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A B S T R A C T   

The field of RNA therapeutics has been emerging as the third milestone in pharmaceutical drug development. 
RNA nanoparticles have displayed motile and deformable properties to allow for high tumor accumulation with 
undetectable healthy organ accumulation. Therefore, RNA nanoparticles have the potential to serve as potent 
drug delivery vehicles with strong anti-cancer responses. Herein, we report the physicochemical basis for the 
rational design of a branched RNA four-way junction (4WJ) nanoparticle that results in advantageous high- 
thermostability and -drug payload for cancer therapy, including metastatic tumors in the lung. The 4WJ nano
structure displayed versatility through functionalization with an anti-cancer chemical drug, SN38, for the 
treatment of two different cancer models including colorectal cancer xenograft and orthotopic lung metastases of 
colon cancer. The resulting 4WJ RNA drug complex spontaneously targeted cancers effectively for cancer in
hibition with and without ligands. The 4WJ displayed fast renal excretion, rapid body clearance, and little organ 
accumulation with undetectable toxicity and immunogenicity. The safety parameters were documented by organ 
histology, blood biochemistry, and pathological analysis. The highly efficient cancer inhibition, undetectable 
drug toxicity, and favorable Chemical, Manufacturing, and Control (CMC) production of RNA nanoparticles 
document a candidate with high potential for translation in cancer therapy.   

1. Introduction 

It was predicted that RNA therapeutics would be the third milestone 
in drug pharmaceutical drug development [1,2]. Now the spring of RNA 
therapeutics is coming. Nanoparticles have been developed as drug 
delivery platforms with the goal to improve the therapeutic outcome of 
small molecule drugs by increasing solubility and stability, improving 
bioavailability, extending circulation time, and reducing side effects 

[3–5]. Ribonucleic acid (RNA) is a novel biomaterial used to construct 
novel nanoparticles to deliver drugs for disease treatment. RNA nano
particles with various two- and three-dimensional (2D and 3D) struc
tures have been constructed using bottom-up assembly, rolling circle 
transcription, and RNA origami approaches [6–12]. RNA nanoparticles 
have many advantages, such as net negative charge for repulsion to 
nontargeted cells, multivalence for multiple conjugates, programma
bility, one-pot self-assembly from short oligos, and favorable 
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biodistribution profile, that make them suitable as drug delivery plat
forms [13–17]. 

RNA nanoparticles are highly programmable in terms of size, shape, 
stability, and stoichiometry [18–22]. Short RNA strands can be syn
thesized through solid-phase synthesis with various of modifications 
with defined quantity and position. Multi-functional RNA nanoparticles 
can be easily produced by mixing functionalization RNA strands at a 
defined molar ratio with high assembly efficiency [9,23]. This allows for 
the Chemical, Manufacturing, and Control (CMC) production of RNA 
nanoparticles, which makes them feasible for clinical applications. 
Furthermore, RNA nanoparticles have been functionalized with small 
molecule drugs, including camptothecin (CPT), and therapeutic oligos, 
such as anti-miRNA21 or siRNAs, which demonstrated significant cancer 
inhibition effects in various tumor-bearing animal models [24–31]. 
Click reactions have been used to conjugate anti-cancer drugs and tar
geting ligands onto RNA strands [24,32,33]. Current methods to incor
porate small molecules into RNA nanoparticles include non-covalent 
intercalation, such as doxorubicin (DOX), and covalent conjugation, 
such as paclitaxel (PTX) [34]. Additionally, a new approach of incor
porating an anti-cancer nucleoside analog with a defined quantity and 
position during RNA synthesis is presented in this study. Previous 
studies have demonstrated that RNA nanoparticles loaded with different 
anti-cancer drugs showed tumor inhibition effects in various tumor 
models due to the EPR effect, deformative property, and active targeting 
[24,35,36]. 

RNA molecules possess a dynamic property that is critical for their 
biological functions, such as catalysis in ribozymes. RNA nanoparticles 
also have deformative properties, which enables their prolonged tumor 
accumulation and fast renal excretion [7,14,37]. This is favorable for the 
tumor inhibition effect and low toxicity. In addition to the program
mability and deformative property, RNA nanoparticles are highly hy
drophilic, which can be utilized to solubilize hydrophobic drugs [24, 
34]. Many anti-cancer drugs suffer from low water solubility leading to 
high toxicities. The hydrophilic property of RNA solubilizes the conju
gated drugs in an aqueous solution, thus eliminating the toxic formu
lations [24,34]. Furthermore, RNA nanoparticles have demonstrated a 
great safety profile with low toxicity, including immune and organ 
toxicity in various animal trials [7,14,38]. 

In this study, after extensive investigation, the RNA 4WJ was iden
tified as the optimal nanoparticle to carry small molecule drugs for 
cancer therapy. To carry a drug for combinational therapy requires an 
RNA nanoparticle to have a high melting temperature (Tm), allowing for 
a high drug-loading capacity without interfering with the stability of the 
nanoparticle. Meanwhile, the high efficiency in assembly overcomes 
challenges in CMC production. 

