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Abstract

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

engineered nanoparticles is key to future successes of cancer nanomedicines in clinics, which 

demands us to fundamentally understand how engineered nanoparticles impact the targeting-

clearance and permeation-retention paradoxes in the anticancer drug delivery. Using a widely used 

anticancer drug, doxorubicin, as model, we systematically investigated how renal-clearable gold 

nanoparticles (AuNPs) affect the permeation, distribution and retention of drug in both cancerous 

and normal tissues. Our results show that renal-clearable AuNPs retain the strength of free drug in 

rapid tumor targeting with high tumor vascular permeability. Along with the enhanced tumor 

delivery and efficacy, the renal-clearable AuNPs also accelerated 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.

Graphical Abstract

Long-standing paradoxes in cancer nanomachines, high tumor targeting vs. rapid clearance and 

high permeability vs. low systemic toxicity can be addressed with renal-clearable gold 

nanoparticles.
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Fundamental understanding on how nanoparticles impact the targeting and clearance of 

anticancer drugs in vivo is of importance to their future success in the clinical practice[1]. 

Rapid blood elimination and high vascular permeability of small-molecule drugs (i.e., 

doxorubicin, DOX) have been considered major reasons for the low tumor targeting, modest 

therapeutic efficacies as well as severe side effects[2]. Thus, using non-renal-clearable 

engineered nanoparticles to alter in vivo transport of anticancer drugs has been a major 

strategy for improving efficacy and safety[3]. For example, PEGylated liposomes have been 

successfully used in the clinic to increase blood retention and tumor accumulation of DOX 

through enhanced permeability and retention (EPR) effect[4], and to reduce cardiotoxicity by 

minimizing drug extravasation to cardio vasculature[5]. 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[6].

While these nanoparticle-based drug delivery systems (DDSs) successfully 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 tumor extravasation and penetration[1b], and body retention 

of “off-target” drugs is increased because of nanoparticle accumulation in liver and other 

reticuloendothelial system (RES) organs[7]. For instance, PEGylated liposome encapsulated 

doxorubicin (Doxil) cannot extravasate in tumor environment as rapidly and efficiently as 

free DOX[1b, 8], resulting in limited efficacy to tumors with lower vascular permeability[9]. 

Meanwhile, the “off-target” Doxil cannot be rapidly eliminated out of the body, further 

inducing side effects such as hand-foot syndrome and liver toxicity[10]. As a result, free 

doxorubicin currently remains the first-line treatment for a variety of solid tumors in clinics. 

In addition to PEGylated liposomes, many other nanoparticle-based DDSs have encountered 
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similar challenges in their clinical translation, which demands us to revisit these paradoxes 

at a more fundamental level[1a]. 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 vascular permeability of 

anticancer drugs to reduce their non-specific accumulation in and toxicity to healthy tissues?

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 delivery vector. This paradigm shift in our understanding on the paradox between 

kidney elimination and tumor targeting fundamentally originates from high vascular 

permeability of renal-clearable ultrasmall AuNPs, which enables DOX to rapidly and 

efficiently target tumors in the early delivery phase. This is distinct from current large-size 

nanomedicines that require long blood circulation to enhance drug accumulation in tumor, 

compared to free drug[11]. In addition, dense and disordered tumor vasculatures further 

enhanced the tumor retention of DOX carried by the renal clearable AuNPs through EPR 

effect. With the enhanced renal clearance of “off-target” drug, the loaded DOX on the 

AuNPs was eliminated more rapidly from 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.

