EMCH) and DOX-conjugated copolymers (PK-1).48-49 Then, it will usually require 

the elevated doses (3 to 5 folds) to achieve the improved efficacy compare to free DOX treatment, 

which will greatly hinder the therapeutic outcome and clinical translation of such loading strategy 

and delivery systems. 

   
Figure 1.5. Drug (DOX) loading strategy via non-covalent and covalent interactions. a) 

Scheme of the DOX loading via non-covalent interaction, where around 33 DOX can be efficiently 

and stably loaded on the renal-clearable dual-ligand AuNPs. b) Scheme of the DOX loading via 

covalent interaction. Herein, the DOX prodrug, acid-cleavable doxorubicin (AC-DOX), with the 

thiol as the ending group can be directly attached to the surface of PEG-AuNPs via gold-sulfur 

bonding. As a result, the comparable amount of prodrug, ~31 AC-DOX, can be stably loaded on 

the PEG-AuNPs. 

 

Next, we investigated this non-covalent loading strategy with other small-molecule 

therapeutic agents as well as imaging probes. It has been previously reported that the non-renal-

clearable NPs can load small molecules non-covalently via both π-π interaction34-35 and 

electrostatic interaction.50 Based on this, we found that the renal-clearable AuNPs could also 

efficiently load a variety of small molecules via such non-covalent interactions (Figure 1.6a-b), 

once the specific modification of AuNPs was applied (by attaching the proper secondary ligands 

with intensified interactions with selected molecules for loading).  
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Figure 1.6. Loading of the small-molecule therapeutic and imaging agents with renal-

clearable AuNPs. This strategy, loading small molecules onto dual-ligand AuNPs (with variable 

secondary ligands as candidates) through non-covalent interactions (a-b), can also be used to load 

many molecules (therapeutic or imaging agents, with 5-70 molecules/NP) through π-π interaction 

or electrostatic interaction. As representative molecules for π-π interaction, the indocyanine green 

(ICG, c) and methylene blue (MB, d), which are the two clinically available small-molecule agents 

for imaging-guided surgery, can be loaded by this strategy. At the same time, some other types of 

molecules, including but not limited to the mithracin (MTH, e, small-molecule therapeutic agent) 

and phthalocyanine (PC, f, photosensitizer for photodynamic therapy), can be loaded as well. In 

addition, as representative agents for electrostatic interaction, the platinum-based anticancer drugs, 

like cisplatin and oxaliplatin (CPt and OPt, respectively, g) and the imaging contrast agent for 

magnetic resonance imaging (MRI), like gadolinium (Gd, h), can also be stably loaded on the 

renal-clearable nanocarriers. 
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Among the successfully loaded small molecules via π-π interaction, there are fluorescence 

imaging probes for imaging-guided surgery such as indocyanine green (ICG, about 10/NP, Figure 

1.6c), and methylene blue (MB, about 5/NP, Figure 1.6d), and chemodrugs as mithracin (MTH, 

also known as plicamycin, which is found to accumulate in the liver and impair liver function 

severely, more than 4/NP, Figure 1.6e), as well as photosensitizer for the photodynamic therapy 

as phthalocyanine (PC, more than 5/NP, Figure 1.6f). In addition, among the successfully loaded 

small molecules via electrostatic interaction, there are not only platinum-based anticancer drugs 

as cisplatin (CPt, or CDDP, 30-50/NP, Figure 1.6g) and oxaliplatin (OPt) but also gadolinium 

(Gd)-based magnetic resonance imaging (MRI) contrast agent (with adjustable loading efficiency 

about 20-70/NP, Figure 1.6h).  

To be noted, for the loading via π-π interaction, it will be affected by many factors such as 

the hydrophobicity, aromaticity, as well as molecular weight and structure of the loaded molecules; 

and the proper secondary ligand used for loading will greatly enhance the loading capacity and 

resulting stability. What’s more, for the loading via electrostatic interaction, many types of metal 

complexes (e.g., platinum, gadolinium, copper, etc.) can also be efficiently and stably loaded on 

the AuNPs once one or more specific ligands are in use. 

1.3.5 Loading of small-interfering RNAs with renal-clearable AuNPs 

We also investigated the potential of loading small-interfering RNAs (siRNAs) with renal-

clearable AuNPs. Due to the large size of the siRNAs (~15 kDa), it is hard to stably load siRNAs 

via non-covalent interaction because of the resulting great-extent exposure of large-sized siRNAs. 

Therefore, we chose the siRNA conjugated with a thiol as the ending group (to attach on AuNP 

surface via gold-sulfur bonding) and a fluorophore (Cy3) as reporter. Notably, it was still 
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challenging to load the large Cy3-siRNA-SH via insertion onto the pre-synthesized PEG-AuNPs 

(Route 1, Figure 1.7a) due to steric hindrance. Therefore, we firstly prepared the non-coated 

AuNPs (2.7 nm in core size) and coated the AuNPs with Cy3-siRNA-SH, and then, backfilled the 

surface with low density of PEG-SH for increasing stability and bioavailability (Route 2). With 

the successful loading, the siRNA-Cy3-loaded AuNPs (siRNA-Cy3@AuNPs, Figure 1.7b) 

showed the characteristic peak of the siRNAs at around 260 nm from the UV-Vis absorbance 

spectra, indicating the presence of nuclei acids. Quantitatively, there were about 3.0 ± 0.4 siRNA 

molecules per AuNP.  

 
Figure 1.7. Loading of siRNAs with renal-clearable AuNPs. a) Instead of direct insertion of 

siRNA-SH onto the pre-synthesized PEG-AuNPs (Route 1), it is more efficient to firstly coat the 

non-coated AuNPs with siRNA-SH and then backfill with PEG-SH of low surface density for 

increasing stability and bioavailability (Route 2). b) The UV-Vis absorbance spectra of the 

siRNA-Cy3-loaded AuNPs (siRNA-Cy3@AuNPs), free AuNPs and the loaded siRNA-Cy3 (by 

subtraction of AuNPs from siRNA-Cy3@AuNPs).  

 

1.4 Conclusion 

Renal-clearable engineered NPs, especially AuNPs, have recently emerged as novel probes 

to target tumor with high selectivity and to undergo efficient body elimination through urinary 

system. This unique feature of both enhancing tumor targeting and renal elimination enables the 
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renal-clearable AuNPs to serve as a potential delivery vector for a variety of anticancer drugs, once 

the efficient and stable drug loading is achieved with the AuNPs. With rational design and loading 

optimization, we successfully prepared the renal-clearable AuNP-based DDS by using a widely 

used small-molecule anticancer drug, doxorubicin. Then we used the ultrasmall 5-nm DDS, DOX-

loaded AuNPs, to investigate some important in vitro studies such as physiological stability, drug 

release as well as cytotoxicity. Following the similar strategy, multiple imaging and therapeutic 

agents have also been successfully loaded onto the ultrasmall delivery systems, as well as 

photosensitizer for photodynamic therapy and small-interfering RNAs for gene therapy.  

 

1.5 Methods 

1.5.1 Materials and instruments 

Gold (III) chloride trihydrate (HAuCl4), poly(ethylene glycol) methyl ether thiol (PEG-SH, 

MW. 800 Da), 4-mercaptobenzoic acid (MBA), and other chemicals were purchased from Sigma-

Aldrich (St. Louis, MO, USA) unless otherwise stated. Doxorubicin hydrochloride (DOX·HCl) 

was purchased from Tecoland Corporation (Irvine, CA, USA). The UV-Vis absorbance spectra 

were collected using a Varian 50 Bio UV-Vis spectrophotometer. Transmission electron 

microscopy (TEM) images were taken by a 200 kV JEOL 2100 transmission electron microscope. 

Hydrodynamic diameters of nanoparticles were analyzed using a Brookhaven 90 Plus dynamic 

light scattering (DLS) particle size analyzer. Nuclear magnetic resonance (NMR) spectra were 

acquired with Bruker 600 MHz NMR spectrometer. 
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1.5.2 Preparation of renal-clearable DOX@AuNPs 

The renal-clearable PEG-AuNPs were synthesized based on reported method.23 For the 

preparation of delivery vector, PEG-AuNPs and 4-mercaptobenzoic acid were mixed at a ratio of 

10 : 1 (w/w) in ethanol and incubated for 2 h under vortex at room temperature, and the dual-ligand 

PEG/MBA-AuNPs were purified with centrifugal filter for removing free ligands. To prepare 

DOX@AuNPs, the as-synthesized dual-ligand PEG/MBA-AuNPs and DOX were mixed at a ratio 

of 5 : 2 (w/w) in ultrapure water and incubated under vortex at room temperature, and then purified 

by size exclusion column (Sephadex LH-20) for free DOX removal. Quantification of DOX 

loading was achieved by measuring the characteristic absorbance of AuNPs (350 nm) and DOX 

(480 nm) by UV-Vis spectroscopy, as well as by inductively coupled plasma mass spectrometry 

(ICP-MS) measurement.  

1.5.3 Preparation of renal-clearable delivery system of other molecules 

The preparation of the delivery vectors for many other small molecules followed the similar 

procedure. Briefly, the appropriate secondary ligands for loading were chosen and added on the 

PEG-AuNPs via ligand exchange, similar to MBA ligand. And then, the delivery vector and 

selected small molecules were incubated with optimized ratios and then purified with size 

exclusion column. Similar to DOX, the loading capacity was quantified by UV-Vis absorbance for 

different organic molecules, or by ICP-MS for platinum- and gadolinium- based molecules. 

1.5.4 Preparation of renal-clearable siRNA delivery system 

 For siRNA loading, non-coated AuNPs were prepared via reduction by formaldehyde in 

presence of tris(2-carboxyethyl) phosphine hydrochloride (TCEP·HCl), followed by the 
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purification with centrifugal filters (MWCO 100 kDa and 30 kDa). The resulting non-coated 

AuNPs were then incubated with Cy3-siRNA-SH (with TCEP·HCl) under vortex for 2 h at room 

temperature. The Cy3-siRNA-loaded AuNPs (Cy3-siRNA@AuNPs) were then purified with size 

exclusion column for removal of unbounded molecules, which were further backfilled with a low 

surface density of mPEG-SH ligands for stability. The siRNA loading was quantified with UV-

Vis absorbance (260 nm for RNA and 400 nm for AuNPs) and ICP-MS as well. 

1.5.5 In vitro physiological stability and drug release of DOX@AuNPs 

To study in vitro physiological stability of DOX@AuNPs in the presence of serum 

proteins, the DOX@AuNPs (5 μM) were incubated with human serum albumin (HSA, 5 μM) in 

PBS (pH 7.4) at 37 °C for 3 h and HDs were analyzed with DLS analyzer. For drug release study, 

DOX@AuNPs in PBS solution (1 mL) was filled into the dialysis tube (MWCO, 10 kDa, Float-

A-Lyzer G2) and dialyzed against 25 mL PBS with neutral (7.4) or acidic (5.5) pH. The dialysis 

tube in PBS solution was stirred with a stirring bar at 37 °C. PBS solution was replaced by fresh 

buffer with same pH at different time points within 48 h and the concentration of released DOX 

was acquired using fluorometer.  

1.5.6 In vitro cytotoxicity and cellular imaging of DOX@AuNPs 

The human breast cancer MCF-7 cell line was purchased from ATCC. For the cytotoxicity 

study, MCF-7 cells (1,000 cells/well) were seeded in 96-well plates and cultured in Dulbecco's 

modified eagle medium (DMEM) with supplements (10% fetal bovine serum, FBS, 1% penicillin-

streptomycin) at 37 oC in humidified atmosphere containing 5% CO2 for overnight. Then the cells 

were exposed to DOX@AuNPs and free DOX at different DOX concentrations ranging from 0.1 
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to 50 µM in DMEM with supplements, whereas, blank DMEM with supplements was used as 

control. After incubation at 37 oC for 72 h, the culture media were replaced with MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 0.5 mg/mL) in medium. After further 

incubation at 37 oC for 3 h, the solution was removed and refilled with dimethyl sulfoxide (DMSO) 

and analyzed by a BMG LABTECH FLUOstar OPTIMA microplate reader to obtain IC50 (half 

maximal inhibitory concentration) of DOX.  

For the fluorescence cellular imaging, MCF-7 cancer cells (5,000 cells/dish) were seeded 

in culture dishes with 1.5 mL DMEM with supplements. After culture for 24 h, the cells were 

exposed to DOX@AuNPs and equivalent free DOX (1 µM) in DMEM with supplements at 37 oC 

for 48 h. The cells were washed and fixed with 4% formaldehyde for 10 min before fluorescence 

microscopy imaging. The fluorescence microscopy images were obtained using an Olympus IX71 

microscope with a PhotonMax 512B CCD camera (Princeton Instrument). Excitation: 480 ± 20 

nm, emission: 600 ± 20 nm. 
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2.1 Abstract 

 Precise control of in vivo transport of anticancer drugs in normal and cancerous tissues 

with engineered nanoparticles (NPs) is key to future success of cancer nanomedicines in clinics. 

This requires a fundamental understanding of how engineered NPs impact the targeting-clearance 

and permeation-retention paradoxes in the anticancer drug delivery.  

By using a widely applied anticancer drug, doxorubicin (DOX), as model, we 

systematically investigate how renal-clearable gold nanoparticles (AuNPs) affect the permeation, 

distribution and retention of drug in both cancerous and normal tissues. Our results unveil that 

renal-clearable AuNPs retain the strength of free drug in rapid tumor targeting with high 

permeability to tumor vasculature. Along with the enhanced delivery efficiency and therapeutic 

efficacy, the renal-clearable AuNPs also accelerate body clearance of off-target drug via renal 

elimination. These results clearly indicate that diverse in vivo transport behaviors of engineered 

nanoparticles can be used to reconcile long-standing paradoxes in the anticancer drug delivery. 

 

2.2 Introduction 

Fundamental understanding on how NPs impact the targeting and clearance of anticancer 

drugs in vivo is of importance for their future success in the clinical practice.51-52 For small-

molecule drugs (i.e., doxorubicin, DOX), the rapid blood elimination and high permeability to 

vasculatures have been considered as major reasons for the low tumor targeting efficiency, limited 

therapeutic efficacies as well as severe side effects.1 Thus, using non-renal-clearable engineered 

NPs to alter in vivo transport of anticancer drugs has been a major strategy for improving efficacy 
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and safety.53 For example, PEGylated liposomes have been successfully used in the clinic to 

increase blood retention and tumor accumulation of DOX through the enhanced permeability and 

retention (EPR) effect,4 and to reduce cardiotoxicity by minimizing drug extravasation to cardio 

vasculature.54 Not limited to DOX, many other small-molecule anticancer drugs have also been 

delivered by similar nano-formulations in the clinics or under preclinical investigation.2, 55 

While these NP-based drug delivery systems (DDSs) enhance therapeutic efficacy and 

reduce side effects of anticancer drugs, some limitations have recently been recognized as well. 

The tumor targeting of these DDSs with large sizes is slowed down due to the limited nanoparticle 

extravasation and penetration in tumor,52 and body retention of off-target drugs is increased 

because of nanoparticle accumulation in liver and other reticuloendothelial system (RES) organs.6, 

56 For instance, PEGylated liposome-encapsulated doxorubicin (Doxil) cannot extravasate in 

tumor environment as rapidly and efficiently as free DOX,11, 52 resulting in limited efficacy to 

tumors with lower vascular permeability.57  Meanwhile, the off-target Doxil cannot be rapidly 

eliminated out of the body, further inducing side effects such as hand-foot syndrome and hepatic 

toxicity.16, 58 As a result, free doxorubicin currently remains the first-line of treatment for a variety 

of solid tumors in clinics. In addition to PEGylated liposomes, many other NP-based DDSs have 

encountered similar challenges in their clinical translation, which demands us to revisit these 

paradoxes at a more fundamental level.51 Do we have to sacrifice rapid clearance of anticancer 

drugs for the high tumor targeting? Do we have to compromise rapid tumor targeting for the long 

blood retention and strong EPR effect? Do we have to give up high permeability of anticancer 

drugs to vasculatures for reducing their non-specific accumulation in and toxicity to healthy 

tissues?  
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Herein, we report that using renal-clearable gold nanoparticles (AuNPs) as a novel delivery 

system and DOX as a model drug, we not only enhanced renal clearance of DOX by nearly 4 

times, but also increased its tumor targeting and retention by more than 5 times over free drug. 

The renal-clearable DOX-loaded AuNPs (DOX@AuNPs) exhibited significantly improved tumor 

inhibition and survival rate than free DOX among several primary tumors and lung metastasis of 

breast cancer. This indicates the enhancement in tumor targeting and body elimination of 

anticancer drugs can be achieved concurrently with renal-clearable AuNPs as the delivery vector. 

