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Abstract

Therapeutic efficiency and toxicity are two of the three critical factors in molecular therapy and 

pharmaceutical drug development. Specific tumor targeting and rapid renal excretion contribute to 

improving efficiency and reducing toxicity. We recently found that RNA nanoparticles display 

rubber-like properties, enabling them to deliver therapeutics to cancer with high efficiency. Off-

target RNA nanoparticles were rapidly cleared by renal excretion, resulting in nontoxicity. 

However, previous biodistribution studies relied mainly on fluorescent markers, which can cause 

interference from fluorophore quenching and auto-fluorescence. Thus, the quantification of 

biodistribution requires further scrutiny. In this study, radionuclide [3H] markers were used for 

quantitative pharmacokinetic (PK) studies to elucidate the favorable PK profile of RNA 

nanoparticles. Approximately 5% of [3H]-RNA nanoparticles accumulated in tumors, in contrast 

to the 0.7% tumor accumulation reported in the literature for other kinds of nanoparticles. The 

amount of [3H]-RNA nanoparticles accumulated in tumors was higher than that in the liver, heart, 

lung, spleen, and brain throughout the entire process after IV injection. [3H]-RNA nanoparticles 

rapidly reached the tumor vasculature within 30 min and remained in tumors for more than 2 days. 

Nontargeting [3H]-RNA nanoparticles were found in the urine 30 min after IV injection without 

degradation and processing, and more than 55% of the IV-injected radiolabeled RNA nanoparticles 

were cleared from the body within 12 h, while the other 45% includes the radiative counts that 

cannot be recovered due to whole-body distribution and blood dilution after intravenous injection. 

The high specificity of tumor targeting, fast renal excretion, and low organ accumulation illustrate 

the high therapeutic potential of RNA nanoparticles in cancer treatment as efficient cancer-

targeting carriers with low toxicity and side effects.
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INTRODUCTION

RNA nanotechnology allows the construction of programmable nanostructures by exploiting 

intra- and intermolecular interactions, enabling the design of complex structures with well-

defined dimensions, shapes, and sizes.1–7 The advancement of RNA nanotechnology in 

recent decades has demonstrated the uniqueness of RNA nanoparticles in biomedical 

applications.2,3,7–10 In particular, the three-way junction (3WJ) originating from the 

packaging RNA (pRNA) of the phi29 DNA packaging motor has been engineered to 

incorporate various functional modules, including imaging probes, therapeutic agents, and 

targeting ligands.9–12 The constructed RNA nanoparticles have been extensively explored 

for in vivo cancer imaging and therapeutic drug delivery.4,8,13–17

Targeted drug delivery can increase therapeutic efficacy and reduce toxicity. A favorable 

pharmacological profile is necessary for an ideal targeted delivery platform. However, after 

surveying publications in the past 10 years and averaging the widely disparate data, it was 

reported that only 0.7% of the administered nanoparticles were delivered to solid tumors.18 

Concerns have been raised regarding the clinical translation potential of nanotechnology 

because of low efficacy, undesirable side effects, and toxicity.18 Recently, using optical 

tweezers and in vivo imaging technologies, we found that RNA nanoparticles possess 

rubber-like properties.19 RNA nanoparticles were stretchable and shrinkable by optical 

tweezers with multiple repeated extensions and relaxations, similar to rubber. These findings 

explain two advantages of RNA nanotechnology: (1) RNA nanoparticles have high tumor 

targeting efficiency since their rubber- or amoeba-like deformation ability enables them to 

squeeze out of the leaky vasculature to improve the enhanced permeability and retention 

(EPR) effect;20–22 (2) RNA nanoparticles remain nontoxic since they can be cleared from 

the body via renal excretion into the urine with little accumulation in the body.19,23 Evidence 

from in vivo fluorescence imaging studies has demonstrated the target specificity of 

nanoparticles in various tumor models, such as breast cancer, glioblastoma, gastric cancer, 
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and prostate cancer.9,24–27 However, a quantitative biodistribution profile is still challenging 

to determine due to the limitations of fluorophore label stability, autofluorescence, and 

quenching effects.28,29 To date, few studies have been reported to exploit radionucleotides as 

a more sensitive and quantitative imaging tool for RNA nanoparticles, limiting our 

understanding of their in vivo performance. Therefore, it is helpful to develop radioactive 

marker-labeled RNA nanoprobes for more sensitive and accurate bioimaging and 

pharmacokinetic (PK) studies.