With reduced size (<6 nm) and surface passivation, ultrasmall nanoparticles can be highly 

resistant to serum protein and renally clearable[12]. Renal-clearable nanoparticles readily 

cross inter-endothelial junctions of normal blood vessels[13] (~6 nm) like small molecular 

agents[14], escape uptake by liver (Fig. S1) and other RES organs[15]. More recently, we 

found that renal-clearable PEGylated AuNPs (PEG-AuNPs) targeted tumors passively with 

high efficiency >8 %ID/g (percentage of injected dose per gram of tumor)[16]. Thus, it is 

important to further explore how renal-clearable AuNPs will alter the delivery of anticancer 

drugs. To efficiently load drug (DOX) onto renal-clearable AuNPs, we intentionally 

incorporated a secondary ligand, 4-mercaptobenzoic acid (MBA), on the PEG-AuNPs 

through ligand exchange reaction (Methods and Fig. S2). By utilizing π-π interaction[17] 

between DOX and the aromatic MBA ligand, we loaded 33 ± 7 DOX molecules onto 

individual dual-ligand-coated AuNP (PEG/MBA-AuNPs; Fig. 1a), increasing loading 

capacity 5-time over unmodified PEG-AuNPs (Fig. S3 a and b). The characteristic 

absorbance of DOX at ~500 nm was readily observed in the DOX@AuNPs (Fig. 1b), where 

the 8-nm red-shift is attributed to dipole-dipole interactions among the loaded DOX 

molecules [18]. Further increasing drug loading resulted in aggregation of particles (Fig. 

S3c), therefore, we mainly focused on the AuNPs with an average loading of 33 DOX in this 

study.
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With successful drug loading, the DOX@AuNPs retained an ultrasmall hydrodynamic 

diameter (HD, 4.70 ± 0.89 nm, Fig. S4a) for efficient renal elimination. And the 

DOX@AuNPs showed no observable binding to human serum albumin (HSA, Fig. 1c) and 

resulting size increase, due to the antifouling nature of renal-clearable AuNPs, whereas, free 

DOX binds to HSA efficiently at a binding constant of 1.1 (± 0.3)× 104/M and a DOX-to-

HSA ratio of 1.5[19]. After the intravenous administration of DOX@AuNPs into mice, 

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

PEG/MBA-AuNPs (52.7%) and PEG-AuNPs (50.9%, Fig. S4b). More importantly, with 

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

eliminated into urine in 24 h, which was 3.6 times higher than that of free DOX (~6 %ID, 

Fig. 1d). By comparing the renally cleared DOX and Au amount, we further found that the 

loaded DOX was stable in the body in a short term and was partially released with increased 

time (Fig. S4c). Together with the efficient renal clearance, blood DOX retention of 

DOX@AuNPs (63.7 %ID·h/g, 48-h AUC, area under the curve, Fig. 1e) 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 hepatobiliary elimination[20]. Similar 

to many other DDSs where drugs were loaded via molecular interactions[21], DOX@AuNPs 

gradually released drug within a reasonable time period in physiological condition. The 

DOX release was accelerated in a slightly acidic pH (77.8% in 48 h, Fig. 1f) due to 

increased protonation[17], compared to the neutral environment (46.7%), which was 

favorable for drug release in tumor environment in vivo. Using MCF-7 human breast cancer 

cells for study, 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 μM, Fig. 1g), 

indicating retained cytotoxicity of loaded drug.

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

retention made it very hard for renal-clearable nanoparticles to target tumor effectively. 

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

passively with high efficiency (>8 %ID/g for MCF-7 human adenocarcinoma xenograft)[16]. 

By using the MCF-7 tumor 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 and Fig. S5 for dose schedule). From the tumor growth 

curves, the DOX@AuNPs showed significant tumor inhibition (compared to PBS control) as 

high as 77.6 ± 1.7 % (Fig. 2a); whereas, free DOX showed limited efficacy with tumor 

inhibition of 40.7 ± 6.7 %. Therefore, the survival rate was significantly increased by 

DOX@AuNPs over free DOX (Fig. 2b). Moreover, similar tumor inhibition by 

DOX@AuNPs was also observed in primary murine mammary carcinoma (4T1, Fig. 2c and 

d) and human triple-negative breast cancer (MDA-MB-231, Fig. S7) xenograft. In addition, 

since the 4T1 primary tumor showed rapid lung metastasis aggressively[22], we further 

conducted the therapeutic study on 4T1 lung metastasis. As a result, DOX@AuNPs not only 

effectively inhibited the lung metastasis (nodule count of 4.0 ± 2.7 per mouse, Fig. 2e and f), 

with 15.7, 21.2 times fewer nodule counts than free DOX and PBS, respectively, but also 

decreased the nodule sizes 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, Fig. 2g). These results 
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indicate DOX@AuNPs significantly improved antitumor efficacy than free DOX together 

with the efficient renal elimination of “off-target” drug.