This paradigm shift in our understanding on the paradox between kidney elimination and tumor 

targeting fundamentally originates from high permeability of renal-clearable ultrasmall AuNPs to 

vasculatures, which enables DOX to rapidly and efficiently target tumors in the early delivery 

phase. This is distinct from current large-sized nanomedicines that require long blood circulation 

to enhance drug accumulation in tumor compared to free drug.59 In addition, dense and disordered 

tumor vasculatures further enhanced the tumor retention of DOX carried by the renal-clearable 

AuNPs through the EPR effect. With the enhanced renal clearance of off-target drug, the loaded 

DOX on the AuNPs was eliminated more rapidly from healthy tissues as heart, lung and muscle, 

and also induced much less renal and hepatic toxicity than free DOX. These findings suggest that 

renal-clearable AuNPs can render anticancer drugs in vivo transport (targeting and clearance) 

kinetics completely different from conventional non-renal-clearable DDSs, opening up a new path 

to reconciling many long-standing paradoxes in the anticancer drug delivery. 
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2.3 Results and Discussions 

2.3.1 Renal clearance and blood circulation of renal-clearable DDS 

With drug loading at high capacity, the 5-nm DOX@AuNPs retained the small size for 

efficient renal elimination. After the intravenous administration of DOX@AuNPs into CD-1 mice, 

56.0% of the AuNPs were excreted in the urine at 24 h p.i. (post-injection), comparable to the 24-

h renal clearance efficiencies of free PEG/MBA-AuNPs (52.7%) and PEG-AuNPs (50.9%). More 

importantly, with renal-clearable AuNPs as delivery vector, more than 22 % of the injected DOX 

was eliminated through the kidneys into the urine within 24 h, which was 3.6 times higher than 

that of free DOX (about 6 %ID, Figure 2.1a). Together with the efficient renal clearance, the blood 

DOX retention of the DOX@AuNPs (63.7 %ID·h/g, 48-h AUC, area under the curve, Figure 2.1b) 

was still nearly 10 times higher than that of free DOX (7.7%ID·h/g), which was because the renal-

clearable AuNPs reduced serum protein binding of DOX and its rapid hepatobiliary elimination.60 

 
Figure 2.1. Renal clearance and blood circulation of DOX for renal-clearable DDS. a) Renal 

clearance kinetics of DOX after intravenous injection of DOX@AuNPs and free DOX, 

respectively (n = 3). Error bar indicates s.d. The renally cleared DOX for the injected 

DOX@AuNPs was 3.6 times higher than that of free DOX, indicating the enhanced kidney 

elimination of off-target DOX. b) DOX concentration in the blood of the MCF-7 tumor-bearing 

mice after intravenous injection of DOX@AuNPs and free DOX (n = 4). The 48-h area under the 

curve (AUC) of blood DOX concentration of DOX@AuNPs (63.7 %ID·h/g) was 8 times higher 

than that of free DOX (7.7 %ID·h/g). 
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2.3.2 Therapeutic efficacy of renal-clearable DDS 

 
Figure 2.2. Therapeutic efficacy among primary and metastatic breast cancers. a-d) 

Normalized tumor growth curves and survival rates of the MCF-7 tumor-bearing nude mice (a and 

b) and 4T1 tumor-bearing balb/c mice (c and d) after successive treatments with PBS, free DOX 

and DOX@AuNPs (equivalent DOX, 5 mg/kg body weight) on day 8, 11, 14, 17, and 20 post-

implantation. For a and c, ****P <0.0001 for DOX-@AuNPs versus free DOX and PBS (Student’s 

t-test, n = 5); For b, *indicates P <0.005, <0.0005 for DOX@AuNPs versus free DOX and PBS, 

respectively; For d, **indicates P <0.001, <0.0005 for DOX@AuNPs versus free DOX and PBS, 

(Kaplan-Meier, n = 6 - 8). To be noted, renal-clearable AuNPs without DOX loading showed no 

tumor inhibition effect compared with PBS. e) Images of mice lungs after the successive treatment 

of PBS, DOX and DOX@AuNPs (day 23). Scale bar, 1 mm. f) Nodule counts of the metastatic 

lung tumors after being treated with PBS (84.8 ± 34.2), free DOX (62.6 ± 30.6) and DOX@AuNPs 

(4.0 ± 2.7). ***P <0.005 (n = 5). Box indicates median and s.e.m. g) Lung tumor nodule sizes after 

being treated with PBS (1.95 ± 0.90 mm), free DOX (1.64 ± 0.77 mm) and DOX@AuNPs (0.83 

± 0.43 mm). ****P < 0.0001. Box indicates median and 25-75% interquartile range. 

 

Based on our prevailing understanding on drug delivery, efficient renal clearance and short 

blood retention made it very hard for renal-clearable NPs to deliver drug and inhibit tumor growth 

effectively. However, our recent study reported that renal-clearable PEG-AuNPs targeted tumors 

passively with high efficiency (more than 8 %ID/g for MCF-7 human breast adenocarcinoma 

xenograft),23 which may serve as a renal-clearable delivery vector with high drug delivery 
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efficiency into tumors. By using the developed renal-clearable AuNP-based DDS (DOX@AuNPs) 

and the MCF-7 primary tumor xenograft as model, we next conducted the therapeutic studies with 

successive treatments of PBS, free DOX, and DOX@AuNPs (equivalent DOX, 5 mg/kg body 

weight, ×5, see Methods). From the normalized tumor growth curves during the study, 

DOX@AuNPs showed the significant tumor growth inhibition (TGI, tumor inhibition percentage 

compared to PBS control) as high as 77.6 ± 1.7 % (Figure 2.2a); whereas, free DOX only showed 

a modest efficacy with tumor growth inhibition of 40.7 ± 6.7 %. With the improved therapeutic 

efficacy, the survival rate of the MCF-7 tumor-bearing mice was increased significantly by 

DOX@AuNPs over free DOX and PBS groups (Figure 2.2b).  

It is known that chemotherapy remains as one of the major treatments for the metastatic 

(stage IV) breast cancer as well as triple-negative breast cancer (TNBC). Therefore, we next 

investigated the tumor inhibition of DOX@AuNPs towards these cancer models. The similar 

antitumor efficacy of DOX@AuNPs was also observed in primary murine mammary carcinoma 

(4T1, Figure 2.2c-d) and human TNBC xenograft (MDA-MB-231, Figure 2.3). Since the 4T1 

primary tumor was very aggressive and showed rapid lung metastasis,47, 61 we also conducted the 

therapeutic study on lung metastasis model of 4T1 tumors. Interestingly, the DOX@AuNPs 

treatment effectively inhibited lung metastasis (nodule count of 4.0 ± 2.7 per mouse, Figure 2.2e-

f), with 15.7, 21.2 times fewer nodule counts than free DOX and PBS (62.6 ± 30.55 and 84.8 ± 

34.2, respectively). Moreover, the DOX@AuNPs significantly decreased the tumor nodule sizes 

in lungs down to 0.83 ± 0.43 mm, significantly smaller than those treated with DOX and PBS (1.64 

± 0.77 and 1.95 ± 0.90 mm, respectively, Figure 2.2g). All these results clearly indicated that 
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renal-clearable DOX@AuNPs showed significantly improved therapeutic efficacy than free drug 

in addition to the efficient renal elimination of off-target drug. 

 
Figure 2.3. Therapeutic efficacy in triple-negative breast cancer (MDA-MB-231) model. The 

treatments of DOX and DOX@AuNPs were at an equivalent dose of DOX, 5 mg/kg body weight, 

every 3-day for 5 times. Similar to the other two breast cancer models (MCF-7 and 4T1), 

DOX@AuNPs showed improved antitumor efficacy in comparison with free DOX. *P <0.05, 

****P <0.0001 for DOX@AuNPs versus free DOX and PBS, respectively (n = 5). To be noted, the 

MDA-MB-231 tumor xenograft showed a slower proliferation rate compared to MCF-7 and 4T1 

breast cancer models. 

 

2.3.3 Tumor targeting of renal-clearable DDS 

To further understand the enhanced antitumor efficacy of DOX@AuNPs compared with 

free DOX, we conducted the tumor targeting and retention studies. As shown in Figure 2.4a, tumor 

accumulation of DOX delivered by the renal-clearable AuNPs rapidly increased to 3.35 ± 0.17 

%ID/g in primary MCF-7 tumors at 1 h p.i., which was 1.6 times higher than that of free DOX 

(2.06 ± 0.19 %ID/g). This clearly indicated that the DOX@AuNPs retained high permeability to 

tumor vasculature and efficient extravasation in the early targeting phase. With time proceeded, 

DOX carried by the AuNPs reached its maximal tumor accumulation (4.06 ± 0.38 %ID/g) at 12 h 

p.i. and maintained targeting efficiency above 2 %ID/g for about 48 h, showing prolonged tumor 

retention. For free DOX, its tumor accumulation rapidly decreased to 0.17 %ID/g in 24 h, which 
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was 12 times lower than that of DOX@AuNPs. As a result, the 48-h AUCtumor of DOX delivered 

by DOX@AuNPs (125.7 %ID•h/g) was 4.8 times higher than that of free DOX (26.0 %ID•h/g), 

indicating the high tumor targeting and prolonged tumor retention of anticancer drugs can be 

achieved by this renal-clearable AuNP-based delivery system.  

 
Figure 2.4. Tumor targeting efficiency and intratumoral drug distribution. a) Drug delivery 

efficiencies to the MCF-7 tumors in 48 h post intravenous injection of free DOX and 

DOX@AuNPs (equivalent DOX, 5 mg/kg body weight, n = 4). b-c) Fluorescence microscopy 

images of MCF-7 tumor tissues at 12 h post intravenous injection of free DOX (b) and 

DOX@AuNPs (c). Red, DOX; green, stained vasculature (lectin-FITC). Scale bar, 50 µm. 

DOX@AuNPs showed the increased tumor concentration of DOX than free DOX and retained 

extravasation and diffusion in tumor with the ultrasmall size.  

 

This conclusion was further confirmed by drug distribution in tumor microenvironment. 

From the fluorescence microscopy images, free DOX showed low tumor distribution at 12 h p.i. 

(Figure 2.4b). At the same time point, more DOX carried by renal-clearable AuNPs extravasated 

from tumor vasculature and distributed more homogeneously in tumor environment (Figure 2.4c). 

This meant that the DOX@AuNPs retained the high permeability of the small-molecular drug and 

penetrated deeply inside the tumor environment, which was distinct from the conventional, non-

renal-clearable DDSs of low intratumoral penetration due to inefficient diffusion. In multiple 

reports, it has shown that the intratumoral delivery of liposomes as Doxil would have the 

heterogeneous drug distribution and limited improvement in efficacy, due to the ineffective 
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nanoparticle extravasation and sacrificed penetration within tumor environment for the large-sized 

liposomes.52, 62 In addition, DOX release from the AuNPs within the tumor microenvironment was 

also observed after colocalizing the fluorescence images of DOX and renal-clearable AuNPs 

(Figure 2.5), confirming the favorable drug release kinetics in the acidic tumor microenvironment. 

 
Figure 2.5. Drug release in tumor environment. The tumors were collected at 12 h after 

DOX@AuNPs injection. Fluorescence microscopy images were taken right upon the frozen 

sectioning and no staining was performed to preserve the location of DOX-loaded AuNPs as well 

as released drug. The colocalization of DOX (600 nm emission, a) and AuNPs (800 nm emission, 

b) showed that DOX@AuNPs penetrated within the tumor tissues, and DOX showed broader 

distribution than AuNPs (c), indicating the potential release of DOX from AuNPs in the tumor 

environment. To be noted, the remaining DOX adsorbed on the AuNPs was not readily observed 

because DOX fluorescence was quenched dramatically on the AuNPs. Scale bar, 100 µm. 

 

2.3.4 Body elimination and toxicity of renal-clearable DDS 

The drug loading with renal-clearable AuNPs not only improved drug delivery and 

therapeutic efficacy among a variety of breast cancer models, but also reduced DOX-induced 

hepatic and renal toxicity. Liver metabolism is the major pathway for body elimination of free 

DOX (as well as many anticancer drugs), which is known to induce liver injury among 40% of 

patients treated with DOX.60 We injected the PBS, DOX@AuNPs and free DOX successively into 

the mice and collected the serum for blood chemistry analysis. It showed that free DOX indeed 

increased aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels (Figure 

2.6a-b), indicating the acute impairment to hepatocytes.63-64 In addition, free DOX induced 
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elevation in blood urea nitrogen (BUN) and creatinine (CREA) levels (Figure 2.6c-d), indicating 

acute kidney injury as well by damaging glomerular podocytes.60, 65 In contrast, the mice with 

DOX@AuNPs treatment showed the minimized elevation of AST, ALT, BUN and creatinine 

levels. This confirmed the significantly reduced toxicity to both liver and kidneys by the renal-

clearable DDS, even though more DOX carried by the AuNPs was found in the liver and kidneys 

than free DOX (Figure 2.6e) at 24 h p.i. This was because the drug loading on the AuNPs 

minimized the interaction between DOX and the tissues and accelerated DOX renal elimination. 

While the administrated DOX@AuNPs were of smaller size than interendothelial junctions 

and remained highly permeable across normal vasculature like free drug, the DOX accumulation 

in muscles (gastrocnemius) decreased significantly from 1.32 ± 0.33 %ID/g at 1 h to 0.53 ± 0.18 

%ID/g at 24 h p.i. (Figure 2.6f). Meanwhile, free DOX retained in muscle for much longer time 

with no observable elimination (from 1.06 %ID/g at 1 h to 0.85 %ID/g at 24 h). More importantly, 

renal-clearable AuNPs also accelerated DOX elimination from heart with minimal accumulation 

(0.09 ± 0.04 %ID/g, Figure 2.6g) at 24 h p.i., 14 times lower than that of free DOX (1.26 ± 0.37 

%ID/g), which is greatly important to minimize the exposure and toxicity of DOX to heart.66 In 

addition, the lung accumulation of DOX carried by AuNPs (1.66 ± 0.51 %ID/g, Figure 2.6h) was 

also 3.0 times lower than that of free DOX (5.03 ± 1.17 %ID/g) at the same time point. The 

observed rapid drug clearance from skeletal muscle, heart and lung for the renal-clearable DDS 

was mainly because the drug loading on renal-clearable AuNPs reduced DOX interaction with 

these tissues and enhanced its kidney elimination. These findings clearly indicated that DOX 

retention in these healthy tissues was much shorter after being loaded on the AuNPs even though 

DOX@AuNPs remained highly permeable to normal tissues and organs. 
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Figure 2.6. Body elimination and toxicity of off-target drugs. a-d), Blood chemistry analysis 

of mice treated successively with PBS, DOX@AuNPs and free DOX on 15 d p.i., indicating the 

changes in liver function (aspartate transaminase, AST, a; alanine aminotransferase, ALT, b) and 

kidney function (blood urea nitrogen, BUN, c; creatinine, CREA, d). *P <0.05, ****P <0.0001, 

NS, not significant (n = 4 for DOX@AuNPs and PBS; n = 3 for free DOX, where one animal died 

prior to the end of the study). The DOX@AuNPs showed the minimized toxicity to liver and 

kidney, mainly due to the rapid elimination of off-target drug. e) DOX distribution in and 

elimination from liver and kidney for the injected DOX@AuNPs and free DOX (n = 3). f) Muscle 

DOX distribution at 1 and 24 h post-treatment of DOX@AuNPs or free DOX. DOX@AuNPs 

showed more significant elimination from skeletal muscle than free DOX (n = 3). *P <0.05. g-h) 

DOX distribution in vital organs as heart (g) and lungs (h, n = 3). *P <0.05, **P <0.01, ***P <0.005, 

****P <0.0001. DOX@AuNPs showed fairly low or negligible accumulation in heart and lungs 

compared to free DOX after 24 h.  

 

2.4 Conclusion 

Minimizing kidney elimination and prolonging blood retention of anticancer drugs with 

non-renal-clearable engineered nanoparticles has been a major strategy for enhancing tumor 

targeting through EPR effect in the past decades. In the clinical translation of cancer 

nanomedicines, many paradoxes such as efficient kidney elimination versus high tumor 

targeting,67 rapid targeting versus long blood retention for strong EPR effect,68-69 and high 
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vasculature permeability versus low systemic toxicity6 have been often encountered when 

anticancer drugs are delivered by non-renal-clearable nanoparticles. By using renal-clearable 

AuNPs as a delivery system and doxorubicin as the anticancer drug model, we found that these 

paradoxes could be reconciled. The enhancement in both tumor targeting and kidney elimination 

of drug can be achieved concurrently with renal-clearable AuNPs. With high permeability in 

tumor, the ultrasmall DOX@AuNPs can rapidly target tumor and retain in tumor much longer than 

free DOX through EPR effect, indicating that effective therapeutic treatment can be achieved 

through rapid tumor targeting with no need of prolonged blood retention. Moreover, the renal-

clearable AuNPs significantly minimized the DOX-induced hepatic and renal toxicity by not only 

increasing renal elimination of off-target drugs but also minimizing the drug interaction with and 

retention in healthy tissues. This further indicates that high vascular permeability and low systemic 

toxicity can be simultaneously achieved with renal-clearable AuNPs. These findings suggest that 

this new delivery strategy can be applied to address many critical challenges in targeting and 

clearance of cancer nanomedicines, which is expected to shift the paradigm in the anticancer drug 

delivery.  