In this study, we investigated two RNA nanoparticles harboring different targeting ligands, 

small molecules, and nucleic acid aptamers by measuring the radioactivity from harvested 

organs as well as by fluorescence imaging in vivo. Folic acid (FA) is a high-affinity binding 

ligand of an endogenous folate receptor that is upregulated in many types of cancer cells.
30–32 The CL4 RNA aptamer is a nucleic acid aptamer with high affinity and specificity to 

EGFR, which is overexpressed in triple-negative breast cancer mouse xenografts.33–36 3WJ 

nanoparticles harboring these two targeting ligands were labeled with [3H] to elucidate the 

quantitative biodistribution of RNA nanoparticles.

For the first time, we quantitatively determined the biodistribution profile of RNA 

nanoparticles. The quantitative biodistribution study revealed significantly high tumor 

uptake and tumor retention, providing insights into the promising anticancer efficacy. The 

study also proved RNA nanoparticles to have low toxicity and limited accumulation in 

healthy metabolic organs. Our results demonstrate that RNA nanoparticles with favorable 

biodistribution profiles are an ideal delivery platform for tumor-specific drug delivery and 

gene therapy.

MATERIALS AND METHODS

RNA Synthesis.

Solid-phase RNA oligomer synthesis was performed on a 1 μmol scale. An automated oligo 

synthesizer ASM-800E from Biosset was used to start the synthesis from a universal 1000 Å 

long-chain amino alkyl-controlled pore glass (LCAA-CPG) solid support. Coupling 

efficiency was monitored after removal of the dimethoxytrityl (DMT) protecting groups. 

Sequences of the RNA oligomers used are listed in a 5′ to 3′ orientation (uppercase denotes 

a 2′-OH base; lowercase denotes a 2′-F modified base).

3WJa: 5′- uuG ccA uGu GuA uGu GGG -3′

3WJb: 5′- ccc AcA uAc uuu Guu GAu ccu uuG Cga cuG Guu Acc cGG ucG-3′

3WJb-FA: 5′- ccc AcA uAc uuu Guu GAu cc (Folic Acid) -3′

3WJb-CL4: 5′- ccc AcA uAc uuu Guu GAu ccG ccu uAG uAA cGu Gcu uuG AuG 

ucG Auu cGA cGA GAG Gc -3′

3WJc: 5’- GGA ucA Auc AuG GcA A -3′

3WJc-AFdye 647: 5′- GGA ucA Auc AuG GcA A(C6-NH) (AFdye 647) -3′

Each strand was synthesized using 2′-fluorinated pyrimidine. Following synthesis, 

oligomers were cleaved from beads and deprotected in a 1:1 mixture (v/v) of ammonium 
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hydroxide and methylamine (AMA) solution at room temperature for 2 h. The 2′-TBDMS 

protecting groups were removed by triethylamine trihydrofluoride (TEA·3HF) followed by 

desalting using a Glen Gel-Pak desalting column. The collected fraction was dried under 

speed vacuum. Then, the synthesized strands were analyzed by 8 M urea 16% denaturing 

polyacrylamide gel electrophoresis (PAGE). 3WJc-FA was provided from Exonano RNA 

Pharmaceutical Co., Ltd. (Columbus, OH).

Radiolabeling of Oligonucleotides by Hydrogen-Tritium Exchange.

Radiolabeling of oligonucleotides was performed using a published procedure.36 Briefly, 1 

mg of HPLC-purified oligonucleotide was dissolved in 20 μL of reaction buffer (50 mM 

sodium phosphate, 0.1 mM EDTA, pH 7.8) and dried in speed vacuum. The oligonucleotide 

was then resuspended in 20 μL of tritiated water (Moravek, molar activity: 1 Ci/g) 

containing 0.83 μL of 2-mercaptoethanol (beta-ME) and incubated at 90 °C for 6 h. 

Following incubation, the sample was dried to remove unexchanged tritiated water. The 

sample was resuspended in 100 μL of water and incubated at room temperature for 1 h 

followed by two cycles of dry and resuspension in 100 μL of diethylpyrocarbonate (DEPC) 

H2O. The oligonucleotide was applied to the 0.2 mL desalting column (Glen Gel-Pak) for 

final purification. The oligonucleotide was washed and eluted with 200 μL of DEPC water 

and dried for further evaluation.

Fluorophore Conjugation on RNA.

NHS ester of AFDye 647 was purchased from Chematech and Click Chemistry Tools. 

Conjugation reactions were carried out by mixing a 1:10 molar ratio of amine-labeled 3WJc 

and NHS ester in 0.1 M sodium bicarbonate buffer (pH 8.5). The mixture was incubated at a 

dark room temperature for 16 h, allowing for conjugation reactions. The reaction mixtures 

were ethanol precipitated, washed twice with 75% ethanol to remove the unreacted 

fluorophore, and purified by HPLC.

Reverse-Phase HPLC Purification of the RNA-AFDye 647 Strand.