The further tumor targeting study unveiled the origin of the enhanced antitumor efficacy 

from DOX@AuNPs versus free drug. As shown in Fig. 3a, tumor accumulation of DOX 

delivered by the AuNPs rapidly increased to 3.35 ± 0.17 %ID/g at the early phase (1 h), 

which was 1.6 times higher than that of free DOX (2.06 ± 0.19 %ID/g). With time 

proceeded, DOX carried by the AuNPs reached its maximal tumor accumulation (4.06 

± 0.38 %ID/g) at 12 h and maintained delivery efficiency above 2 %ID/g for about 48 h, 

showing prolonged tumor retention. However, tumor accumulation of free DOX rapidly 

decreased to 0.17 %ID/g in 24 h, which 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. This conclusion was further confirmed by drug distribution in 

tumor microenvironment. The fluorescent microscopy images shown that free DOX had low 

tumor distribution at 12 h p.i. (Fig. 3b) while more DOX carried by renal-clearable AuNPs 

extravasated from tumor vasculature and penetrated deeply in tumor environment (Fig. 3c). 

In comparison, it has shown in multiple reports that the intra-tumor delivery with large-sized 

liposomes as Doxil would have more heterogenous drug distribution and limited efficacy, 

due to the inefficient extravasation and the limited tumor penetration[1b, 23]. 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 (Fig. S8).

Together with the improved drug delivery and efficacy, loading DOX on the AuNPs also 

reduced the hepatic and renal toxicity of drug. Liver metabolism is the major pathway for 

the body to eliminate free DOX (as well as many anticancer drugs), which is known to 

induce liver injury among 40% patients treated with DOX[20]. Blood chemistry tests showed 

that free DOX increased aspartate aminotransferase (AST) and alanine aminotransferase 

(ALT) levels (Fig. 4a and b), indicating the acute impairment to hepatocytes[24]. In addition, 

free DOX induced elevation in blood urea nitrogen (BUN) and creatinine (CREA) levels 

(Fig. 4c and d), indicating acute kidney injury by damaging glomerular podocytes[20, 25]. In 

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

creatinine levels. This meant the DOX@AuNPs significantly reduced toxicity to both liver 

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

kidneys than free DOX (Fig. 4e) in 24 h. This is because the drug loading on the AuNPs 

minimized the interaction between DOX and the tissues, accelerating the DOX elimination.

While the administrated DOX@AuNPs held smaller size than interendothelial junctions and 

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

muscle (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. (Fig. 4f), whereas free DOX showed much slower muscle 

elimination (from 1.06 %ID/g to 0.85 %ID/g). Surprisingly, the AuNPs also accelerated 

DOX elimination from heart with minimal accumulation (0.09 ± 0.04 %ID/g, Fig. 4g) at 24 

h p.i., 14 times lower than that of free DOX (1.26 ± 0.37 %ID/g), which was greatly 

important to minimize the cardiotoxicity of DOX. In addition, the lung accumulation of 

DOX carried by AuNPs (1.66 ± 0.51 %ID/g, Fig. 4h) was also 3.0 times lower than that of 
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free DOX (5.03 ± 1.17 %ID/g) at the same time point. The observed rapid DOX clearance 

from skeletal muscle, heart and lung after being loaded on the renal-clearable AuNPs is 

mainly because the antifouling nature of renal-clearable AuNPs reduces DOX interaction 

with these tissues and enhances 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.