 

2.5 Methods 

2.5.1 Animal and tumor xenograft model 

The animal studies were conducted by following the guidelines of the University of Texas 

System Institutional Animal Care and Use Committee.  The CD-1, balb/c and nude (Foxn1nu) mice 

were purchased from Envigo and housed in ventilated cages under standard environmental 
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conditions (23 ± 1 °C, 50 ± 5 % humidity and a 12/12 h light/dark cycle) with water and standard 

laboratory food. The MCF-7, 4T1, MDA-MB-231 cancer cells were purchased from ATCC and 

cultured in recommended media with supplements (10% fetal bovine serum and 1% penicillin-

streptomycin) at 37 °C in humidified atmosphere containing 5% CO2. For tumor xenograft model, 

suspension of cancer cells (DMEM : Matrigel, 2 : 1 (v/v), containing ~1 × 106 per 100 μL) were 

injected subcutaneously near the mammary fat pat (MFP) area. The tumors were allowed to 

develop for 1 week before imaging, biodistribution or therapeutic studies. 

2.5.2 Therapeutic efficacy 

In order to evaluate therapeutic efficacy, the MCF-7 or MDA-MB-231 tumor-bearing nude 

mice, or 4T1 tumor-bearing balb/c mice were injected successively with DOX@AuNPs, free DOX 

(equivalent DOX, 5 mg/kg body weight), and PBS as control through tail vein on day 8, 11, 14, 

17 and 20 post-implantation. The dose schedule, equivalent DOX 5 mg/kg body weight, every 3-

day for 5 times, was used for the antitumor efficacy and survival studies. This was determined as 

the maximal tolerated dose (MTD)70 for the successive treatment of free DOX based on body 

weight change, where more than 10% body weight loss was found for the mice with free DOX 

treatment during the study, indicating the acute systemic toxicity. 

The length (L) and width (W) of the tumors were measured with a digital caliper and the 

volume (V) was calculated by the equation V = ½ LW2. The body weight was also monitored 

during the treatment. The mice were euthanized and sacrificed at the end of the study (day 23) and 

animal tissues were collected for pathological evaluation. For survival study, the tumor-bearing 

mice were treated same with therapeutic study, and tumor sizes were recorded. The animal with 

tumor sizes over 1,000 mm3 or with body weight loss more than 20% were euthanized.71 For lung 
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metastasis of breast cancer model, 4T1 cancer cells were implanted subcutaneously in balb/c mice, 

which showed fast cancer metastasis into lungs. Then, the mice were treated in the same way with 

the above therapeutic studies and mice lungs were collected on day 23 and stained with DAPI for 

visualization of tumor nodules. Surface nodules in lungs were imaged and analyzed with Nikon 

SMZ-18 stereomicroscope. 

2.5.3 Tumor targeting and intratumoral drug distribution  

To quantify the tumor targeting efficiencies, MCF-7 tumor-bearing nude mice were 

injected intravenously with DOX@AuNPs, free DOX (equivalent DOX, 5 mg/kg body weight) 

and PBS, respectively, and sacrificed at selected time points. The tumors were collected and 

homogenized and DOX concentrations were measured using the same approaches described in the 

biodistribution studies.  

To evaluate the intratumoral distribution of DOX, the mice were injected intravenously 

with DOX@AuNPs, free DOX (equivalent DOX, 5 mg/kg body weight) and PBS, respectively; at 

12 h post-injection, the mice were injected with lectin-FITC (0.5 mg/mL, 100 µL) for vasculature 

staining. After 10 min post-injection of lectin-FITC, the MCF-7 tumor-bearing nude mice were 

sacrificed, and tumors were collected and processed for frozen sectioning and fluorescence 

imaging. For confocal fluorescence imaging, the tumor tissues (stained with DAPI) were analyzed 

with Olympus FV3000RS laser scanning confocal microscope.  

2.5.4 Biodistribution and elimination 

For DOX biodistribution at different time-points, the organs and tissues were weighed and 

homogenized with lysis buffer, and the homogenates were added with 10% Triton X-100, 
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deionized water and acidified isopropanol (0.75 N HCl) (1: 0.5 : 1 : 7.5, v/v) and mixed well via 

vortex.72-73 Extraction was performed at - 20 °C for overnight and supernatant was obtained after 

centrifugation at 15,000 g for 10 min. The DOX concentrations were quantified based on 

fluorescence analysis. Standard addition of different DOX concentrations was performed before 

homogenization of mice tissues with PBS treatment. For AuNP biodistribution, the mice were 

sacrificed at selected time points, and main organs were collected, weighed, dissolved in aqua 

regia and diluted properly for ICP-MS measurements. The DOX concentrations in blood were 

analyzed with HPLC after using the same approach described above. 

For renal clearance study, female CD-1 mice (6 - 8 weeks old) were injected intravenously 

with DOX@AuNPs and free DOX, respectively, and the urine was collected and weighed at 

different time intervals within 24 h p.i. To quantify DOX in the urine, sodium acetate (0.05 M, pH 

4) was added into the urines for dilution followed by the incubation for 30 min. The suspension 

was then centrifuged at 21,000 g for 10 min and supernatant was collected and analyzed using 

fluorescence HPLC  with a C18 column (Kinetex 5 μm, 150 × 4.6 mm, Phenomenex) as the 

stationary phase and sodium acetate buffer/acetonitrile (70 : 30, v/v) as mobile phase.74-75 Since 

DOX is highly fluorescent, the fluorescence signals were collected at 610 nm with excitation at 

470 nm. To quantify AuNP in the urine, the urine was dissolved in aqua regia and diluted properly 

for ICP-MS measurement.  

2.5.5 Toxicity study 

To conduct the acute toxicity study, we intravenously injected DOX@AuNPs, free DOX 

(equivalent DOX, 5 mg/kg body weight, ×5, every 2 days) and PBS for 15 d into female CD-1 

mice (6 - 8 weeks old), of which body weight and physical abnormalities were recorded. For blood 
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chemistry study, the blood was collected through cardiac puncture at the end of the study and kept 

on ice for 30 min for coagulation. Then, the serum was acquired and analyzed after centrifugation 

at 12,000 g for 15 min with removal of coagulated blood cells.  
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3.1 Abstract 

Enhancing tumor targeting of nanocarriers has been a major strategy for advancing clinical 

translation of cancer nanomedicines. However, the median tumor targeting of current nanocarriers 

is only 0.7% injection dose, which demands more thorough understandings of other key factors in 

the drug delivery.  

Herein, we conducted the head-to-head comparison between 5-nm renal-clearable and 30-

nm non-renal-clearable gold nanoparticle (AuNP)-based drug delivery systems (DDSs) in the 

delivery of doxorubicin (DOX). While these two DDSs themselves had comparable tumor 

targeting efficiency, we found their different permeability to tumor vasculature played an even 

more important role than blood retention in the delivery and intratumoral transport of DOX, of 

which tumor accumulation, efficacy and therapeutic index were enhanced 2, 7 and 10 times by 5-

nm renal-clearable DDS over 30-nm non-renal-clearable one, respectively. These findings indicate 

that high vascular permeability of renal-clearable nanocarriers can be utilized to further improve 

anticancer drug delivery with no need of prolonged blood retention. 

 

3.2 Introduction 

Clinical translation of cancer nanomedicines demands thorough understanding of key 

factors that govern therapeutic efficacy of anticancer drugs delivered by nanocarriers.2 Enhancing 

tumor accumulation of nanocarriers is the most commonly used strategy to improve tumor delivery 

and therapeutic efficacy of an anticancer agent.76-77 However, a recent study has shown that only 

0.7% injection dose (median) of the administrated nanocarriers was delivered to solid tumors after 
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surveying a variety of cancer-targeting nanoparticles reported in the past ten years.51 Although 

significant efforts are being dedicated to continuously improving tumor targeting efficiency of 

nanocarriers by prolonging their blood retention or increasing their affinity to overexpressed 

cancer markers,3, 78 how vascular permeability of nano-sized DDSs impacts the delivery and 

efficacy of anticancer drugs is still lack of comprehensive understandings,52, 79 in particular, for 

renal-clearable nanoparticle-based DDSs, which are much more permeable to both tumor 

vasculatures and normal endothelium than any other nano-DDSs. They are often believed too small 

to be retained in the bloodstream for long period of time and not suitable for anticancer drug 

delivery compared with conventional non-renal-clearable nanocarriers in many aspects.52, 80    

Renal-clearable nanoparticles have recently emerged as a new generation of engineered 

nanoparticles that can selectively target tumors while “off-target” ones can be rapidly eliminated 

out of the body through the kidneys.81 In the past decade, a variety of renal-clearable engineered 

nanoparticles have been developed, including quantum dots,17 silica nanoparticles (“C” dots),20 

iron oxide nanoparticles27 as well as noble metal nanoparticles.18, 82 More recently, they are being 

exploited to deliver anticancer drugs.19, 83 Choi et al. proposed renal-clearable organic 

nanoparticles for the drug delivery.19 Wiesner and Bradbury et al. reported that “C” dots enhanced 

delivery and therapeutic efficacy of gefitinib in the treatment of non-small cell lung cancer in 

murine xenograft models.83 We also used renal-clearable AuNPs to deliver a widely used 

anticancer drug, doxorubicin (DOX), to primary and lung metastatic breast cancers, and compared 

the differences in the tumor targeting and clearance of drug with or without being loaded on renal-

clearable AuNPs.36 We found that renal-clearable AuNPs not only enhanced tumor targeting 

efficiency and efficacy of DOX but also accelerated clearance of the off-target DOX; so that the 
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long-standing targeting-clearance paradox in the anticancer drug delivery was successfully 

addressed.36 However, there are still many fundamental questions regarding differences in the 

anticancer drug delivery between these renal-clearable DDSs and conventional non-renal-

clearable ones. While renal-clearable DDSs are known highly permeable to both tumor and normal 

vasculatures, and have much shorter blood retention than conventional nano-DDSs, the 

quantitative and thorough investigation is highly desired to understand how the high vascular 

permeability of renal-clearable DDSs impacts the intratumoral transport and therapeutic efficacy 

of anticancer drugs over conventional non-renal-clearable ones.69 

Herein, we conducted the head-to-head comparison on the differences in the tumor 

accumulation, intratumoral transport and therapeutic index of DOX delivered by 5-nm renal-

clearable and 30-nm non-renal-clearable AuNP-based DDSs, which themselves had comparable 

tumor targeting efficiency but distinct elimination pathways.84 Our findings show that renal-

clearable AuNPs can enhance tumor accumulation, efficacy and therapeutic index of DOX 2, 7 

and 10 times over non-renal-clearable AuNPs, respectively, even though their blood retention is 

two times shorter compared to non-renal-clearable one. These enhancements fundamentally 

originate from high vascular permeability of 5-nm renal-clearable DDS, which not only enhances 

tumor targeting of drug but also allows it to distribute rapidly and effectively in the entire tumor 

microenvironment with no need of long blood circulation. 
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3.3 Results and Discussions 

3.3.1 Clearance pathways of DDS-5 and DDS-30 

In previous work, we have successfully loaded DOX onto renal-clearable AuNPs with 2-

nm core size through π-π stacking interaction.36 Using the same strategy, we further loaded DOX 

onto the non-renal-clearable AuNPs with core size of 23.6 ± 4.3 nm (see Methods and Figure 

3.1), which is chosen as the non-renal-clearable DDS for comparison because this size has been 

reported highly permeable to tumor vasculatures among non-renal-clearable nanocarriers of 

different sizes.45, 85-86 In addition, the 27-nm AuNPs are currently investigated as nano-DDS 

(Aurimune®) for cancer treatment in clinical trials.87 After DOX loading, the non-renal-clearable 

DDS showed an average hydrodynamic diameter (HD) of 30.9 ± 6.2 nm (namely as DDS-30, 

Figure 3.2a). In contrast, the HD of renal-clearable DDS was 4.7 ± 0.9 nm (namely as DDS-5), 

which was still below the kidney filtration threshold (~6 nm).17  

 
Figure 3.1. Characterization of non-renal-clearable DDS-30. a) Size distribution of the non-

renal-clearable AuNP-based delivery vector (NRC-AuNPs) analyzed from TEM imaging (Inset; 

scale bar, 50 nm). The delivery vector exhibited an average core size of 23.6 ± 4.3 nm. b) UV-Vis 

absorbance spectra of NRC-AuNPs and the DOX-loaded NRC-AuNPs, namely, DDS-30.   



 

41 

 
Figure 3.2. Particle size and clearance pathways (DOX) of DDS-5 and DDS-30. a) 

Hydrodynamic diameters of the renal-clearable drug-loaded AuNPs (4.7 ± 0.9 nm, namely, DDS-

5) and non-renal-clearable drug-loaded AuNPs (30.9 ± 6.2 nm, namely, DDS-30). b) 24-h renal 

clearance of the loaded DOX (n = 3). c) DOX distribution in kidney and liver for the injected DDS-

5 and DDS-30 at 24 h post-injection (n = 3). ***P <0.005 (Student’s t-test).  

 

Since these two DDSs were of different size below or above the kidney filtration threshold, 

they led to distinct clearance pathways of the loaded drug. After the intravenous injection, the 

urinary excretion of DOX for the renal-clearable DDS-5 was 22.0 % of injected dose (ID) in the 

first 24 h post-injection (p.i.), which was 6.5 times higher than that of the non-renal-clearable 

DDS-30 (3.4 %ID, Figure 3.2b). On the other hand, due to strong interaction of non-renal-

clearable DDS-30 with the liver,88 liver accumulation of DOX was 72.2 ± 14.5 %ID per gram of 

tissue (%ID/g) at 24 h p.i. (Figure 3.2c), consistent with previous reports.14, 24 Meanwhile, the 

DDS-5 showed the 8.6 times lower DOX distribution (8.4 ± 1.1 %ID/g) in the liver, indicating the 

great potential to minimize the drug exposure and toxicity to the liver. While the kidney 

accumulation of DOX delivered by DDS-5 was 5.7 ± 0.4 %ID/g at 24 h p.i., nearly 3 times higher 

than by DDS-30 (1.8 ± 0.3 %ID/g) due to its clearance pathway, the renal-clearable DDS-5 showed 

no observable toxicity to either kidney or liver, spleen, etc.; whereas, the non-renal-clearable DDS-

30 induced damage to hepatocytes in the liver (anisocaryosis and anisocytosis)64 due to the high 

accumulation of the off-target drug (Figure 3.3).  
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Figure 3.3. Hepatotoxicity study for the different formulas.  a) Haematoxylin and eosin 

staining images of liver tissues with successive treatments of PBS, DDS-5, DDS-30 and free DOX 

(equivalent DOX, 5 mg/kg body weight, ×5, every 3-day), respectively on 15 d p.i. Anisocaryosis 

and anisocytosis of hepatocytes were evident for the DDS-30 and free DOX treatments due to the 

high drug accumulation in the liver, which was minimized with DDS-5 treatment. Scale bar, 50 

μm. b) Analysis of the nuclei size for the hepatocytes with different treatments. The hepatocytes 

with free DOX treatment as well as DDS-30 showed significant higher distribution width of nuclei 

sizes (due to the massive liver uptake and toxicity of genotoxic agent), which was absent in DDS-

5 and PBS treatment. Box indicates median and 25-75% interquartile range. Error bar indicates 

s.d. DW, distribution width = 100 (s.d./mean). 

 

3.3.2  Tumor targeting efficiency of DDS-5 and DDS-30 

To compare tumor targeting and drug delivery of these two different DDSs, we used the 

MCF-7 human breast cancer xenograft model, which has been widely used to evaluate the tumor 

targeting behaviors of various nanocarriers.23, 36, 89-90 Interestingly, the two DDSs showed the 

comparable tumor targeting efficiency based on the delivery vector (AuNP), where 5.6 ± 0.4 

%ID/g of DDS-5 and 5.0 ± 1.2 %ID/g of DDS-30 were found in tumor at 12 h p.i. (Figure 3.4). 

However, the tumor accumulation of drug (DOX) delivered by DDS-5 (4.1 ± 0.4 %ID/g) was twice 

that of DDS-30 (2.0 ± 0.4 %ID/g).  



 

43 

 
Figure 3.4. Tumor targeting and drug delivery of DDS-5 and DDS-30. Tumor distribution of 

the DDS-5 and DDS-30 based on both AuNP and DOX at 12 h post-injection (n = 4). ****P 

<0.0005; NS, not significant.  

 
Figure 3.5. Pharmacokinetics of DDS-5 and DDS-30. Upon the injection, the DDS-5 showed a 

more rapid body distribution with the volume of distribution (Vd) of 15.4 mL and the distribution 

half-life (T1/2α) of 0.24 h compared to the DDS-30 (with Vd of 9.0 mL and T1/2α of 0.42 h). This is 

because the DDS-5 can be rapidly eliminated through kidney, whereas, the DDS-30 will be 

recognized and taken up by liver and other RES tissues during the blood circulation. In addition, 

the renal-clearable DDS-5 showed a longer elimination half-life (T1/2β) of 8.09 h compared to that 

of the non-renal-clearable DDS-30 (with T1/2β of 5.48 h). Overall, 24-h area under curve (AUC) 

values were 5.4 and 10.9 %ID•h/g for DDS-5 and DDS-30, respectively. 