Fluorophore-conjugated RNA was purified by ion-pairing reverse phase HPLC. The gradient 

mobile phase was used to separate dye-modified RNA from unmodified strands. Buffer A 

was 0.1 M triethylamine acetate (TEAA) (Glen Research) in water, and buffer B was 0.1 M 

TEAA in 75% acetonitrile and 25% water. All purifications were performed on an Agilent 

PLRP-S column (Agilent cat. #: PL1512-5500) using an Agilent 1260 Infinity HPLC 

system. A flow rate of 1.0 mL/min was used throughout all HPLC methods, and absorbance 

was monitored at 260 nm (RNA) and 650 nm (Cy5). Fractions were collected and dried 

under vacuum and then resuspended in DEPC water. Urea (8 M) 16% denaturing PAGE was 

done to characterize the purified strands.

RNA Nanoparticle Assembly and Purification.

An equimolar ratio of composite strands (3WJa, 3WJb, and 3WJc) was mixed in TBE buffer 

(100 mM Tris-borate, 2 μM EDTA, pH 7.4). By denaturing the strands at 95 °C, the mixture 

solution was slowly cooled down to 4 °C at a rate of −2 °C/min. The assembled 
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nanoparticles were desalted using a Sephadex G10 column to remove salts and small-

molecule contaminants.

Dynamic Light Scattering Measurements of RNA Nanoparticles.

Apparent hydrodynamic sizes and zeta potentials of RNA nanoparticles were characterized 

using a Zetasizer nano-ZS (Malvern Instrument, Malvern, UK). The RNA nanoparticles 

were measured at 50 μmol/L in PBS buffer (137 mM NaCl, 2.7 mM KCl, 100 mM 

Na2HPO4, 2 mM KH2PO4, pH 7.4) at 25 °C.

Temperature Gradient Gel Electrophoresis (TGGE) Characterization.

The RNA nanoparticles were run in a 10% (w/v) native PAGE in TMS buffer (50 mM Tris, 

100 mM NaCl, and 0.2 mM MgCl2, pH 8.0) at 100 V for 10 min at room temperature. 

TGGE analysis was then done as previously reported.37 A gradient temperature (40–80 °C) 

was applied perpendicular to the electrical current, and the electrophoresis was run for 1 h. 

Next, the gel was stained by ethidium bromide and visualized using a Typhoon (GE 

Healthcare). Quantified values of bands for each nanoparticle from ImageJ were divided by 

the sum of the total values in corresponding lanes. Melting curves were plotted with 

quantified data points using GraphPad Prism 8. Tm values were defined as the temperature at 

which 50% of the RNA nanoparticles dissociated.

Tm Measurement by Quantitative RT-PCR.

The RNA nanoparticles were aliquoted to a 96-well plate at a 10 μM final concentration. 

SYBR Green II dye (Invitrogen) was added to each well as a reporter molecule for RNA 

nanoparticles formation and dissociation. Samples were heated to 95 °C for 5 min to 

denature the RNA nanoparticles followed by a slow cooling ramp to 20 °C at a rate of 0.11 

°C per second as a reannealing process. Annealing curves of RNA nanoparticles were 

characterized using a Roche LightCycler 480 RT-PCR machine and were plotted with data 

points using GraphPad 8. Tm was determined by LightCycler 480 Software using the first 

derivative of the annealing profile.

Serum Stability Assay.

The RNA nanoparticles were incubated at a concentration of 1 μM in a cell culture medium 

containing 20% (v/v) fetal bovine serum (FBS) at 37 °C for different time points. The 

samples were collected and treated with 10% SDS for 10 min followed by examination 

using a 2% agarose gel run, stained with EB, and visualized using the Typhoon (GE 

Healthcare). Quantification analysis of the RNA band was performed using ImageJ software. 

The percentage of intact nanoparticles (intensity of the band at a time point/intensity of the 

band at 0 h for each time point) was calculated accordingly. A degradation curve was plotted 

with quantified data points using GraphPad Prism 8.

Radioactive Marker Stability Assay.

For each RNA sample, 100 μL of 20 μM RNA was dried and resuspended with 100 μL of 

PBS buffer and RPMI-1640 medium (Gibco) with 10% FBS. At varying time points, a 10 

μL sample was collected and assayed by liquid scintillation counting (LSC). In a size 
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exclusion chromatography assay, RNA nanoparticles and controls were applied to a 1 × 10 

cm column containing Sephadex G10 (Sigma-Aldrich). Oligonucleotide was eluted with 

DEPC water at a flow rate of 0.5 mL/min; 50 μL of each fraction was collected in 96-well 

plates. The fluorescence was assayed using a plate reader. Next, each fraction was pipetted 

to a scintillation counting vial and assayed by LSC (Beckman Coulter LS6500).

Cell Culture.