In the clinical translation of cancer nanomedicines, many paradoxes such as efficient kidney 

elimination versus high tumor targeting[26], rapid targeting versus long blood retention for 

strong EPR effect[27], and high vasculature permeability versus low systemic toxicity[7a] 

have been often encountered when anticancer drugs are delivered by non-renal-clearable 

DDSs. Using renal-clearable AuNPs as a delivery system and the doxorubicin as model, we 

found that these paradoxes can be reconciled. The enhancement in both tumor targeting and 

kidney elimination of DOX can be achieved concurrently with renal-clearable AuNPs. With 

high tumor permeability, 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 increasing renal elimination of “off-target” drugs as well as 

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 newly emerged renal clearable 

nanoparticles[12] hold great promise address many critical paradoxes between targeting and 

clearance, therapeutic efficacy and systematic toxicity in the clinical translation of cancer 

nanomedicines, which is expected to shift the paradigm in the anticancer drug delivery.

Methods

Methods and any associated references are available in the supporting information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Renal-clearable AuNPs enhanced renal elimination and retained cytotoxicity of DOX.
a) Scheme of renal-clearable DOX@AuNPs, which consists of the gold core (2.06 ± 0.18 

nm in diameter, Fig. S2), surface coating with poly(ethylene glycol) thiol (PEG-SH, MW. 

800 Da) and mercaptobenzoic acid (MBA), and loaded DOX molecules. b) UV-Vis 

absorbance spectra in aqueous solution. The loaded DOX exhibited 8-nm redshift (from 488 

to 496 nm) compared with free DOX, indicating the formation of J-aggregates. c) 

Hydrodynamic diameters of DOX@AuNPs (5 μM) in PBS with and without human serum 

albumin (HSA, 6 nm, 5 μM) at 37 °C for 3 h. d) Renal clearance of DOX after intravenous 

injection of DOX@AuNPs and free DOX (n = 3). Error bar indicates s.d. e) Blood DOX 

concentration in the MCF-7 tumor-bearing mice (n = 4). f) In vitro drug release study in 

neutral (pH 7.4) and acidic (pH 5.5) physiological environment. ***P<0.005 (n = 3, 

Student’s t-test). g) In vitro cytotoxicity study with MCF-7 cancer cells (n = 6). To be noted, 

the AuNPs without DOX loading showed very low toxicity to the cells (Fig. S4d).
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Figure 2. DOX@AuNPs enhanced anti-tumor efficacy of DOX among primary and metastatic 
tumor models.
a–d) Normalized tumor growth curves and survival rates of the MCF-7 tumor-bearing nude 

mice (a, b) and 4T1 tumor-bearing balb/c mice (c, d) during successive treatments. For a 
and c, ****P<0.0001 (Student’s t-test). For b, * indicates <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, respectively (Kaplan-Meier, n = 6 – 

8). To be noted, the AuNPs without DOX loading showed no tumor inhibition (Fig. S6). e) 

Images of mice lungs after the successive treatments (day-23). Scale bar, 1 mm. f) Nodule 

counts of the metastatic lung tumors after treatments. ***P<0.005 (n = 5). Box indicates 

median and s.e.m. g) Lung tumor nodule sizes. ****P<0.0001. Box indicates median and 

25–75% interquartile range (Student’s t-test).
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Figure 3. DOX@AuNPs increased tumor targeting and retention by improving tumor 
extravasation and penetration.
a) Drug delivery efficiencies to the MCF-7 tumors (n = 4). b-c) Fluorescence microscopy 

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

(c). Red, DOX; green, stained vasculature (lectin-FITC). Scale bar, 50 μm.
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Figure 4. Renal-clearable AuNPs enhanced body clearance and minimized toxicity of the “off-
target” DOX. a-d),
Blood chemistry analysis after successive treatments, indicating the acute toxicity of drug to 

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). e) DOX distribution in liver and kidney 

for the injected DOX@AuNPs and free DOX (n = 3). f) Muscle DOX distribution at 1 and 

24 h post-treatment (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 (Student’s t-test).
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