 

These results suggested that DDS-5 delivered DOX into the tumors more efficiently than 

the DDS-30, even though pharmacokinetic study showed the  24-h area under the curve (AUC) of 

blood DOX for the DDS-5 (5.4 %ID•h/g) was only a half of that for DDS-30 (10.9 %ID•h/g, 

Figure 3.5). Moreover, DOX carried by DDS-5 showed the more rapid body distribution (volume 

of distribution, Vd, of 15.4 mL and distribution half-life, T1/2α, of 0.24 h) than that by the DDS-30 

(Vd of 9.0 mL and T1/2α of 0.42 h), consistent with our observation that DOX targeted the tumor 
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more rapidly after being loaded on DDS-5. With the higher tumor delivery, more rapid renal 

excretion and lower background retention, the renal-clearable DDS-5 showed much higher tumor 

selectivity or tumor-to-background19 ratio compared to the non-renal-clearable counterpart. These 

findings also indicate that neither tumor targeting efficiency of these two nanocarriers nor blood 

retention of DOX plays the major role in the DOX delivery.  

3.3.3 Intratumoral transport of delivery vector (AuNPs) 

To unravel the origin of higher DOX delivery enabled by DDS-5 over DDS-30, we further 

investigated the transvascular and interstitial transport of the two DDSs. We collected the tumor 

tissues at 12 and 72 h after intravenous injection of the DDS-5 and DDS-30, respectively. The 

AuNPs in tumor tissues were readily visualized under bright field microscope after silver 

staining.91 After the haematoxylin and eosin (H&E) and silver staining, images of tumor tissues 

(Figure 3.6a) showed the smaller DDS-5 already exhibited longer penetration distance away from 

the nearby blood vessels than larger DDS-30 at 12 h p.i., even though they both were mainly 

located close to the tumor vasculatures. At 72 h p.i., the smaller DDS-5 showed even more 

significant extravasation and deeper diffusion in tumor tissues than the larger DDS-30. By 

analyzing the distance of the stained NPs from the nearest tumor blood vessels,10, 92 we found that 

the smaller DDS-5 traveled much further from blood vessels to tumor environment with a median 

distance of 80.8 μm, nearly at the center between two nearby vessels (Figure 3.6b). Meanwhile, 

many larger DDS-30 still distributed near the blood vessels with median distance of 47.5 μm. 

Further analysis of the AuNPs (silver-stained spots) in whole tumor indicated that the smaller 

DDS-5 distributed nearly homogeneously from peripheral tumor, through intermediate area, to 

inner tumor core (Figure 3.6c-d). Moreover, for the smaller DDS-5, they were found inside the 
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tumor cells (Figure 3.7), further confirming that the renal-clearable DDS-5 was much more 

permeable in the tumor than non-renal-clearable DDS-30.  

 
Figure 3.6. Intratumoral transport of AuNPs for DDS-5 and DDS-30. a) Haematoxylin- and 

eosin- (H&E), and silver- stained tumor tissues treated with DDS-5 and DDS-30 at 12, and 72 h 

p.i. Scale bar, 100 μm. Blood vessels were labeled as red circles. b) Analysis of the penetration 

distance of silver-stained AuNPs from the nearest blood vessels at 72 h p.i. The DDS-5 was found 

to travel much further from vessels (with median distance of 80.8 μm) while many DDS-30 still 

distributed near the tumor blood vessels (with median distance of 47.5 μm). Vessel diameter and 

vessel-to-vessel distance were predetermined as D = 32.6 μm and d = 202.1 μm, respectively. Error 

bar indicates s.d. Box indicates median and 25-75% interquartile range. ****P <0.0001. c-d) 

Analysis of whole-tumor distribution of the renal-clearable DDS-5 at 72 h p.i., among the defined 

areas as inner tumor, peripheral tumor and intermediate regions. Inset image showed the tumor 

morphology and whole-tumor distribution of NPs. Scale bar, 500 μm. Whole-tumor analysis of 

NP accumulation was achieved by collecting the silver-stained NP counts (d, per 0.2 mm2) in the 

defined three regions. No significant difference was found in the distribution of DDS-5 among the 

three regions (One-Way ANOVA). Box indicates median and 25-75% interquartile range.  
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Figure 3.7. Uptake of DDS-5 by tumor cells.  H&E- and silver- stained tumor tissues treated 

with DDS-5 72 h p.i. The sliver-stained NPs were found to distribute all over the tumor tissue and 

many NPs were taken up by tumor cells (Scale bar, 20 μm for inset), indicating the interaction of 

DDS-5 with tumor cells and successful intracellular delivery. Scale bar, 50 μm. 

 

3.3.4 Intratumoral transport of drug (DOX) 

To further understand how the high vascular permeability of renal-clearable DDS-5 

impacts the intratumoral distribution of drug, we investigated the transvascular and interstitial 

transport of DOX carried by DDS-5 and DDS-30. At 12 h post-intravenous injection of the two 

DDSs into MCF-7 tumor-bearing mice, we studied the tumor tissues using fluorescence 

microscopy imaging. We found the DOX carried by ultrasmall DDS-5 extravasated from tumor 

vasculature and penetrated deeply into tumor microenvironment within 12 h (Figure 3.8a). In 

contrast, majority of DOX delivered by large-sized DDS-30 was confined within or near the blood 

vessels, consistent with previous observation that the large NPs showed limited tumor 

extravasation and penetration.10, 45, 68 Hence, for the large DDS-30, the lower drug delivery 

efficiency is due to the relatively lower vascular permeability of DDS-30 over DDS-5. With the 

quantitative analysis of tumor cells interacting with DOX across different distances from tumor 

vasculature (Figure 3.8b-d), we found that the percentage of tumor cells interacting with DOX for 
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the DDS-5 (36-54 %) was 2 to 5 times more than that of the larger DDS-30 (9-19 %). In addition, 

with increased distance-to-vessel (from 30 to 120 µm), the smaller DDS-5 showed greater 

difference from larger DDS-30 in the delivery efficiency to tumor cells (from 2.8 to 4.7 times, 

Figure 3.8d). These findings clearly indicate that efficient intratumoral transport of drug enabled 

by highly permeable DDS-5 is responsible for the observed higher drug delivery efficiency. 

Therefore, the smaller DDS-5 not only carried 2 times more drug into the whole tumor but also 

delivered the drug into larger population of tumor cells in the tumor environment. 

 
Figure 3.8. Intratumoral transport of drug across different distances from tumor blood 

vessels. a) Confocal fluorescence microscopy imaging of the tumor microenvironment with 12 h 

post-injection of DDS-5 and DDS-30. Full-scale width, 320 µm. b-d) Quantification of drug 

diffusion based on the cell count interacting with DOX across different distances from tumor blood 

vessels. As shown in b-c, starting from the vessel center, the distances were defined as R1 (30), R2 

(60), R3 (90) and R4 (120 µm), and different regions of interest (ROIs, A1 = A2 = A3 = A4 = πR1
2, 

b) were defined for each distance range. Then, the cells with or without DOX interaction were 

counted based on the nuclei (DAPI) and DOX signals within each ROI for DDS-5 or DDS-30 (c), 

for further plotting (d, n = 10). Scale bars for c, 50 µm. For d, *P <0.05, **P <0.01, ***P <0.005, 

****P <0.0001 (One-Way ANOVA). Error bar indicates s.d. Box indicates median and s.e.m. 
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3.3.5 Therapeutic index of DDS-5 and DDS-30 

We conducted the following therapeutic study to investigate how the differences in the 

intratumoral transport of drug affect therapeutic efficacy between the DDS-5 and DDS-30. The 

MCF-7 tumor-bearing mice were treated by successive injections of PBS, DDS-30 and DDS-5 

(equivalent DOX, 5 mg/kg body weight, every 3-day, ×5, see Methods), and tumor growth curves 

were recorded during the treatment. The normalized tumor growth curves showed that the average 

tumor size after DDS-5 treatment was 2.9 times, and 4.2 times smaller than those of the tumor 

sizes after DDS-30 and PBS treatments, respectively (Figure 3.9), indicating the significantly 

enhanced antitumor efficacy of the DDS-5. We further investigated the efficacious dose (ED, 

defined as the dose to achieve comparable efficacy to that of DDS-30 treatment, 5 mg/kg body 

weight in Figure 3.9a) of DDS-5, which was 0.75 mg/kg body weight and 6.7 times less than that 

of DDS-30.  

To quantify the therapeutic index of both DDS-5 and DDS-30, we not only defined the 

efficacious dose but also determined the toxic dose (TD) of the two DDSs. This toxic dose was 

mainly estimated as the maximal tolerated dose (MTD, in terms of DOX as well)70 of a single 

treatment, indicating the acute systemic toxicity. We intravenously injected DDS-5 and DDS-30 

at escalated doses as well as PBS and monitored the body weight change and physical 

abnormalities within 10 d post-treatment. And then, the mice were sacrificed, and blood serums 

were collected for blood chemistry analysis. By combining the body weight loss (Figure 3.9b) as 

well as blood chemistry results, we found that the MTD values were 15 mg/kg for DDS-5 and 10 

mg/kg for both DDS-30 and free DOX. Quantitatively, the toxic dose (TD) of the DOX was 

increased by 1.5-fold after being loaded on DDS-5, which was mainly due to rapid elimination of 
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the off-target DOX. As there were 6.7-fold increase in ED and 1.5-fold increase in TD for the 

DDS-5 versus DDS-30, the therapeutic index93 (TI, equals TD/ED) of the DDS-5 was increased 

one-order over DDS-30, indicating the improved both efficacy and safety.  

 
Figure 3.9. Therapeutic efficacy and tolerance of DDS-5 and DDS-30. a) Normalized tumor 

growth curves during the successive treatments of PBS, DDS-30 and DDS-5 (equivalent DOX, 5 

mg/kg body weight, ×5, n = 4). ***P <0.001, ****P <0.0001 (One-Way ANOVA). b) 10-d body 

weight change of mice administrated with PBS, DDS-5 and DDS-30 at the escalated doses (n = 

4). *P <0.05, **P <0.01. 

 

3.4 Conclusion 

Using renal-clearable DDS-5 and non-renal-clearable DDS-30 with comparable tumor 

targeting efficiency for drug delivery, we conducted quantitative studies on how the high vascular 

permeability of renal-clearable AuNP-based DDS impacted drug delivery, intratumoral transport 

and therapeutic efficacy compared to non-renal-clearable counterpart. Our findings show that 

DOX carried by renal-clearable DDS-5 had 2 times shorter plasma retention than that by non-

renal-clearable DDS-30, but tumor delivery of DOX by DDS-5 was 2 times more efficient than 

that by DDS-30. Moreover, therapeutic efficacy of DOX carried by renal-clearable AuNPs was 

significantly improved compared to non-renal-clearable AuNPs. These significant improvements 

in both delivery efficiency and therapeutic efficacy of DOX were fundamentally because high 
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vascular permeability of renal-clearable AuNPs enabled DOX to rapidly transport and distribute 

in the entire tumors and to be efficiently taken up by tumor cells with no need of long blood 

circulation. Moreover, since more than 22% of the off-target DOX was rapidly eliminated out of 

the body through the kidneys after being carried by renal-clearable AuNPs, the toxicity of DOX 

to the vital organs was reduced compared to non-renal-clearable AuNPs. Therefore, the therapeutic 

index of the DDS-5 can be increased one order over DDS-30, indicating the improved both efficacy 

and safety. In the studies, we mainly focus on the head-to-head comparison on delivery and 

efficacy of DOX carried by 5-nm and 30-nm AuNP-based DDSs, which are composed of the same 

materials and surface chemistries and have comparable tumor targeting but distinct vascular 

permeability; so that we can minimize the interferences by other factors during the studies. 

However, the findings will not be limited to these two systems. many other large non-renal-

clearable DDSs behaved in the delivery of anticancer drugs similar to the 30-nm DDS. For 

instance, Doxil (~90 nm PEGylated liposome loaded with DOX) also had limited tumor 

penetration and the loaded DOX was mainly accumulated in the peripheral area of tumors (Figure 

3.10), which also required the long blood retention to achieve efficient tumor accumulation,9 

similar to what we observed from non-renal-clearable 30-nm DDS. In addition to the MCF-7 

tumors, our previous study showed that the renal-clearable AuNPs also exhibited more efficient 

intratumoral transport in the poorly permeable brain tumors compared to the non-renal-clearable 

AuNPs.24 Thus, these findings indicate that high vascular permeability of renal-clearable 

nanocarriers can be utilized to further improve anticancer drug delivery with no need of prolonged 

blood retention. 



 

51 

 
Figure 3.10. Therapeutic studies among different tumor models for the DDS-5 and DDS-30 

as well as Doxil. a) Normalized MCF-7 tumor growth curves for the successive treatments of 

DDS-5 and the clinically available 90-nm Doxil. After the treatment, the DDS-5 showed the 

comparable efficacy with the 90-nm Doxil (n = 4). *P <0.05; NS, not significant. b) Intratumoral 

distribution of the Doxil (equivalent DOX, 5 mg/kg body weight) at 12 h post-injection to the 

MCF-7 tumor-bearing mice. Scale bar, 200 nm. Even though the Doxil showed the comparable 

efficacy with DDS-5, we found that there was the significant difference in the intratumoral 

transport behavior for the Doxil versus DDS-5: The 90-nm Doxil showed a higher tumor targeting 

(6.3 ± 0.4 %ID/g at 12 h p.i.) due to the prolonged blood circulation,54 however, it was merely 

confined in the blood vessels near the tumor surface with minimal distribution near the inner tumor 

areas. The heterogeneous intratumoral distribution and insignificant tumor extravasation of Doxil 

have also been systemically investigated previously.52 c-d) Normalized tumor growth curves of 

the 4T1 (c) and MDA-MB-231 (d) tumors  for the successive treatments of different formulas. 

Compared to the MCF-7 tumor xenograft, the DDS-5 showed the similar antitumor efficacy for 

the 4T1 and MDA-MB-231 tumor models (n = 4). ***P < 0.001, ****P < 0.0001. Not significant 

between DDS-5 and Doxil. 
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3.5 Methods 

3.5.1 Preparation and characterization of DDS-5 and DDS-30 

The renal-clearable DDS-5, also known as the 5-nm doxorubicin-loaded AuNPs (5-nm 

DOX@AuNPs) was prepared based on the established method,36 using the non-covalent π-π 

interaction between the delivery vector (AuNPs) and the loaded drug (DOX).  

By using the same loading strategy, the non-renal-clearable DDS-30, also known as the 

30-nm DOX-loaded AuNPs (30-nm DOX@AuNPs), was prepared as following: The non-renal-

clearable delivery vector (NRC-PEG-AuNPs) was synthesized via solid-state thermal reduction of 

gold salt with glycine as reported previously,24 followed by the incubation of these AuNPs with 

10 mM PEG-SH for surface coating of PEG ligands. The resulting solution was kept at room 

temperature for weeks and NRC-PEG-AuNPs were acquired via centrifugation (with spin-rate of 

6,500 g for 3 min, followed by 1,000 for 3 min).24 For surface modification, NRC-PEG-AuNPs (2 

mg/mL) and MBA (0.25 mg/mL) were incubated in 0.1 M sodium tetraborate for 30 min under 

vortex. The resulting NPs were purified and washed with centrifugal filter (MWCO, 100 kDa) 

before drug loading. To prepare the DDS-30, the as-modified dual-ligand AuNPs and DOX (1 : 1, 

w/w) were incubated in water overnight and purified using centrifugal filter (MWCO, 100 kDa) 

for free drug removal. 

Hydrodynamic diameters were analyzed using a Brookhaven 90 Plus dynamic light 

scattering particle size analyzer. The absorbance spectra were collected using a Varian 50 Bio UV-

Vis spectrophotometer. Quantification of DOX loading was achieved by the UV-Vis spectroscopy 

of DDSs and free DOX (characteristic absorbance at 350 and 480 nm), as well as inductively 

coupled plasma mass spectrometry (ICP-MS) measurement. Transmission electron microscopy 
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(TEM) image of NRC-AuNPs were taken by a 200kV JEOL 2100 transmission electron 

microscope. 

3.5.2 Renal clearance and pharmacokinetics 

For renal clearance, female CD-1 mice (6 - 8 weeks old) were injected intravenously with 

the DDSs, and urine was collected and weighed at different time intervals. To quantify DOX in 

the urine, sodium acetate (0.05 M, pH 4) was added into the urines for dilution followed by the 

incubation for 30 min. The suspension was then centrifuged at 21,000 g for 10 min and supernatant 

was collected and analyzed using fluorescence HPLC (Shimazu RF-20A) with a C18 column 

(Kinetex 5 μm, 150 × 4.6 mm, Phenomenex) as the stationary phase and sodium acetate 

buffer/acetonitrile (70 : 30, v/v) as mobile phase.74-75 Fluorescence signals of DOX were collected 

at 610 nm with excitation at 470 nm. The AuNPs in the urine were dissolved in aqua regia and 

diluted properly for ICP-MS measurement. For pharmacokinetics study, the DOX concentrations 

in blood were analyzed using HPLC with the same approach described above. 