MDA-MB-231 cells from human breast cancer cell lines were grown and cultured in a 

DMEM/F-12 medium (Invitrogen, Grand Island, NY) containing both 10% (v/v) FBS in a 

37 °C incubator with a 5% CO2 and a humidified atmosphere. KB cells from human cancer 

cell lines were grown and cultured in an RPMI 1640 medium (Gibco) containing both 10% 

(v/v) FBS in a 37 °C incubator with a 5% CO2 and a humidified atmosphere.

Flow Cytometry Assay of pRNA-3WJ Nanoparticle Binding Affinity.

KB and MDA-MB-231 cells were cultured on 24-well plates at 37 °C overnight. AFDye 

647-labeled 3WJ nanoparticles at concentrations from 50 to 800 nM were incubated with 2 

× 105 cells KB and MDA-MB-231 cells, respectively, at 37 °C for 2 h. The cells were 

washed by PBS buffer twice and then trypsinized and resuspended in PBS buffer. Flow 

cytometry analysis was performed to compare the binding affinity and efficacy of the RNA 

nanoparticles to different cells. The data was analyzed by FlowJo 7.6.1 software.

Confocal Microscopy Imaging.

KB and MDA-MB-231 cells were cultured on glass cover slips at 37 °C overnight followed 

by treatment with AFDye 647-labeled RNA nanoparticles at a 100 nM concentration for 1 h 

at 37 °C. The glass slips were washed twice with PBS buffer followed by fixation using 4% 

formaldehyde. Triton X-100 (0.1%) (Sigma-Aldrich) in PBS buffer was applied to treat the 

slips for 5 min followed by cytoskeleton staining using Alexa Fluor 488 phalloidin 

(ThermoFisher Scientific) for 30 min at room temperature. The cells were then mounted 

with a ProLong Gold Antifade Reagent (Life Technologies Corp.) containing DAPI for cell 

nucleus staining. The confocal imaging was performed on an Olympus FV3000 confocal 

microscope (Olympus Corp.). Data were acquired using a Fluoview FV31S-SW.

Cellular Uptake of Tritium-Labeled RNA Nanoparticles.

KB cells and MDA-MB-231 cells were seeded on a 24-well plate at 70% confluence 1 day 

prior to the treatment. Two hundred microliters of 100 nM [3H]-labeled RNA nanoparticles 

was added to cells, and experiments were performed by incubating the plate at 37 °C for 8 h. 

Cells were washed 3 times with PBS buffer to remove the unbound RNA and trypsinized at 

serial time points. Cells were pelleted by centrifugation for 5 min at 2500g. The pellet was 

removed from the tube. Scintillation counting was performed.

In Vivo Tritium PK/Biodistribution Assay.

To compare the biodistribution profile, a fluorescence imaging study and a scintillation 

counting assay were performed. When tumor sizes reach 400 mm3, a total of 100 μL of 20 

μM tritium and AFDye 647-labeled 3WJ-FA, 3WJ-CL4, and 3WJ nanoparticles were 
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injected into mice bearing KB and MDA-MB-231 tumors by tail vein injection. PBS-

injected mice were used as negative controls. Blood samples were collected via cardio 

puncture at different time points (5 min and 1, 2, 4, 8, 12, and 24 h). Pharmacokinetic 

parameters were calculated using noncompartmental analysis with the software package 

WinNonlin 8.1 (Phoenix).

The mice were then sacrificed by the inhalation of CO2 followed by cervical dislocation. 

Major organs including the brain, heart, lungs, liver, spleen, and kidneys together with 

tumors were collected and subjected to fluorescence imaging using an IVIS Spectrum 

station (Caliper Life Sciences) with excitation 640 nm and emission at 680 nm for the 

assessment of fluorescence biodistribution profiles. Organs and tumors were then dissolved 

using SOLVABLE (Perkin Elmer) following the official scintillation counting preparation 

method and subjected to scintillation counting for the assessment of radiation biodistribution 

profiles.

RESULTS

Construction of RNA Nanoparticles.

We investigated three RNA nanoparticles harboring different ligands, including small 

molecules and nucleic acid aptamers. Tritium-labeled RNA strands were synthesized via the 

tritiated water exchange method, achieving high labeling radioactivity (Figure 1). Instead of 

in vitro transcription labeling, which is costly and time-consuming in large-scale production 

and is limited in incorporating functional groups into RNA strands, the hydrogen-tritium 

exchange technology was used to efficiently achieve high radioactivity oligonucleotide 

labeling. Due to the 2′F modification of RNA nucleotides, the RNA strand could remain 

intact at 90 °C for 6 h, which facilitated the rapid exchange between tritiated water and the 

hydrogen on purine at the C8 position. After purification, no significant degradation was 

observed, and the recovery yield was higher than 90% (Figure 1b). We mixed the 

corresponding strands in TES buffer using an equal molar ratio of each strand and performed 

a stepwise assembly characterization by 12% native PAGE, demonstrating high assembly 

efficiency (Figure 1c). A gel mobility shift was observed from the monomer and dimer to the 

3WJ trimer complex.

Characterization of RNA Nanoparticles.

As the physicochemical properties of RNA nanoparticles play critical roles in governing the 

in vivo behavior, we performed further characterizations of these RNA nanoparticles in 

terms of size and thermodynamic stability. Dynamic light scattering measurements revealed 

that the sizes of 3WJ, 3WJ-FA, and 3WJ-CL4 were 5.8 ± 1.1, 6.0 ± 0.9, and 14.8 ± 2.6 nm, 

respectively (Figure 1d). To confirm that tritium labeling did not affect the physical 

properties and thermodynamic stability of the 3WJ nanoparticles, Tm values for each particle 

were measured at approximately 70 °C by quantitative RT-PCR (Figure 1e) and TGGE 

assays (Figure 1f). The measured Tm was vastly higher than that under physiological 

conditions (37 °C), which protected the RNA particles from dissociation in vivo.
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Assessment of Chemical and Serum Stability of Tritium-Labeled RNA Nanoparticles.

The ability of RNA nanoparticles to retain their intact structure is critical to maintaining 

desirable pharmacokinetic/pharmacodynamic profiles and reducing nonspecific toxicity. In 

addition to high thermodynamic stability, a 2′F chemical modification confers high 

enzymatic and chemical stability on 3WJ RNA nanoparticles. A serum stability assay of 

RNA nanoparticles demonstrated no detectable RNA degradation after 24 h of incubation in 

20% serum, as shown in clear gel bands. Quantification of the gel imaging further revealed 

no significant degradation after 24 h (Figure 2a). Tritium/hydrogen exchange is a pseudo-

monomolecular reaction with a highly temperature-dependent rate. Reverse equilibration of 

hydrogen occurs, but only slowly, at physiological temperatures. The in vivo tritium label 

stability of tritium and fluorescent dual-labeled RNA nanoparticles was further analyzed 

under physiological conditions. Colocalization between fluorescent and radioactive signal 

peaks was observed after size exclusion column chromatography, while a minimal shift 

appeared after 24 h of incubation. These results indicated that tritium markers were 

successfully introduced to RNA nanoparticles. Tritium labeling possesses strong chemical 

stability under physiological conditions, which allows a confident interpretation of the 

effects seen in in vivo studies (Figure 2b).

In Vitro Binding (Kd) and Uptake of RNA Nanoparticles.

To demonstrate that the binding affinity of the 3WJ nanoparticles is not affected by tritium 

labeling, the AFDye 647 fluorophore was conjugated to allow tracking of the RNA 

nanoparticles. A small-molecule DCL was conjugated to 3WJ nanoparticles as a negative 

control ligand to a folic acid ligand. A PSMA RNA aptamer of similar size to the CL4 

aptamer was synthesized into 3WJ particles as a negative aptamer control.24 Two cell lines 

were used in the following experiment. KB cells with folate receptor overexpression were 

used to analyze the specific binding of the folic acid ligand. The TNBC cell line MDA-

MB-231 with EGFR overexpression was cultured for CL4 RNA aptamer analysis. Flow 

cytometry data showed strong binding of 3WJ-FA to KB cells, while 3WJ and 3WJ-DCL 

displayed little binding (Figure 3a). A similar result was observed for 3WJ-CL4 in EGFR-

overexpressing MDA-MB-231 cells (Figure 3a). Confocal microscopy imaging was also 

performed to evaluate the internalization of RNA NPs into cells. As shown in Figure 3b, 

confocal images scanned under three separate emission channels clearly showed more 

substantial cellular uptake of aptamer-conjugated RNA nanoparticles in receptor-

overexpressing cell lines compared with the ligand-free and negative ligand 3WJ controls. 

We further investigated the apparent dissociation constant (Kd) for the 3WJ NPs by 

measuring the medium fluorescence intensity with a series of increasing concentrations of 

RNA particles. The Kd values of 3WJ-FA to KB cells and of 3WJ-CL4 to MDA-MB-231 

cells were calculated to be 322.8 and 72.1 nM, respectively (Figure 3c).