3.5.3 Biodistribution and tumor targeting  

To quantify DOX biodistribution in tumor and other organs, the tissues were weighed and 

homogenized with lysis buffer, and the homogenates were added with 10% Triton X-100, 

deionized water and acidified isopropanol (0.75 N HCl) (1 : 2 : 7, v/v) and mixed well via vortex.72-

73 Extraction was performed at - 20 °C for overnight and supernatant was obtained after 

centrifugation. The DOX concentrations were quantified based on fluorescence analysis. Standard 

addition of free DOX was performed before homogenization for mice tissues with PBS treatment. 
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For AuNP biodistribution, the mice were sacrificed at selected time-point, and tissues were 

collected, weighed and dissolved in aqua regia before ICP-MS measurement.  

3.5.4 Intratumoral transport of drug and nanoparticle  

To quantify the tumor penetration of DOX, the mice were injected intravenously with 

DDS-5, DDS-30 (equivalent DOX, 5 mg/kg body weight) and PBS; at 12 h p.i., the mice were 

injected with lectin-FITC (0.5 mg/mL, 100 µL) for vasculature staining. After 10 min post-

injection of lectin-FITC, the MCF-7 tumor-bearing nude mice were sacrificed, and tumors were 

collected and processed for frozen sectioning and fluorescence imaging. For confocal fluorescence 

imaging, the tumor tissues (stained with DAPI) were analyzed with Olympus FV3000RS laser 

scanning confocal microscope. To quantify the NP tumor penetration, we intravenously injected 

MCF-7 tumor-bearing nude mice with DDS-5 and DDS-30, respectively. The mice were sacrificed 

12 and 72 h p.i. respectively. Tumor tissues were fixed, embedded in paraffin and sliced before 

haematoxylin and eosin (H&E), and silver staining.91 To enable visualization of AuNPs in the 

tumor issues, dewaxed tumor slides were incubated with silver nitrate (0.1 M) and hydroquinone 

(2 mM) for 15 min at room temperature, followed by washing with pure water and H&E staining. 

The color images of the stained slices were taken using Nikon SMZ-18 stereomicroscope. 

3.5.5 Therapeutic efficacy and toxicity 

In order to evaluate therapeutic efficacy, the MCF-7 tumor-bearing nude mice were 

injected successively with PBS, DDS-5 and DDS-30 (equivalent DOX, 5 mg/kg body weight) 

through tail vein on day 8, 11, 14, 17 and 20 post-implantation. The length (L) and width (W) of 
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the tumors were measured with a digital caliper and the volume (V) was calculated by the equation 

V = ½ LW2. The body weights were also monitored during the treatment.  

To evaluate the maximal tolerated dose (MTD) for indication of acute toxicity,70 we 

conducted a single intravenous treatment of PBS, DDS-5, DDS-30 and free DOX at escalated 

doses into female CD-1 mice (6 - 8 weeks old), of which body weight and physical abnormalities 

were recorded every 2 days. The mice were sacrificed on 10 d p.i. and the blood were extracted 

via cardiac puncture. The serum samples were acquired after centrifugation of whole blood at 

10,000 g for 15 min for further blood chemistry analysis. The blood chemistry results were 

analyzed with the Vitros 250 Chemistry System. 
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4.1 Abstract 

A major clinical translational challenge in nanomedicine is the toxicological concern 

associated with the uptake and long-term retention of non-degradable nanoparticles (NPs) in major 

organs. The development of inorganic nanoparticles that undergo renal clearance could potentially 

resolve this significant biosafety concern. However, it is still unclear whether inorganic 

nanoparticles that can be excreted by the kidneys will remain capable of targeting tumors with 

poor permeability. Glioblastoma multiforme, the most malignant orthotopic brain tumor, presents 

a unique challenge for nanoparticle delivery because of the blood-brain barrier (BBB) and robust 

blood-tumor barrier of reactive microglia and macroglia in the tumor microenvironment.  

Herein, we used an orthotopic murine glioma model to investigate the passive targeting of 

glutathione-coated gold nanoparticles (AuNPs) of 3 nm in diameter that undergo renal clearance 

and 18-nm AuNPs that fail to undergo renal clearance. Remarkably, we report that 3-nm AuNPs 

were able to target intracranial tumor tissues with higher efficiency (2.3×) and greater specificity 

(3.0×, relative to surrounding non-tumor normal brain tissues) than did the larger AuNPs. 

Pharmacokinetics study suggested that the higher glioma targeting ability of the 3-nm AuNPs 

might be attributed to the longer retention time in circulation. The total accumulation of the 3-nm 

AuNPs in major organs was significantly less (8.4×) than that of the 18-nm AuNPs. Microscopic 

imaging of blood vessels and renal-clearable AuNPs showed extravasation of NPs from the leaky 

blood-tumor barrier into the tumor interstitium. Taken together, our results suggest that the 3-nm 

AuNPs, characterized by enhanced permeability and retention, are able to target brain tumors and 

undergo renal clearance. 

 



 

58 

4.2 Introduction 

The enhanced permeability and retention (EPR) effect of nanoparticles, initially proposed 

by H. Maeda and co-workers three decades ago, has been the driving design principle for 

nanomedicines.1, 5, 52, 94 Tumor angiogenesis characterized by leaky, dilated microvasculature 

permits extravasation of NPs, while physical and physiological barriers, including poorly 

developed lymphatic systems within the tumor parenchyma, retard NP clearance.95-98 As a result, 

NPs can selectively accumulate in tumors at high concentrations (10-50 folds higher than that in 

surrounding normal tissues within 1-2 days).4 However, targeting brain tumors through the 

systemic circulation is especially challenging. The endothelial tight junctions forming the blood-

brain barrier with associated pericyte and astrocyte foot-process coverage represent a formidable 

physical barrier to NP delivery. These physiological structures effectively lower the cut-off pore 

sizes for gliomas (U87 MG, 7-100 nm), relative to the same tumors grown in the subcutaneous 

space (200-1,200 nm).98-101 The targeting efficiency of NPs in intracranial xenograft brain tumors 

(<0.1 %ID/g, percentage of injected dose per gram of tissue)51, 102-103 has been reported to be much 

lower compared to that in subcutaneous brain tumors (0.1-1 %ID/g)104-109 and other non-central 

nervous system (CNS) tumors (1-10 %ID/g).10, 110-113  

To date, urinary excretion is believed to reduce the EPR effect of NPs because it might 

shorten their blood retention.14, 114 On the other hand, non-specific accumulation of large inorganic 

NPs in the liver and spleen has severely limited the clinical utility of NPs because of potential 

health hazards deemed by regulations within the Food and Drug Administration.115-118 While this 

biosafety concern could potentially be solved by developing NPs that are efficiently cleared by the 

renal route, it naturally raises a fundamental question of whether renal-clearable inorganic NPs 
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still exhibit tumor-selective distribution and long retention via excretion. We recently reported that 

zwitterionic glutathione-coated AuNPs (GS-AuNPs) of 3 nm in diameter exhibited typical tumor-

targeting behaviors with EPR similar to their larger non-renal-clearable counterparts.18 The 

targeting efficiency of renal-clearable AuNPs could be further enhanced by increasing their 

circulation retention time.23 Because of their ultrasmall sizes, it is critical to investigate whether 

the renal-clearable AuNPs would retain the ability to target orthotopic brain tumors, such as 

glioblastoma multiforme, that are known to have poor leakage.119 

Here, we report that renal-clearable zwitterionic GS-AuNPs with a hydrodynamic diameter 

(HD) of 3 nm could passively target gliomas with higher efficiency (2.3 times) and specificity (3.0 

times, defined as tumor-to-normal brain ratio) compared to non-renal-clearable 18-nm GS-AuNPs. 

Furthermore, both glioma targeting efficiency and fluorescence microscopy imaging suggested 

that nearly 56% of the AuNPs could escape leaky brain tumor vasculature and enter the tumor 

microenvironment. 

 

4.3 Results and Discussions 

4.3.1 Preparation and characterization of 3-nm and 18-nm AuNPs 

The AuNPs to target brain tumors were designed in a spherical shape with the same 

zwitterionic surface (glutathione) but different sizes. The renal-clearable AuNPs were synthesized 

by thermal reduction of chloroauric acid (HAuCl4) as reported previously.18 The non-renal-

clearable AuNPs were prepared by solid-state thermal reduction of gold salt with glycine120 and 

surface replacement with zwitterionic glutathione ligands.24 The renal-clearable AuNPs were 
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characterized with a core size of 2.6 ± 0.4 nm based on transmission electron microscopy (Figure 

4.1a, c) and HD of 3.4 ± 0.4 nm obtained by dynamic light scattering, consistent with a previous 

report.18 Meanwhile, the non-renal-clearable AuNPs showed a core size of 17.4 ± 2.4 nm (Figure 

4.1b-c) and HD of 18.4 ± 3.2 nm. 

Because of the collective oscillation of free electrons in large AuNPs, the 18-nm AuNPs 

presented a characteristic plasmonic absorption peak at 524 nm (Figure 4.1d), which was absent 

in the 3-nm AuNPs. Besides, the 3-nm AuNPs exhibited strong near-infrared (NIR) luminescence 

with an emission peak at 810 nm under excitation at 350 nm (Figure 4.1e), which allowed the in 

vivo, ex vivo, and fluorescence microscopy imaging of glioma targeting via the NPs. 

 
Figure 4.1. Characterization of 3-nm and 18-nm AuNPs. a-c) Transmission electron 

microscopy images (a, b) and size analysis (c) of renal-clearable and non-renal-clearable 

glutathione-coated AuNPs, showing core sizes of 2.6 ± 0.4 and 17.4 ± 2.4 nm, respectively. d) 

UV-Vis absorbance spectra of AuNPs of 3 and 18 nm. Inset: AuNPs of 3 and 18 nm in aqueous 

solution, from left to right. e) Excitation and emission spectra of 3-nm AuNPs, which showed the 

near-infrared luminescence. 
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4.3.2 Glioma targeting of 3-nm and 18-nm AuNPs 

To conduct glioma targeting studies, 73c murine glioma cells (p53–/–Pten–/–BrafV600E)121 

were implanted and gliomas were developed intracranially in the left hemisphere of mice. The 73c 

cells are very aggressive glioma cells, and gliomas (2-4 mm in diameter) formed within two weeks 

in mouse brain implanted with 104 cells. Next, the glioma-bearing mice were intravenously 

injected with 3-nm or 18-nm AuNPs. At 24 h post-injection (p.i.), the mice were anesthetized, and 

perfusion was performed to remove the AuNPs in the bloodstream before the mice were 

euthanized. Then the gliomas as well as normal brain tissues (brain region with no gliomas) were 

collected, and gold concentrations were analyzed with inductively coupled plasma mass 

spectrometry (ICP-MS).  

The two AuNPs showed distinct differences in passive glioma targeting as shown in Figure 

4.2a. The 3-nm AuNPs managed to accumulate specifically in the glioma through the EPR effect 

with a targeting efficiency of 0.18 ± 0.04 %ID/g, which was 2.3 times higher than that of the 18-

nm AuNPs (0.08 ± 0.05 %ID/g). This was also higher than the passive targeting efficiencies of 

many other non-renal-clearable NPs, for instance, inorganic (iron oxide) nanoparticles (0.07 

%ID/g)103 and polymeric dendrimers with PEGylated modification (0.14 %ID/g).102 Additionally, 

both 3-nm and 18-nm AuNPs showed very low and comparable accumulation in normal brain 

(0.015 versus 0.019 %ID/g, respectively) because of the tight BBB junctions. As a result, the 

glioma targeting specificity (defined as tumor-to-normal brain ratio) of the 3-nm AuNPs was about 

12.0, which was three times higher than that of the 18-nm AuNPs.  
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Figure 4.2. Glioma targeting and body elimination of the 3-nm and 18-nm AuNPs. a) 

Distribution of AuNPs with different sizes in gliomas and normal brain tissues at 24 h p.i. (n = 3). 

Before collecting the organs, AuNPs in the bloodstream were removed by perfusion. b-d) 

Pharmacokinetics (b), renal clearance efficiency (c), and biodistribution (d) of AuNPs with 

different sizes at 24 h p.i. (n = 3). 

4.3.3 Body distribution and elimination of 3-nm and 18-nm AuNPs 

The higher targeting efficiency and specificity of the 3-nm AuNPs were mainly attributed 

to their long retention in bloodstream. From pharmacokinetics study, the 3-nm AuNPs had a longer 

distribution half-life (T1/2α = 0.73 h) and elimination half-life (T1/2β = 8.09 h) than those of the 18-

nm AuNPs (T1/2α = 0.08 h and T1/2β = 3.81 h, Figure 4.2b). The area under curve (AUC) of 

pharmacokinetics for the 3-nm AuNPs (34.2 %ID·h/g) was 2.1 times higher than that of the 18-

nm AuNPs (16.2 %ID·h/g), facilitating the extravasation of renal-clearable AuNPs from leaky 

cancerous blood vessels. Quantitative analysis of renal clearance and biodistribution of 

nanoparticles also revealed the disparity in excretion routes between the AuNPs with sizes below 

and above the kidney filtration threshold (KFT). Because of the small HD below the KFT and 
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resistance to serum protein adsorption, the 3-nm AuNPs were excreted into urine with an efficiency 

of 52.5 %ID within 24 h (Figure 4.2c), which was known as a characteristic feature of renal-

clearable AuNPs. In contrast, renal clearance of the 18-nm AuNPs was negligible; only 1.6 %ID 

was detected from urine at 24 h p.i. 

Efficient renal clearance of the 3-nm AuNPs rendered their lower non-specific distribution 

in major organs than that of non-renal-clearable 18-nm AuNPs. The small 3-nm AuNPs showed 

fairly low distribution in normal organs (heart, liver, spleen, and lungs, <3 %ID/g) and tissues 

(skin and muscle, <1 %ID/g, Figure 4.2d) at 24 h p.i., whereas, the 18-nm AuNPs ended up with 

massive accumulation at around 70.7 %ID/g in the liver and 25.0 %ID/g in the spleen. As a result, 

the overall distribution of the 18-nm AuNPs in major organs (heart, lungs, liver, spleen, and 

kidney) was around 87.8 %ID at 24 h p.i., which was 8.4 times higher than that of the 3-nm AuNPs 

(10.4 %ID). The considerable uptake of non-renal-clearable nanomedicines by these main organs 

led to short blood circulation time, insufficient tumor targeting, severe body accumulation, and 

toxicity concerns. 

To understand the origin of such difference in the clearance pathways of the 3-nm and 18-

nm AuNPs, more fundamental in vitro studies were conducted. In addition to the same spherical 

shape, metal core composition, and identical zwitterionic glutathione coating, similar surface 

charges were also confirmed with zeta potential measurements. Both the 3-nm and 18-nm AuNPs 

were negatively charged at physiological pH (7.4) and their zeta potential values were - 38.5 ± 1.9 

and - 42.8 ± 1.9 mV (Figure 4.3a), respectively. Moreover, the 18-nm AuNPs exhibited strong 

affinity to serum (fetal bovine serum, FBS) proteins and formed large aggregates (dark blue color 

inside the rectangle in Figure 4.3b) from the gel electrophoresis study, which led to rapid uptake 
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by the reticuloendothelial system (RES) and limited circulation time in the body. Similar results 

were also reported previously: the GS-AuNPs with HD above 6 nm exhibited high affinity to serum 

proteins, increased overall sizes and severe accumulation in the major organs significantly.122 The 

possible reason for this high affinity to serum protein adsorption of larger GS-AuNPs is that the 

nanoparticle curvature might change the conformation of glutathione on the particle surface and 

affect the charge distribution as well as interactions with serum proteins. Meanwhile, the 3-nm 

AuNPs showed fairly stable properties and were of a desirable size for renal clearance in 

physiological environment. Therefore, a relatively longer blood circulation could be achieved with 

the 3-nm AuNPs as compared to the 18-nm AuNPs. Additionally, we recently reported that 

ultrasmall metal NPs with higher density (AuNPs) can marginate more rapidly to the blood vessel 

walls; as a result, in the laminar blood flow, the AuNPs have long blood retention, which allows 

them to accumulate in tumors more efficiently.123   

 
Figure 4.3. Surface charge and serum protein binding of the 3-nm and 18-nm AuNPs. a) Zeta 

potential values of 3-nm and 18-nm AuNPs in PBS at pH 7.4. b) Serum protein binding of 3-nm 

AuNPs and 18-nm AuNPs by gel electrophoresis. The dark blue color in the rectangle was derived 

from serum protein binding and resulting aggregation of 18-nm AuNPs. Coomassie brilliant blue 

(CBB) was added to stain fetal bovine serum (FBS). AuNPs were incubated with 10% (v/v) FBS 

in PBS at 37 ºC for 1 h. 
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4.3.4 Glioma imaging with near-infrared luminescent 3-nm AuNPs 

A unique strength of the renal-clearable 3-nm AuNPs is their NIR luminescence with 

excellent photostability, which allows their accumulation in gliomas to be tracked in vivo, ex vivo, 

or with fluorescence microscopy. For advanced intracranial gliomas with large size (>5 mm), 

selective accumulation of the 3-nm AuNPs in gliomas can be directly seen by invasive in vivo 

imaging at 24 h post-intravenous injection (Figure 4.4a). With the removal of skin above the 

mouse skull, the glioma-bearing brain showed intense signal after AuNP injection compared to the 

control glioma-bearing brain without AuNP administration. It should also be noted that the reason 

for using light excitation at 470 nm is that the large Stokes shift of these NIR-emitting AuNPs 

allows us to minimize potential interference from autofluorescence in the tissue background. 