Next, to further evaluate the validity of the [3H]-labeled RNA nanoparticles in cellular 

systems, the quantified uptake of [3H]-labeled RNA nanoparticles harboring ligands was 

examined in different cell lines. The cellular uptake of RNA nanoparticles was time-

dependent (Figure 3d). In the folate receptor-positive cell line KB, approximately 30% of the 

total input radioactivity of 3WJ-FA nanoparticles was associated with the corresponding 

cells after 8 h, which was significantly higher than that of the 3WJ nanoparticles with the 
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ligand control (10%). In the EGFR-overexpressing cell line, 3WJ-CL4 nanoparticles showed 

higher (35%) accumulation in cells than the negative ligand controls (19%).

Quantitative Biodistribution Analysis of [3H]-Labeled RNA Nanoparticles.

A quantitative biodistribution assay provided critical information for RNA nanoparticle 

design and optimization. First, the RNA nanoparticle plasma concentration curve was 

determined by quantifying the radioactivity in 100 μL of collected plasma. The clearance 

half-life was determined to be ~12 h for 3WJ-FA and ~10 h for 3WJ-CL4 nanoparticles. 

(Figures 4a and 5a). Pharmacokinetic parameters were calculated via WinNonlin 8.1 (Table 

1).

Based on the plasma concentration information and our previous studies, the highest tumor 

accumulation was achieved between 4 and 8 h We compared the 3WJ-FA and 3WJ-CL4 

organs and tumor accumulation with the negative ligand and ligand-free 3WJ controls at 4 h 

and 8 h after injection in two tumor xenografts (Figures 4b and 5b) (Tables 2 and 3). Among 

the organs examined, both types of tritium-labeled RNA nanoparticles showed similar 

biodistribution profiles. The highest uptake of [3H]-labeled RNA nanoparticle equivalents 

(normalized to the administered dose) was found in the tumor, kidney, and liver (Figures 4b 

and 5b). In contrast, tritium molar activity was unmeasurable in the other healthy organs. 

More importantly, the tumor showed higher accumulation (5% of 3WJ-FA and 3% of 3WJ-

CL4) at 4–8 h than the previously published average accumulation of nanoparticles (0.7%). 

The high tumor accumulation could contribute to the favorable tumor inhibition effect that 

we found in our previous publications.9,11,37 Compared with the negative ligand control, the 

RNA nanoparticles with specific ligands had significantly higher accumulation, 

demonstrating that the targeting specificity came from the ligand affinity rather than the 

increase in the background level. Notably, the negative ligand 3WJ controls also showed 2% 

of the total injection dose accumulation in the tumor. Although lower than the accumulation 

of the ligand displaying RNA particles, this number was still higher than the average. The 

results demonstrated higher tumor accumulation derived from both passive tumor 

accumulation mechanisms, such as the EPR effect, as well as the active targeting effect 

derived from the target ligand.

The observed tissue distributions of the two types of [3H]-nanoparticles were generally 

similar; however, there was a notable difference. For 3WJ-FA, uptake by the kidneys 

accounted for approximately 10% of the administered dose at all sampling times, whereas 

for 3WJ-CL4, uptake by the kidneys accounted for only <5% of the administered dose. 

Overall, the levels of 3WJ-FA in the kidney were significantly higher than those of 3WJ-

CL4 at all time points examined. The difference could be due to two mechanisms: (1) kidney 

cells have higher folate receptor expression;38 (2) smaller 3WJ-FA particles were eliminated 

faster through kidney filtration.19 Notably, the liver is expected to express high levels of 

folate receptor;39 however, 3WJ-FA nanoparticles exhibited a preferable tumor/liver 

accumulation ratio. We attribute this advantage to the elastic property of RNA nanoparticles. 

RNA particles can undergo conformational changes and squeeze out of the leaky tumor 

vasculature (EPR effect), resulting in higher accumulation in tumors.19

Wang and Guo Page 9

Mol Pharm. Author manuscript; available in PMC 2022 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The distribution over time of [3H]-labeled ligands harboring RNA nanoparticles in essential 

organs (liver, kidney, lungs, heart, spleen, and brain) and tumors was also determined in vivo 
in mice receiving a single intravenous administration.

The biodistribution of [3H]-nanoparticles was analyzed with data normalized for organ or 

tumor weight (Figures 4c and 5c). From a qualitative standpoint, the RNA nanoparticle 

biodistribution profiles in healthy organs established after 1 h were largely maintained over 

the 24 h duration of the experiment. Although the highest mass-normalized concentrations 

of [3H]-nanoparticle equivalents were seen in highly perfused organs such as kidney and 

liver in general, more importantly, comparatively high levels of both nanoparticles were also 

detected in the tumor. Notably, for the 3WJ-FA nanoparticles, higher mass-normalized 

concentrations were measured in the tumor than in the liver. This research demonstrates that 

RNA nanoparticles harboring ligands have a tumor-specific targeting effect and supports the 

potential use of RNA nanoparticles as carriers to deliver therapeutic drugs to tumor sites. In 

addition to the desired therapeutic effect, the lower essential organ accumulation also 

explained the low side effects of RNA nanoparticles.11,13,37

In Vivo Fluorescence Biodistribution Study.

The whole-body fluorescence imaging technique used an in vivo imaging system (IVIS) to 

visualize the biodistribution of nanoparticles in live animals or in collected organs and 

tumors. This technique is widely used due to its fast image acquisition time and easy 

handling. We also studied the biodistribution based on fluorophores conjugated to RNA 

nanoparticles. The RNA nanoparticles harboring ligands exhibited relatively strong tumor 

accumulation compared with the ligand-free control particles, indicated by the higher 

fluorescence intensity in the tumor (Figure 6a). The quantification of organ and tumor 

accumulation was also analyzed by the IVIS (Figure 6b). The biodistribution profile was 

similar to that obtained using radioactive markers. RNA nanoparticles possessed a preferable 

tumor/organ ratio, demonstrating that the elastic property facilitates highly specific particle 

accumulation in the tumor. However, the fluorescence signal intensity decreased faster and 

was nondetectable after 12 h, whereas the nanoparticles were still detectable after 24 h using 

radiolabeling. The rapid elimination might be due to the cleavage of fluorescent dye from 

RNA nanoparticles followed by rapid excretion. Comparison of the results revealed the 

discrepancy between the radioactivity and the fluorescence signals, which called our 

attention to the quantification and interpretation of fluorescence imaging measurements.

Urinary Excretion of RNA Nanoparticles.

Urine samples were collected and analyzed by scintillation counting. The mean total 

recovery of radiolabeled components up to 24 h after the administration of 3WJ-FA and 3WJ 

recovered in urine was approximately 55%, while the other 45% includes the radiative 

counts that cannot be recovered due to whole-body distribution and blood dilution after 

intravenous injection (Figure 7a). However, this does not mean that the other 45% of RNA 

nanoparticles remained in the body since this result may be due to the rate of radioactive 

material recovery. Therefore, the majority of the RNA particles may have been cleared from 

the body. The nontargeted RNA nanoparticles were excreted rapidly, as 40% of 

nanoparticles were detected 2 h after injection. Intact [3H]-RNA nanoparticles were 

Wang and Guo Page 10

Mol Pharm. Author manuscript; available in PMC 2022 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



observed in the urine up to 4 h after administration, which was consistent with the previous 

results (Figure 7b).19,40 3WJ-CL4 RNA nanoparticles, due to their large size, have a slower 

urine excretion rate than 3WJ alone. These results demonstrated that urinary excretion was 

the major excretion pathway of these RNA nanoparticles. The fast renal excretion 

contributed to lower off-target effects and lack of observable toxicity.

DISCUSSION

The quantitative PK profile of two RNA nanoparticles was investigated using radioactive 

markers. The results revealed that approximately 5% of 3WJ-FA and 3% of 3WJ-CL4 RNA 

nanoparticles accumulated in the tumor at 4 h after injection and retained at the tumor site 

for 12 h. The tumor accumulation rate was higher than the previously reported average of 

0.7% of total injected nanoparticles accumulated in the tumor.18 RNA nanoparticles could 

also be excreted rapidly through kidney filtration, resulting in low organ accumulation and 

fast body clearance, which can lead to low side effects. We attribute these favorable 

pharmacokinetic parameters and high tumor retention to a combination of (1) passive 

targeting, resulting from the favorable physical properties of RNA nanoparticles, and (2) 

active targeting by the tumor-specific targeting ligand. We have reported that RNA 

nanoparticles display rubbery properties. The ability to undergo reversible conformational 

change allows RNA particles to squeeze through leaky tumor vasculature, increasing the 

EPR effect and consequently tumor accumulation. It also enables them to pass through 

kidney filtration, leading to fast excretion and a lack of observable toxicity. In addition to the 

passive accumulation, the active tumor targeting effect plays a vital role in drug delivery. 

Unlike the passive accumulation effect, which facilitates the accumulation of nanoparticles 

in the tumor vasculatures, the active targeting ligand promotes the particles to enter tumor 

cells after reaching the tumor vasculature. Both the passive tumor accumulation effect and 

the active targeting capability contribute to the rubbery and amoeba deformative property of 

RNA nanoparticles. These special physical and chemical properties also cause rapid 

excretion by the kidneys. The majority of the IV-injected radiolabeled RNA nanoparticles 

were cleared from the body in urine within 12 h. The fast body clearance phenomenon will 

lead to low toxicity and side effect in future clinical applications.
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Figure 1. 
Design and characterization of the RNA nanoparticles. (a) 2D structure of the 3WJ RNA 

nanoparticles. (b) Comparison of the tritiated and unlabeled RNA strand shown by 16% 

denaturing gel electrophoresis. (c) Stepwise assembly of RNA nanoparticles shown by 12% 

native PAGE. (d) Size of the RNA nanoparticles shown by dynamic light scattering. (e) 