However, the limited penetration depth of 470 nm is also a major roadblock in their potential 

applications in clinical settings, which needs to be further addressed in future studies. 

Glioma targeting was further confirmed with ex vivo imaging (Figure 4.4b), where the 

AuNP signal in gliomas increased specifically and significantly. The area in the left hemisphere 

was identified as a malignant glioma due to abnormal vasculature, as indicated by optical photos 

in Figure 4.4c. For the control glioma-bearing brain without AuNP administration, the tumor area 

(in the circle) appeared to be slightly darker than the unscathed brain (right hemisphere), which 

resulted from light absorption by the tumor vasculature. 

For less advanced small gliomas (2 to 5 mm) embedded in deep brain locations below the 

cerebral cortex, less positioning information of these gliomas can be provided by whole-brain ex 

vivo imaging because of the limited tissue penetration depth and autofluorescence interference. 

Therefore, horizontal brain tissue sectioning (2 mm in thickness) was performed and fluorescence 
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images were collected as shown in Figure 4.4d-e. The tumor area was readily recognized from the 

bright-field images (Figure 4.4d, lower row), which was also confirmed by nuclei staining with 

Hoechst 33342 (Figure 4.5a). The fluorescence signal of AuNPs in the tumor area was analyzed 

and the cortex area was chosen as a control because of its low, stable fluorescence without 

interference and inconsiderable AuNP accumulation. With the analysis of tumor/cortex (T/C) 

fluorescence ratio in Figure 4.4f, the AuNP signal in the tumor area increased 4.6 times from 0 

(control) to 24 h p.i. This confirmed the features of the 3-nm AuNPs: significant extravasation 

from blood-tumor barrier into entire tumor tissues and high-specificity tumor targeting. 

 
Figure 4.4. Glioma imaging with near-infrared luminescent 3-nm AuNPs. a-c) Invasive in 

vivo (a), ex vivo fluorescence imaging (b), and optical imaging (c) of advanced glioma-bearing 

brain with (upper row, 24 h p.i.) or without (lower row) administration of 3-nm luminescent 

AuNPs. d-e) Bright-field and fluorescence imaging of less advanced glioma-bearing brain slices 

with (upper row, 24 h p.i.) or without (lower row) administration of 3-nm AuNPs. f) Tumor/cortex 

fluorescence ratio at different time points, which showed a significant increase in tumor/cortex 

ratio (4.6 times) from control to 24 h p.i. 

 

4.3.5 Intra-glioma transport of renal-clearable 3-nm AuNPs 

Fluorescence microscopy imaging provided more information about the extravasation and 

permeation of renal-clearable AuNPs in the glioma environment. As shown in the images of the 

tumor/adjacent brain margin (Figure 4.5a, first row), the cells were readily identified by nuclei 



 

67 

staining (Hoechst 33342, colored as blue) and the glioma cells in the tumor area were of distinct 

density because of their high proliferation rate as compared with cells in the cerebral cortex 

(Figure 4.5a, second row). In the meantime, the blood vessels were stained with TexasRed-labeled 

tomato lectin (pseudo green color). The near-infrared signals, recognized as AuNPs, were strong 

in the glioma area and weak in the cerebral cortex. The merged images showed that the AuNPs 

mainly accumulated around blood vessels in the gliomas and likely diffused into the tumor 

interstitium. The AuNP signals disappeared at the distinct margin between the gliomas and the 

adjacent brain areas. In contrast, the cerebral cortex showed insignificant AuNP signal.  

To further confirm the observation of AuNP extravasation from glioma blood vessels, we 

analyzed the signals of AuNPs (NIR) and blood vessels (TexasRed) at the glioma vasculature 

cross-sections (in terms of full-width half-maximum, FWHM, Figure 4.5b-d). The ratio of 

FWHMAuNPs/FWHMVessels in the gliomas was 1.80 ± 0.55 while this ratio was 0.91 ± 0.04 in the 

cortex. This difference further suggested that AuNPs diffused into the glioma interstitial space 

from vascular structures, whereas, no significant AuNP extravasation was found in the brain 

cortex. This evidence was also consistent with our glioma targeting result of the 3-nm AuNPs with 

and without perfusion: 56.2% of the 3-nm AuNPs were found to remain in the tumor environment 

of gliomas after perfusion to remove the AuNPs in blood. Combining these results, this renal-

clearable AuNPs with ultrasmall sizes can cross the tumor blood vessels more efficiently and enter 

the microenvironment of glioma in greater amount compared to the non-renal-clearable 18-nm 

AuNPs, consistent with the high specificity of the 3-nm AuNPs in passively targeting brain tumors. 
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Figure 4.5. Extravasation and penetration of renal-clearable 3-nm AuNPs in glioma tissues. 

a) Fluorescence microscopy images of glioma area and cortical region with 3-nm AuNPs 24 h p.i. 

(40×, scale bar: 30 μm). The tumor/brain margin is labeled as dot-dash line (T, tumor; B, adjacent 

brain region without gliomas), and the migration of glioma cells into the neighboring brain tissues 

is marked. The vasculature in gliomas is pointed out with arrows. Nuclei, Hoechst 33342. b-c) 

Fluorescence intensities of NIR (near-infrared-emitting AuNPs) and TexasRed (blood vessels, 

stained by TexasRed tomato lectin) in tumor (b) and cortex (c) cross-sections. AuNP signal 

showed diffusion pattern in the co-localization of the NPs and tumor blood vessels, whereas weak 

AuNP signal was detected in the cerebral cortex. d) FWHM ratio (AuNPs/vessels) in the tumor 

and cerebral cortex unveiled the extravasation and permeation of AuNPs in the tumor environment 

(*P <0.05, Student’s t-test). 

 

 

4.4 Conclusion 

In summary, using a murine glioma model with poor vascular permeability, we 

investigated passive glioma targeting of renal-clearable 3-nm AuNPs. As a control, glioma 

targeting of non-renal-clearable 18-nm AuNPs was also investigated under the same condition. 

Our results showed that renal-clearable AuNPs still targeted gliomas with much higher efficiency 
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and specificity through the EPR effect than the non-renal-clearable NPs did, which was mainly 

due to their increased retention time in the blood stream even though they were eventually 

eliminated through the kidneys rather than through the RES. In addition, these ultrasmall AuNPs 

could take advantage of the vascular leakage of gliomas to enter the glioma interstitium and were 

retained in gliomas for a long period, as indicated by fluorescence co-localization studies of renal-

clearable AuNPs and blood vessels and ICP-MS analysis of glioma targeting with or without 

perfusion. As a result, high-contrast fluorescence imaging of gliomas was achieved. These results 

suggest that renal-clearable AuNPs with high glioma targeting specificity and high contrast as well 

as low non-specific accumulation may serve as a new-generation contrast agent for early brain 

tumor detection once they are integrated with nuclear imaging techniques used in the clinics124 and 

their toxicology in large animals is fully unraveled. In addition, it will be also interesting and very 

important to further understand whether the heterogeneity of blood-tumor barrier properties in 

different subtypes of gliomas induces different NP accumulation in vivo and whether it can 

facilitate drug delivery to gliomas since the blood vasculature shows heterogeneity in different 

gliomas (astrocytomas, oligodendrogliomas, etc.)117 as well as different locations of tumors (from 

tumor core to invasive peripheral regions).125-126   

 

4.5 Methods 

4.5.1 Preparation and characterization of AuNPs with different sizes 

The renal-clearable glutathione-coated AuNPs were synthesized according to a reported 

method.18 Briefly, a solution containing HAuCl4 (3 mM) and glutathione (2.4 mM) was heated at 
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95 °C with vigorous stirring for 35 min. With centrifugation at 21,000g for 3 min, the supernatant 

with glutathione-coated AuNPs was collected. The NPs were precipitated with the addition of 

ethanol in the solution for further purification. The AuNPs suspended in phosphate buffered saline 

(PBS) were purified with size-exclusion column (Sephadex LH-20) and stored in the fridge before 

further study. 

The non-renal-clearable AuNPs were synthesized by solid-state thermal reduction of gold 

salt120 and surface replacement. Firstly, 1.8 mL of aqueous solution containing 250 mg of glycine 

and 13 mg of potassium gold chloride was evaporated and then the mixture in solid phase was 

thermally reduced at 195 °C and redispersed with 1 mL of deionized water. The suspension was 

collected by centrifuging at 4,000g for 2 min to remove any large aggregates. The AuNPs in the 

suspension were then precipitated by centrifuging at 7,000g to remove small NPs, free ions, and 

glycine. The purified glycine-stabilized AuNPs were washed twice and dispersed in sodium borate 

buffer. By the neutralization of solution and addition of 10 mM glutathione with stirring for 15 

min, the AuNPs with replaced surface were purified further with a centrifugal filter (molecular-

weight cut-off of 50 kDa). The AuNPs were dispersed in PBS for further study. 

The size distributions of AuNPs were analyzed by high-resolution transmission electron 

microscopy (JEOL 2100, 200 kV). The HD of the NPs was obtained with a Brookhaven 90Plus 

Dynamic Light Scattering Particle Size Analyzer. The absorption spectra were collected using a 

Varian 50 Bio UV-Vis spectrophotometer. The excitation and emission spectra of the luminescent 

3-nm AuNPs were acquired using a PTI QuantaMasterTM 30 Fluorescence Spectrophotometer 

(Birmingham, NJ). Zeta potential values of the NPs were analyzed with Brookhaven ZetaPALS 

zeta potential analyzer. 
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4.5.2 Murine glioma model 

The animal studies were approved by the institutional animal care and use committee at 

the UT Southwestern Medical Center and UT Dallas. The nude mice (nu/nu, wt: pink/black, ~20 

g, 6 - 8 weeks old) and balb/c mice were housed in ventilated cages under standard conditions. The 

73c glioma cell line was cultured in Dulbecco's modified Eagle medium (DMEM) with the 

addition of 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin at 37 °C. To implant the tumor, a 

suspension containing ~104 cells in 2 μL of DMEM (with 10% FBS) was injected into the left 

hemispheres of the mice. The gliomas were allowed to grow for two weeks and the body weight 

and mobility of the mice were monitored during the glioma growth. 

4.5.3 Glioma targeting, pharmacokinetics, biodistribution, and renal clearance 

AuNPs with different sizes in 200 μL of PBS were injected into glioma-bearing nude mice 

(n = 3, Foxn1nu) via the tail vein. The gliomas, normal brain tissues, and other organs and tissues 

were collected, weighed, and dissolved in aqua regia. Gold concentrations in organs and tissues 

were measured by ICP-MS. The urine was also gathered within 24 h, dissolved in aqua regia, and 

analyzed by ICP-MS. Pharmacokinetics study was conducted with balb/c mice and blood samples 

were collected at different post-injection time points and analyzed by ICP-MS.  

 The in vitro serum binding of the 3-nm AuNPs and 18-nm AuNPs was performed by 

incubation of (1) 3-nm AuNPs, (2) 3-nm AuNPs + 10% (v/v) FBS/CBB, (3) 18-nm AuNPs, (4) 

18-nm AuNPs + 10% (v/v) FBS/CBB, and (5) FBS/CBB in PBS at 37 °C for 1 h followed by 

agarose gel electrophoresis analysis for 30 min. 
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4.5.4 Invasive in vivo and ex vivo imaging  

The invasive in vivo imaging of mice (at 0 or 24 h p.i.) and ex vivo imaging of whole brain 

and brain slices (at 24 h p.i.) were performed using the Carestream Molecular imaging system In-

Vivo FX PRO (US) (ex: 470/10 nm; em: 830/20 nm; exposure time: 2 min). The invasive in vivo 

imaging was conducted by removal of skin above the mouse skull; the ex vivo imaging was 

performed with the whole glioma-bearing brains and cross-sectional brain tissues (2 mm in 

thickness) sliced with mouse brain matrix.  

4.5.5 Fluorescence microscopy imaging 

The fluorescence microscopy imaging was performed using an IX-71 inverted microscope 

(Olympus) with a 40× objective lens and a Photon Max 512 CCD camera (Princeton Instruments). 

The excitation filter, emission filter, and exposure time for acquiring the fluorescence images were 

as follows: Hoechst 33342, ex: 350/50 nm and em: 500/2 nm, 100 ms; TexasRed, ex: 560/50 nm 

and em: 645/75 nm, 100 ms; NIR-emitting AuNPs, ex: 420/40 nm and em: 780(LP) nm, 500 ms.  

The brain slices with gliomas were collected at 24 h p.i. and fixed in 4% paraformaldehyde 

in PBS. The tissues were sliced into sections of 80 μm in thickness using a vibrating microtome 

(Leica, VT1000S) and further stained with Hoechst 33342 and TexasRed-labeled tomato lectin. 

The stained tissues were mounted on microscopy slices before analysis by fluorescence 

microscopy. 

 



 

73 

4.6 Acknowledgments 

This study was partially supported by CPRIT (Nos. RP140544 and RP160866), NIH (No. 

1R01DK103363) and a start-up fund from the University of Texas at Dallas to J. Z., UTSW CRI 

start-up funds, UTSW High Impact/High Risk Grant and NINDS K99/R00 (No. R00NS073735) 

to W. P. G. 

  



 

74 

CHAPTER 5 

LIGAND-DIRECTED IN SITU GROWTH OF GOLD NANOPARTICLES IN 

BIOLOGICAL SUBSTANCES 

 

 

 

Authors - Chuanqi Peng, Mengxiao Yu, and Jie Zheng* 

 

Department of Chemistry and Biochemistry, BSB13 

The University of Texas at Dallas 

800 West Campbell Road  

Richardson, TX 75080 

 

  



 

75 

5.1 Abstract 

The preparation of engineered nanoparticles (NPs) has been achieved with atomic precision 

in the test tubes. However, it remains challenging in nanochemistry for the in situ nanoparticle 

growth in the complex biological environment with controlled kinetics. By using a well-known 

tripeptide, glutathione (GSH), as ligand, we report the in situ formation and evolution of gold 

nanoparticles (AuNPs) in the cellular mitochondrial structures in biological tissues with high 

selectivity, which was mediated by the unique storage function of mitochondria to glutathione. 

Precise control of this ligand-directed nanoparticle evolution enabled us to grow both plasmonic 

and near-infrared luminescent AuNPs in the tissues, which allowed for multi-scale 

characterizations with not only electron microscopy but also fluorescence microscopy imaging. In 

addition, this strategy can also be generalized to other specific ligands such as β-glucose-thiol to 

selectively grow AuNPs in the brush border of small intestine by exerting the strong bio-molecular 

interaction between the β-glucose and corresponding cellular structures. These studies advance our 

fundamental understandings of in situ nanoparticle growth in biological substances and offer a 

new pathway for specific labeling of cellular compartments at the tissue level. 

 

5.2 Introduction 

Engineered nanoparticles now play essential roles in the versatile physiological 

understandings and biomedical applications.7, 127 By precise control, many engineered NPs can be 

prepared with fine-tuned dimensions and functionalized via surface modification.128-130 For 

instance, a thiol monolayer-protected AuNP with well-defined structure as Au102(p-MBA)44 was 
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previously reported by Jadzinsky et. al, via the atomically monodisperse preparation.131 More 

recently, the evolution of gold nanoclusters (AuNCs) has been systematically mapped out into 

different step reactions by Yao et. al, which offers new insights into the nanochemistry 

fundamentals at molecular level.132 With extensive efforts, more fundamental understandings were 

recently explored in the controlled synthesis of various well-defined engineered nanoparticles or 

nanoclusters.133-135 With precise structural characterization, the prepared AuNCs have been found 

by Zhou et. al, to exhibit unique atomic-level structure-photoluminescence relationship.136-137 

While these monodispersed NPs (i.e., AuNPs) were successfully prepared in test tubes in 

the presence of a specific molecule as protecting ligand, it remains highly challenging to precisely 

control the nanoparticle growth when introducing the complex biological tissues into the system. 

Previously, the in situ growth of AuNPs in the single protein (lysozyme) crystal was reported, 

revealing the mechanism and structural insight of the protein-directed NP growth in a time-

dependent manner.138 Compared with biomolecules as peptides, nucleic acids and proteins, the 

biological tissues consist of the more sophisticated environment including various types of 

ultrafine structures and subcellular compartments, which may further result in the multiple-extent 

interactions with the locally formed NPs. Therefore, the controlled in situ growth of nanoparticles 

preferentially involves in the understanding and utilization of a more specific molecular interaction 

(and function) towards the local microenvironment in biological tissues. In addition, the rational 

design is required to report such bio-molecular interaction evidently and robustly, and proper tools 

are needed for characterization from organ to subcellular scales. 

Guided by this, we use a biomolecular thiol, glutathione (GSH, an essential tripeptide in 

living cells) to investigate the in situ growth of AuNPs in biological tissues. This is because the 
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GSH is known to be selectively stored at high concentration in the cellular mitochondria for 

regulating the molecular machinery of cell death.139 Therefore, the fundamental question here will 

be whether the presence of GSH will result in the mitochondrion-specific distribution of formed 

AuNPs. As a result, we indeed found that these formed GSH-coated AuNPs (GS-AuNPs) were 

specifically localized at mitochondrial structures rather than other cellular organelles in kidney 

tissues using electron microscopy imaging. In comparison, no preferential AuNP distribution was 

found while using either non-specific molecule as poly(ethylene glycol) thiol (mPEG-SH) for 

AuNP growth or pre-synthesized GS-AuNPs. With precise control, these in situ formed ultrasmall 

AuNPs exhibited near-infrared (NIR) luminescence in the early formation phase, enabling the NP 

characterization with not only electron microscopy but also fluorescence microscopy imaging. Not 

limited to kidney tissues, these GS-AuNPs were also found to selectively label the hippocampus 

areas in brain, with the highest NP density in mitochondrial structures as well. Further 

investigations with a different thiol ligand (β-glucose-thiol) also confirmed this ligand-directed 

growth of AuNPs can serve as a new tool to resolve the biological environment via nanoparticle 

labeling and imaging.  

 

5.3 Results and Discussions 

5.3.1 Glutathione-directed growth of AuNPs in renal tubules 

It is known that chloroauric acid (HAuCl4) and thiol (R-SH, such as GSH) in solution 

readily form the thiolated precursor (polymeric gold thiolate, [Au-SR]) and then dissociate to thiol-

protected AuNPs.140 To conduct the in situ AuNP growth, biological tissues (kidney) were 
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immersed in 4% formaldehyde with selected thiol (R-SH, ~0.5 mM GSH, in this case) and 

incubated for 30 min at room temperature (Figure 5.1a). The HAuCl4 was then added with a final 

gold-to-thiol molar ratio of 1 : 1 (predetermined for optimal AuNP formation rate), and the solution 

was mixed well by gently swirling, and then was incubated overnight. On day 1, the solution 

changed the color gradually from transparent to light brown-red, indicating the formation of 

ultrasmall AuNPs (<5 nm) in solution. Here, the formaldehyde served as a mild reducing agent141 

and the GSH stabilized and protected the formed AuNPs. To be noted, this AuNP formation 

kinetics could be adjusted by changing gold-to-thiol ratio and pH value (not presented). In the 

meantime, a few AuNPs were localized in kidney cortex (Figure 5.1b, and day 1 in Figure 5.1d). 

Next, we investigated the nanoparticle evolution process with extended time and found that the 

localized AuNPs evolved into plasmonic ones (>5 nm, Figure 5.1c, and day 2 in Figure 5.1d). 

Under bright field microscope, the AuNPs were predominantly localized in some renal tubule 

structures (Figure 5.1e). From the zoom-in imaging, some renal tubules (T1) were heavily stained 

with AuNPs; whereas, the other neighboring renal tubules (T2) were not stained even in longer 

time. In contrast, we used the non-specific ligand, mPEG-SH (gold-to-thiol ratio, 1 : 1, similar to 

GSH) for nanoparticle growth, and found no observable distribution of plasmonic mPEG-coated 

AuNPs (mPEG-AuNPs) under the same condition (Figure 5.2), indicating a weak interaction of 

mPEG-SH towards the same tissue. It was surprising that these localized GS-AuNPs could exhibit 

such high affinity in specific renal structures compared with mPEG-AuNPs.  
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Figure 5.1. In situ growth of GS-AuNPs in biological (kidney) tissues. a-c) Scheme of the 

AuNP formation process in biological tissues. d-e) Time evolution of the AuNP formation process. 

The plasmonic GS-AuNPs showed preferential distribution in the selected tubules (high in T1, but 

low in T2, e) in kidney cortex. Scale bar, 0.2 mm for d; 0.1 mm for e. 

  

 

 
Figure 5.2. Time evolution of the in situ formation process of mPEG-AuNPs. a) In contrast to 

GS-AuNPs, the mPEG-AuNPs were found to have low affinity to and distribution in kidney tissue, 

where no plasmonic mPEG-AuNPs was found to be localized in the tissue under the same 

condition. Scale bar, 0.2 mm. b) With time proceeded after 3 days, there were plasmonic mPEG-

AuNPs readily visualized in solution, however, there still were no AuNPs formed in the tissues, 

indicating the low specificity of the mPEG-SH ligand towards the same tissue. Moreover, minimal 

change was found in the colors of solution and tissues after day 3. 
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5.3.2 Subcellular distribution of the GS-AuNPs in renal tubule cells 

Since the plasmonic AuNPs can be readily visualized with electron microscope, we next 

imaged these tubule structures (proximal and distal tubules in renal cortex) using transmission 

electron microscope (TEM) to characterize these in situ formed AuNPs down to nanoscale. The 

renal proximal tubule (PT, with microvilli) and distal tubule (DT) cells were shown in Figure 5.3a, 

where the AuNPs were found predominately inside the mitochondria of both tubule cells with high 

density and the formed AuNPs were distributed almost homogeneously inside the mitochondria as 

single nanoparticle form (Figure 5.3b-c). With further analysis, these in situ formed AuNPs 

showed the narrow size distribution and average diameter of 10.5 ± 1.3 nm (Figure 5.4).  

While it is known that the mitochondrial density in DT cells was the highest among all the 

cells along the nephron,142-144 the distinct difference was indeed found in the mitochondrial density 

between the DT and PT cells from the TEM imaging (Figure 5.3a). As a result, the AuNP-stained 

tubules (T1 in Figure 5.1e) were recognized as the renal DTs, which revealed the glutathione-

mitochondrion interaction and resulting AuNP formation with high selectivity. With the further 

quantification of the AuNP counts in selected regions of interest (ROIs) among the cytoplasm, 

nucleus, as well as mitochondrial areas in both PT and DT cells, we found that the most abundant 

AuNPs were grown in the DT mitochondria (DT-M, 34.1 ± 5.9 NPs, Figure 5.3d), 1.8-time higher 

than that of PT mitochondria (PT-M, 19.5 ± 3.5 NPs), and about 15-time higher than those of the 

other regions (~2 NPs). These results clearly indicated that the in situ growth of AuNPs can be 

achieved with high selectivity in the specific cellular compartments. 
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Figure 5.3. Subcellular distribution of GS-AuNPs from TEM imaging. a-c) TEM imaging of 

the renal tubule cells with formation of GS-AuNPs. DT, distal tubule; PT, proximal tubule; N, 

nucleus; M, mitochondrion; MV, microvilli. Scale bar, 2 µm for a; 400 nm for b and c. d) NP 

counts in different regions of interest, ROIs (per 200 nm × 200 nm, n = 8). PT cytoplasm, PT-C; 

DT cytoplasm, DT-C; PT nucleus, PT-N; DT nucleus, DT-N; PT mitochondrion, PT-M; DT 

mitochondrion, DT-M. ***P <0.0005, ****P <0.0001 (Student’s t-test).  

 

 

 
Figure 5.4. TEM imaging and size distribution of the locally formed GS-AuNPs. a) TEM 

imaging of the locally formed GS-AuNPs in kidney cortex. Scale bar, 50 nm. b) Size distribution 

of the in situ formed AuNPs in kidney. These AuNPs showed the narrow size distribution and 

average diameter of 10.5 ± 1.3 nm. 

 

5.3.3 Ligand-directed growth of ultrasmall NIR luminescent AuNPs in kidney tissue 

By precise control, these in situ formed ultrasmall AuNPs (<5 nm) exhibited strong NIR 

luminescence82 in early formation phase (on day 1, Figure 5.5a). Meanwhile, the biogenic GS-
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AuNPs in solution exhibited the NIR emission peaks at 730 and 800 nm under the excitation peak 

at 350 nm (Figure 5.5b), consistent with some reported ultrasmall gold nanoparticles or 

nanoclusters.145-148 These locally formed luminescent GS-AuNPs distributed predominately in 

several renal tubules compared to glomerulus from confocal fluorescence imaging (Figure 5.5c), 

which was consistent with the TEM imaging as well. More specifically, the GS-AuNPs were 

heavily localized at the basolateral side of cytoplasm area in the renal DTs from fluorescence 

imaging (Figure 5.5d), where it is known that the mitochondria of highest density form bundles 

of filaments and anchor to the basement membrane of distal tubules.142  

 
Figure 5.5. Ligand-directed growth of NIR luminescent AuNPs in kidney tissue. a) Whole-

tissue NIR fluorescence imaging of the kidney tissues before (day 0) and after (day 1) the formation 

of GS-AuNPs and zoom-in images of bright field (BF) and near-infrared (NIR) imaging of the 

kidney cortex after the in situ AuNP growth. b) NIR luminescence spectra of the GS-AuNPs. c) 

Confocal fluorescence microscopy (z-stack) image of kidney cortex with localized GS-AuNPs 

(image full width, 320 µm). d-f) Fluorescence microscopy imaging for different kidney slides. 

Scale bar, 10 µm. 
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Next, instead of locally growing these NIR luminescent GS-AuNPs in the tissues, we 

directly added equal pre-synthesized NIR luminescent GS-AuNPs (using the same procedure) in 

the solution with the same tissues, incubated overnight, and imaged the kidney followed the same 

procedure. However, we found no such NIR luminescence in the kidney tissues (Figure 5.5e). 

This meant that this distribution of GS-AuNPs was mediated by the strong interaction between the 

mitochondria and GSH during NP formation, instead of the interaction of the biological tissues 

with the already formed GS-AuNPs in solution. In addition, we changed the thiol ligand into the 

non-specific mPEG-SH as control and found the low in situ formation of AuNPs, and more 

importantly, no preferential distribution of mPEG-AuNPs in the same tissues (Figure 5.5f, 

notably, mPEG-AuNPs with comparable NIR luminescence can also be synthesized under the 

same condition with GS-AuNPs). This indicated that mPEG-SH or the formed mPEG-AuNPs 

showed no specific interaction with the tissues, consistent with the previous result in Figure 5.2. 

These results further confirmed that the in situ AuNP growth in the biological environment was 

primarily directed by the specific ligand.  

5.3.4 Glutathione-directed growth of AuNPs in brain hippocampus cells 

Since the ligand-directed growth of AuNPs could respond differently to the renal 

subcellular structures owing to the glutathione-mediate interaction with mitochondria, we chose 

to further understand and substantiate this GSH-directed AuNP growth by using a different 

biological tissue. As it is known that the mitochondria have great impact on the brain cognition 

and function,149-150 we next used brain tissues to see whether there was the selective distribution 

of the GS-AuNPs. Similar to the kidney, we found that the brain tissues showed strong NIR signals 

as well, indicating the in situ growth of large amount of GS-AuNPs (Figure 5.6a). More 
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specifically, in the hippocampus, there were several types of cells with locally formed GS-AuNPs 

of most abundance, including the cornu ammonis (CA) pyramidal cells and dentate gyrus (DG) 

granular cells (Figure 5.6b-c). From the confocal fluorescence microscopy, the formed GS-AuNPs 

were highly confined in the DG regions surrounding the nuclei (Figure 5.6d-e). The mitochondria 

in the brain are known to undergo the continuous process of distribution throughout the cell to 

reach the sites of high energy demand,150-151 especially, the hippocampus. Therefore, this in situ 

AuNP formation with high selectivity in hippocampus cells may also attribute to the strong 

interaction and related function between GSH and the mitochondria.  

 
Figure 5.6. In situ growth of GS-AuNPs in hippocampus of brain. a) Whole-tissue NIR 

imaging of the brain before (day 0) and after (day 1) NP growth. b-c) NIR imaging of GS-AuNPs 

in hippocampus. DG, dentate gyrus; CA, cornu ammonis; CC, corpus callosum. Scale bar, 100 µm 

for c. d-e) Confocal fluorescence microscopy imaging (Z-stack, d and 2D merge, e) of GS-AuNPs 

in hippocampus cells. Full-scale width, 320 µm for d; Scale bar, 50 µm for e. 

 

To characterize the local distribution of these GS-AuNPs in the subcellular structures, we 

imaged the hippocampus cells with TEM as well. These GS-AuNPs were also found in the 

mitochondria of hippocampus cells with high density (Figure 5.7), whereas, there was low NP 
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distribution in nuclei and cytoplasm. Consistent with the in situ growth of GS-AuNPs in renal 

tubule cells, these results revealed the mitochondrion-specific, glutathione-directed growth of 

AuNPs in the biological substances. 

 
Figure 5.7. TEM imaging of the hippocampus cells with in situ growth of GS-AuNPs. The 

GS-AuNPs showed the highest distribution within the mitochondrial structures, whereas, there was 

low distribution of GS-AuNPs in both the nucleus and cytoplasm. This indicated that the formation 

of GS-AuNPs in brain tissues was similar to that in kidney tissues. Scale bar, 200 nm for the zoom-

in images. M, mitochondrion; N, nucleus. 

 

5.4 Conclusion 

In summary, we introduced selected biological tissues such as kidney and brain, and used 

a native thiol, glutathione, in order to investigate the in situ growth of AuNPs in biological 

environment. By taking advantage of the glutathione storage function of mitochondria, we found 

that the AuNPs were selectively formed in the mitochondrial structures of renal tubule cells in 

kidney as well as hippocampus cells in brain. With controlled kinetics, the ultrasmall AuNPs with 

NIR luminescence were locally formed in the tissues in the early formation phase, which allowed 

for not only electron microscopy but also fluorescence microscopy imaging. These imaging 

modalities will offer us an inclusive scale for tissue characterization, from millimeter (10-3 m) 

down to nanometer scale (10-9 m), which normally could not achieve with small molecular dyes152 
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nor other metal staining methods.153-154 Not limited to the glutathione, we further found that the 

formed AuNPs directed by another ligand, β-glucose-thiol, could selectively distribute in the brush 

border of small intestine (lumen membrane, tunica mucosa, Figure 5.8) instead of other regions 

(submembrane, tunica submucosa; and muscle, tunica muscularis). This may primarily attribute to 

the strong interaction of the brush border membrane with glucose.155 Electron microscopy imaging 

also confirmed the in situ growth of β-Glucose-AuNPs in the brush border regions (Figure 5.9). 

This further confirms, with rational design, the ligand-directed growth of AuNPs can serve as a 

novel strategy or tool to image subcellular compartments or ultrafine structures with high 

selectivity via nanoparticle labeling. 

 
Figure 5.8. In situ growth of β-glucose-AuNPs in small intestine. a) Histological imaging of 

the small intestine tissues. b-d) Fluorescence imaging of small intestine with β-glucose-directed 

AuNP growth. Scale bars, 100 µm for a and b; 25 µm for c and d. 
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Figure 5.9. TEM imaging of the small intestine with and without in situ growth of β-glucose-

AuNPs. a-d) TEM imaging of the mucosa cells in small intestine with AuNPs localization, 

showing the significant distribution of β-Glucose-AuNPs in the microvilli (MV in a, and b) and 

cellular membrane (c) of these mucosa cells, whereas, the cytoplasm of small intestine (CP in a, 

and c) showed low AuNP distribution. To be noted, the β-glucose-AuNPs showed faster kinetics 

of NP formation and smaller NP sizes than GS-AuNPs. Scale bars, 500 nm for a, 50 nm for b-d.  

 

 

5.5 Methods 

5.5.1 Materials 

Gold(III) chloride trihydrate (HAuCl4), glutathione (GSH), poly(ethylene glycol) methyl 

ether thiol (mPEG-SH, MW, 800 Da), β-glucose thiol (1-thio-β-D-glucose sodium salt), 

neutralized 10% formalin (4% formaldehyde), Tris(2-carboxyethyl) phosphine hydrochloride 
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(TCEP·HCl), 4’,6-diamidino-2-phenylindole (DAPI) and other chemicals were purchased from 

Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated. 