Melting temperature of 3WJ nanoparticles in annealing curves shown by real-time PCR (RT-

PCR). (f) Melting temperature of 3WJ nanoparticles shown by TGGE.
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Figure 2. 
Stability assay of the RNA nanoparticles. (a) Serum stability assay by 2% agarose gel and 

quantification by ImageJ. (b) Elution profiles of the RNA nanoparticle on the Sephadex 

G-10 size exclusion column. From top to bottom: a mixture of unlabeled RNA nanoparticles 

and tritiated water, fractions obtained after purification of [3H]-3WJ nanoparticles, and 

fractions of [3H]-RNA nanoparticles after a 24 h incubation with 20% fetal bovine serum.
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Figure 3. 
In vitro binding, internalization, and uptake of [3H]-labeled 3WJ RNA nanoparticles. (a) 

Binding affinity of RNA nanoparticles in KB and MDA-MB-231 cells. (b) Confocal 

microscopy imaging of cellular uptake of RNA nanoparticles (blue: nuclei; green: 

cytoskeleton; red: RNA nanoparticles). (c) Effect of concentration on the binding affinity of 

3WJ nanoparticles (n = 3 biological replicates). (d) Cell uptake of 3WJ nanoparticles into 

KB and MDA-MB-231 cells quantified by LSC (n = 3 biological replicates).
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Figure 4. 
In vivo PK/biodistribution studies of [3H]-3WJ-FA RNA nanoparticles (n = 3 biologically 

independent animals). (a) [3H]-3WJ-FA plasma concentration curve (n = 3 biologically 

independent animals). (b) Oligonucleotide equivalent percentage (% of total injection) in 

tumor collected 4 and 8 h after intravenous injection (n = 3 biologically independent 

animals, statistical calculations were performed by the two-tailed unpaired t-test and 

presented as the mean ± SD, *p < 0.05). (c) Mass-normalized levels of [3H]-RNA 

nanoparticles in the organs or tissues expressed as the percentage of [3H] label per gram of 

tissue (n = 3 biologically independent animals).
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Figure 5. 
In vivo PK/biodistribution studies of [3H]-3WJ-CL4 RNA nanoparticles (n = 3 biologically 

independent animals). (a) [3H]-3WJ-CL4 plasma concentration curve (n = 3 biologically 

independent animals). (b) Oligonucleotide equivalent percentage (% of total injection) in 

tumors collected 4 and 8 h post intravenous injection (n = 5 biologically independent 

animals, statistics calculated by two-tailed unpaired t-test presented as the mean ± SD, *p < 

0.05). (c) Mass-normalized levels of [3H]-RNA nanoparticles in the organs or tissues 

expressed as percentage of [3H] label per gram of tissue (n = 3 biologically independent 

animals).

Wang and Guo Page 18

Mol Pharm. Author manuscript; available in PMC 2022 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
In vivo biodistribution studies of RNA nanoparticles via the IVIS. (a) Ex vivo fluorescent 

tumor and organ images of RNA nanoparticles. Representative images of organs and tumors 

treated with 3WJ-FA and 3WJ at 4 and 8 h post injection shown by the IVIS fluorescent 

imaging system. (b) Quantitative analysis of the biodistribution tumor to organ ratio using ex 
vivo fluorescence imaging (n = 3 biologically independent animals).
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Figure 7. 
In vivo excretion studies of RNA nanoparticles. (a) Urinary elimination of [3H]-labeled 

RNA nanoparticles. Urine was collected at intervals from mice receiving a single 

intravenous dose of RNA nanoparticles. Dose-normalized [3H]-RNA nanoparticles in urine 

samples were measured by LSC (n = 3 biologically independent animals). (b) PAGE image 

of RNA nanoparticles in the urine sample harvested at different time points.
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Table 1.

PK Parameters of RNA Nanoparticles
a

RNA NPs T1/2 (h) Tmax (h) Cmax (nmol/L) AUClast (h nmol/L) Vd (L/kg) Cl (1/h)

3WJ-Cl4

 mean 10.12 1.33 0.70 9.17 29.24 2.05

 SD 2.08 0.58 0.11 1.70 2.84 0.41

3WJ-FA

 mean 18.03 1.33 0.97 11.17 41.47 1.55

 SD 1.80 0.58 0.16 1.07 5.00 0.22

a
Abbreviations: AUC, area under the curve; Cl, clearance; PK, pharmacokinetic; pRNA, packaging RNA; siRNA, small interfering RNA; T, half-

life; Vd, volume of distribution.
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