5.5.2 Preparation of thiolated AuNPs in solution 

The preparation of AuNPs with different thiol ligands (for GSH and mPEG-SH) was 

investigated by using various gold-to-thiol ratios as well as different pHs. Under predetermined 

conditions, the nanoparticle formation process with different ligands can be optimized under 

controlled kinetics for further in situ growth in biological tissues and characterization with 

transmission electron microscopy. In addition, the ultrasmall AuNPs with near-infrared (NIR) 

luminescence can be formed in the early formation phase using predefined stoichiometry and pH 

for different thiols, where the photoluminescence was monitored with fluorometer. The 4% 

formaldehyde was used as a reducing agent for the reduction of GSH-coated AuNPs (GS-AuNPs) 

and mPEG-SH-coated AuNPs (mPEG-AuNPs), and TCEP·HCl was used for decelerating the 

reduction process of β-glucose-SH-coated AuNPs (β-glucose-AuNPs).  

5.5.3 In situ growth of thiolated AuNPs in biological tissues 

For the in situ growth of GS-AuNPs or mPEG-AuNPs in biological tissues such as kidney, 

brain, formalin-fixed tissue sections (from 4 µm up to 1 mm) were immersed in neutralized 4% 

formaldehyde in petri-dish and the selected thiol was added into the solution to a final 

concentration of 0.5 mM. The solution was then mixed gently with swirling and was incubated for 

30 min at room temperature. Next, HAuCl4 in pure water was then added into the solution to the 

predetermined gold-to-thiol ratio and the solution was gently mixed again with swirling. The 

solution showed the transparent to light yellow color after the addition of HAuCl4, which then 
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turned into light brown after 1-day incubation at room temperature, indicating the formation of 

ultrasmall AuNPs. With time proceeded, the solution would change the color into red, indicating 

the evolution of plasmonic AuNPs. On day 2, specific regions of tissue could be stained with red 

color for characterization and found no changes after 2 days due to the depletion of gold precursor. 

For the in situ formation of AuNPs with β-glucose-SH, the fixed tissues were immersed in pure 

water and β-glucose-SH was added to a final concentration of 0.25 mM. After incubation for 30 

min at room temperature, HAuCl4 and TCEP (1 : 2, TCEP was used to decelerate the reduction138) 

in pure water were premixed and added into the solution to a final gold-to-thiol molar ratio of 1 : 

0.25 and the solution was gently mixed with swirling. The tissues were incubated and characterized 

followed the same procedure. 

5.5.4 Characterization of in situ formed AuNPs with electron microscopy imaging 

After the successful growth of plasmonic AuNPs in the biological tissues, the animal 

tissues were washed with pure water to remove free nanoparticles, stained with osmium tetroxide, 

embedded in epoxy resin, sectioned into 50-nm thickness and imaged with JEOL 1400 

transmission electron microscope. For observing the time evolution of the NP formation process, 

the animal tissues were imaged at day 0, 1 and 2, etc. 

5.5.5 Characterization of in situ formed AuNPs with NIR fluorescence imaging 

With precise control of the NP formation kinetics, the ultrasmall AuNPs with NIR 

luminescence can be grown in the biological tissues in the early formation process. After the local 

formation of NIR-luminescent AuNPs, the animal tissues were then washed with pure water to 

remove non-specific contents and mounted with DAPI-containing aqueous gel on glass slides for 
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fluorescence microscopy imaging (Olympus IX71 inverted microscope) and confocal fluorescence 

microscopy imaging (Olympus FV3000RS laser scanning confocal microscope). The 

luminescence spectra were collected by a PTI QuantaMasterTM 30 Fluorescence 

Spectrophotometer. 
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CHAPTER 6 

OUTLOOK AND FUTURE WORK 

6.1 Abstract 

Renal-clearable gold nanoparticle (AuNP)-based drug delivery systems (DDSs) have been 

found to tune the in vivo transport of anticancer drugs for increasing drug delivery into solid tumors 

and accelerating body elimination of off-target drugs concurrently. And we have shown that the 

renal-clearable AuNP-based DDS improves the therapeutic efficacy of anticancer drugs greatly 

versus a non-renal-clearable counterpart, which is achieved by enhancing the intratumoral 

transport of anticancer drugs and delivering drug into more population of tumor cells. 

In the meantime, more investigations are required so as to understand the physiological 

behavior and potential of these renal-clearable AuNP-based DDSs. For instance, can the tumor 

targeting and renal clearance be tuned more precisely with rational design? Secondly, with the 

significantly enhanced permeability to tumor vasculatures, can the renal-clearable DDSs deliver 

the therapeutics more effectively into the hard-to-target tumors such as metastatic brain tumors? 

In addition, while increasing renal elimination of the off-target drugs, will the renal-clearable 

DDSs also decrease the body accumulation and side effects of other highly toxic drugs? And can 

the renal-clearable AuNPs deliver other therapeutics such as siRNAs successfully? Herein, we 

explore these understandings with extensive investigations and discuss the outlook and future work 

in detail.  
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6.2 Results and Discussions 

In previous chapters, we have successfully demonstrated the strategic design of renal-

clearable AuNP-based DDSs and investigated the physiological transport and intratumoral 

delivery of anticancer drugs using the renal-clearable DDS. We find that this renal-clearable DDS 

can not only increase the whole-tumor delivery and intratumoral transport of the loaded drug but 

also accelerate the body elimination of off-target drug via renal clearance. As a result, the 

therapeutic index is improved significantly by both enhanced efficacy and safety. In addition, the 

renal-clearable AuNPs can load many other small-molecule therapeutic or imaging agents as well, 

which will potentially allow for the various biomedical applications. Herein, we conduct more 

investigations and discussions on the critical points regarding this renal-clearable AuNP-based 

DDS. With extensive effort, we believe that the many physiological understandings and practical 

applications will be achieved by using this powerful DDS in future. 

6.2.1 Precise tuning of the targeting-clearance paradox 

The renal-clearable AuNP-based DDS has been found to increase both tumor targeting and 

renal clearance without the need of long blood circulation. And one of the unique strengths of the 

ultrasmall DDS is the effective intratumoral delivery of the anticancer drugs. Then, the next 

question is whether we can further precisely tune the targeting and clearance by changing the blood 

circulation of the DDS. 

It is known that one of the major factors governing the blood circulation of engineered NPs 

is the nanoparticle size, therefore, we prepared the ultrasmall PEGylated AuNPs (PEG-AuNPs) 

with different sizes near the scale of kidney filtration threshold (~6 nm). As shown in Figure 6.1a, 
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the three PEG-AuNPs held the average hydrodynamic diameters (HDs) of 5.5, 7.5 and 9.5 nm. 

Upon the intravenous injection of these AuNPs into mice, these AuNPs showed decreased renal 

clearance (from 50.9 to 9.8 %ID in 24 h, Figure 6.1b) with the increased HD from 5.5 to 9.5 nm. 

This was because the kidney filtration was decreased with the increased NP size. As a result, these 

AuNPs exhibited a sharp increase in the blood circulation (based on 24-h area under the curve, 

AUC, Figure 6.1c) from 42.7 to 445.5 %ID·h/g, with 10 times increase in such a narrow size range 

(~6 nm). Surprisingly, the 9.5-nm AuNPs could have the comparable pharmacokinetics with the 

90-nm PEGylated liposome, indicating the long blood circulation could be achieved with 

ultrasmall AuNPs as well. In addition, the 9.5-nm AuNPs showed the particle size nearly one order 

smaller than the 90-nm liposome, which was more favorable for the transvascular and interstitial 

transport of such ultrasmall NPs in tumor tissues. 

 
Figure 6.1. Tuning the renal elimination and blood circulation of renal-clearable AuNPs. a) 

Hydrodynamic diameters of the different-sized PEG-AuNPs, which showed the mean diameters 

of 5.5, 7.5 and 9.5 nm, respectively. The PEG-AuNPs were prepared with the different core size 

but same surface ligand coating (PEG-SH, MW, 800 Da). b) 24-h renal elimination of the 

differently sized PEG-AuNPs, which showed the decreased renal elimination with increased HDs. 

c) Blood circulation (based on 48-h AUC, area under the curve) for the differently sized AuNPs 

as well as a PEGylated liposome with 90 nm. Surprisingly, the AuNPs showed dramatic difference 

(10 times) in 48-h AUCs within the small range (6 nm) of hydrodynamic diameter. As a result, the 

9.5-nm AuNPs showed the comparable blood circulation to the 90-nm PEGylated liposome. 

*indicates the 3.7-nm AuNPs with glutathione surface coating, which is different from the other 

PEG-AuNPs.   

 



 

94 

To investigate the tumor targeting of the long circulating 9.5-nm AuNPs, we prepared the 

cisplatin-loaded AuNPs (Pt-DDS) after surface modification of the AuNPs and drug loading, and 

then used the 4T1-tumor bearing mice for the study. As shown in Figure 6.2a, the Pt-DDS retained 

the long blood circulation compared with the 9.5-nm AuNPs without cisplatin loading (vehicle), 

which held the high blood concentration of AuNPs about 25.2 %ID/g at 12 h p.i., even slightly 

higher than the free AuNPs (with 19.1 %ID/g). As a result, the tumor targeting efficiency of the 

Pt-DDS was 9.6 %ID/g at 12 h based on AuNP distribution, and there was 6.2 %ID/g of cisplatin 

successfully delivered into tumor tissues (Figure 6.2b). More importantly, there remained high 

concentration of cisplatin (14.4 %ID/g) in the blood for the further drug accumulation and retention 

in the tumor sites in the long-term. These results indicate that, by changing the DDS size within 

this narrow range (5 - 10 nm), both tumor targeting and renal elimination can be precisely tuned 

with the engineered AuNPs. 

 
Figure 6.2. Blood concentration and tumor targeting of long-circulating Pt-loaded AuNPs 

(Pt-DDS). a) Blood concentration of the long-circulating 9.5-nm AuNPs (vehicle-9.5) as well as 

9.5-nm Pt-loaded AuNPs (Pt-DDS-9.5) at 12 h post-intravenous injection. b) Targeting efficiency 

to 4T1 tumors and blood concentration in terms of both AuNP (Au) and loaded cisplatin (Pt) for 

the Pt-DDS-9.5. 
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6.2.2 Enhanced targeting of brain metastatic tumor 

In addition to the primary and metastatic (lung) tumors of breast cancer, there are many 

types of tumors which are hard to target by either small-molecule drugs or nano-sized anticancer 

DDSs, e.g., the metastatic tumors in brain, pancreatic cancers, etc. Therefore, we established a 

model of brain metastatic tumor and investigated the potential of the drug delivery with the renal-

clearable DDS (5-nm doxorubicin-loaded AuNPs, DOX@AuNPs). 

To construct the tumor metastasis in brain, the balb/c mice were intravenously injected 

with 4T1 breast cancer cells and the brain metastasis was allowed to develop within 2 weeks. Then, 

we injected the 5-nm DOX@AuNPs intravenously to the mice, as well as free DOX and the 90-

nm Doxil as control and collected the brain with tumors for imaging. For the administrated free 

DOX, there was negligible drug accumulation and retention in the metastatic tumors due to the 

rapid blood elimination of free drug (Figure 6.3a). Meanwhile, the significant extravasation and 

accumulation of DOX in the metastatic tumor were found for the administrated renal-clearable 

DOX@AuNPs (Figure 6.3b). In contrast, the 90-nm Doxil showed high concentration in blood 

vessel owing to the long circulation feature (Figure 6.3c), however, no observable drug 

extravasation and accumulation in tumor was found due to the significantly increased NP size and 

limited permeability to the metastatic tumor. These results indicated that the renal-clearable DDS 

exhibited the strength to target metastatic tumor in brain, which was considered as hard-to-target 

tumors for not only the free drugs as DOX but also many large-sized nano-DDS as Doxil. 
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Figure 6.3. Targeting and penetration of renal-clearable DDS in metastatic tumors in brain. 

Tumor metastasis in brain was developed 2 weeks after the intravenous injection of 4T1 cancer 

cells into balb/c mice. The 5-nm DOX-loaded AuNPs (DOX@AuNPs) was used for understanding 

the targeting and permeation of the DDS in brain metastatic tumors, together with the free DOX 

and the 90-nm Doxil. The metastatic tumors were evident as the clusters of nuclei after 

fluorescence staining. After 12 h intravenous injection, the free DOX showed negligible 

accumulation and retention in the metastatic tumors (a); whereas, the significant extravasation and 

accumulation of DOX in tumor was found for the administrated DOX@AuNPs (b). In contrast, 

the 90-nm Doxil showed high concentration in blood vessel (c), however, no observable drug 

extravasation and accumulation into tumor sites was found.  

 

6.2.3 Minimizing side effects of other anticancer drugs 

By using the electrostatic interactions, we have successfully loaded the platinum-based 

drugs such as cisplatin, oxaliplatin, etc. However, it remains unknown how this renal-clearable 

cisplatin-loaded DDS (Pt-DDS) will change the physiological transport of this type of anticancer 

drugs. For the platinum-based drug as cisplatin, one of the most considerable toxicological 

concerns is the cisplatin-induced neurotoxicity,156 which often results in the severe side effects as 
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hearing loss, numbness, decreased sensation and paresthesia. So, we next investigate whether the 

renal-clearable Pt-DDS can reduce the cisplatin accumulation in the nervous systems.  

For the study, we chose the sciatic nerve as representative for the peripheral nervous system 

(Figure 6.4a) and collected the spine, cerebellum and cerebrum for the study of central nervous 

system (CNS). We prepared two renal-clearable cisplatin-loaded DDS (Pt-DDS 1 and Pt-DDS 2) 

as well as free cisplatin to compare the drug accumulation in the peripheral and central nervous 

systems at 24 h intravenous injection. Surprisingly, we found that, with the drug loading onto the 

renal-clearable DDSs, the cisplatin distribution could achieve 5 times decrease in the peripheral 

(sciatic) nerve and 10 times decrease in all CNS tissues among spine, cerebellum and cerebrum 

(Figure 6.4b). Similar to the DOX delivery system, the decreased background accumulation was 

mainly due to the minimized interactions of the loaded drugs with these healthy tissues. This is of 

great importance to further decrease the platinum-induced neurotoxicity with these renal-clearable 

AuNP-based DDSs. 

 
Figure 6.4. Minimizing the cisplatin distribution and resulting toxicity to nervous systems 

with renal-clearable DDSs. a) Image of the dissected peripheral nerve (sciatic nerve) for cisplatin 

distribution study. Kidney, K; Bladder, B; Lumbar nerves (L3, L4, L5 spinal segments). b) While 

loading the cisplatin onto the renal-clearable DDSs, the cisplatin distribution could achieve 5 times 

decrease in the peripheral (sciatic) nerve and 10 times decrease in the central nervous system as 

spine, cerebellum and cerebrum. This is of great importance to decrease the platinum-induced 

neurotoxicity with the renal-clearable DDSs. 
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6.2.4 siRNA delivery with renal-clearable AuNPs 

With these renal-clearable AuNPs as delivery vectors, we have also demonstrated the 

successful loading of the siRNAs for possible gene therapy. To understand whether this siRNA 

delivery system can efficiently deliver siRNAs into the cancer cells, we conducted the cellular 

study with the siRNA-loaded AuNPs (siRNA-Cy3@AuNPs). As a proof-of-concept, we found that 

the siRNA-Cy3@AuNPs showed significant uptake by human breast cancer cells after 48 h 

incubation, which was of similar efficiency to the intracellular delivery of siRNAs via the well-

established liposomal vesicles (Figure 6.5). This indicates that the ultrasmall renal-clearable 

AuNPs may serve as potential siRNA nanocarriers for the gene therapy. Nonetheless, it should be 

noted that more future studies are required at both in vitro and in vivo levels to achieve thorough 

understanding on the siRNA delivery with the AuNPs. 

 
Figure 6.5. Intracellular siRNA delivery with renal-clearable AuNPs. The significant 

intracellular uptake of the siRNA-Cy3@AuNPs was found based on the Cy3 fluorescence, which 

showed comparable signals with the siRNA-Cy3-containing vesicles at 48 h. 
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6.3 Outlook and Future Work 

With these investigations, we have explored the potential to achieve more fundamental 

understandings and resolve some critical questions with the renal-clearable AuNP-based DDSs. 

Among these, we find that (1) renal-clearable AuNP-based DDSs can precisely tune the tumor 

targeting and renal clearance of the anticancer drugs by changing the nanoparticle size near the 

kidney filtration threshold, which will contribute to the more desirable pharmacokinetics; (2) renal-

clearable AuNP-based DDSs have great potential to more effectively target the hard-to-target 

tumors, such as tumor metastasis in brain, etc., compared to free anticancer drugs and conventional 

nano-DDS; (3) renal-clearable AuNP-based DDSs can also significantly decrease the 

accumulation and retention of other highly toxic anticancer drugs (such as cisplatin) in the healthy 

tissues, which will significantly minimize the size effects of these drugs; (4) renal-clearable AuNP-

based DDS may serve as an efficient siRNA delivery system for gene therapy. 

Therefore, with more experimental design and comprehensive investigations, we believe 

that the renal-clearable AuNPs with these unique strengths will successfully address more 

upcoming challenges faced by many nanomedicines in the future, which may further shift the 

paradigm of anticancer drug delivery and expedite the clinical translation of nanomedicines.  
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