SN38 has recently been tested for the treatment of colon cancer [39, 
40]. Constructed RNA nanoparticles harboring SN38 were evaluated as 
drug delivery platforms against two cancer models including colorectal 
cancer (CRC) xenograft and orthotopic lung metastases of colorectal 
cancer. The drug payload, therapeutic effect, and pathology parameters 
were evaluated. Functionalized RNA nanoparticles demonstrated tumor 
inhibition effect in all tested tumor models demonstrating the versatility 
of RNA nanoparticles while no observable toxicity in biochemical and 
histological analysis were identified. 

2. Materials and methods 

2.1. Synthesis of RNA strands 

All RNA strands were synthesized by ASM-800ET DNA/RNA syn
thesizer (Biosset) using RNA A, RNA G, 2′-Fluoro C and 2′-Fluoro U 
phosphoramidites (ChemGenes). 5′-Hexynyl and 2′-O-propargyl phos
phoramidites (Glen Research, ChemGenes) were incorporated into RNA- 
ALK strands for SN38 conjugation. RNA-GEM strands were synthesized 
using N4-Benzoyl-2′-deoxy-5-O-DMT-2′,2′-difluorocytidine 3′-CE phos
phoramidite (BOC Sciences). The sequences of all RNA strands are listed 

in SI table (Table S1). 
Conjugation of SN38–N3 to RNA-6-alkyne (RNA-6-ALK) strand was 

performed using copper(I)-catalyzed alkyne-azide cycloaddition (“Click 
chemistry”), as previously described [34]. RNA-6-ALK strand dissolved 
in diethyl pyrocarbonate-treated water (DEPC-H2O) were thoroughly 
mixed with SN38–N3 dissolved in 3:1 (v/v) dimethyl 
sulfoxide/tert-butanol (DMSO/t-BuOH). Freshly prepared “click solu
tion” (a mixture of CuBr/TBTA at a 1:2 M ratio in DMSO/t-BuOH) was 
then added with the final molar ratio of RNA/SN38/Cu+ at 1:15:20. 

After incubation at room temperature overnight, RNA-SN38 was 
initially purified by ethanol precipitation with 1/10 vol of 0.3 M sodium 
acetate and 2.5 vol of 100 % ethanol followed by resuspension in DEPC- 
H2O. RNA was subsequently purified by Ion-Pair Reverse Phase high 
performance liquid chromatography (HPLC) using PLRP-S 4.6 × 250 
mm 300 Å column (Agilent Technologies). Fully conjugated RNA-SN38 
was separated from unreacted and not fully reacted RNA-ALK strands 
under gradient elution with 0.1 % Triethylammonium acetate (TEAA) in 
H2O as solvent A and 0.1 % TEAA in 75 % Acetonitrile (AcN) as solvent 
B. Fractions were collected and analyzed by PAGE and pure product 
were combined, dried, and resuspended in DEPC-H2O. 

Synthesized RNA strands were characterized by 16 % 8 M urea PAGE 
in TBE buffer (89 mM Tris base, 200 mM boric acid and 2 mM EDTA) at 
200 V for 1 h. After staining by ethidium bromide (EtBr, Sigma-Aldrich) 
and washing, gel was visualized and analyzed by a Li-Cor Odyssey Fc 
imaging system. 

2.2. Preparation of RNA nanoparticle 

To assemble 4WJ RNA nanoparticle, four single RNA strands (A, B, C, 
and D) were mixed at equal molar ratio in TES buffer (50 mM Tris pH =
8.0, 50 mM NaCl, 1 mM EDTA). The mixture solution was subjected to a 
1-h annealing program that starts with denaturing at 95 ◦C for 5 min 
followed by slow cooling to 4 ◦C over 1 h in Mastercycler (Eppendorf). 
4WJ-SN38 RNA nanoparticle was generated using the same procedures 
with four RNA-SN38 strands. 4WJ-GEM RNA nanoparticles were 
assembled using four RNA-GEM strands. After annealing, RNA nano
particles were checked by 10 % native PAGE in TBE buffer at 120 V for 1 
h to check the assembly efficiency. After staining by ethidium bromide 
(EtBr, Sigma-Aldrich) and washing, gel was visualized and analyzed by a 
Li-Cor Odyssey Fc imaging system. 

2.3. Size measurement by DLS 

The hydrodynamic diameter and zeta potential of the RNA nano
particles with the concentration of 10 μM in TES buffer were measured 
using Zetasizer Nano-ZS (Malvern Instrument) at room temperature. 
Size distributions were plotted with data points using GraphPad Prism. 

2.4. Measurement of melting profile by thermal gradient gel 
electrophoresis (TGGE) 

The melting profile of RNA nanoparticles in TES buffer was measured 
by TGGE in TBE buffer. RNA nanoparticles with a final concentration of 
1 μM were subjected to 10 % native PAGE gel 100 V for 60 min with a 
perpendicular temperature gradient (Left to right: 39.6–79.6 ◦ C). After 
staining by EtBr and washing, gels were imaged by a Li-Cor Odyssey Fc 
imaging system and quantified by ImageJ. 

2.5. Cell culture 

HT29 cells and HT29 G-L LungM3 cells were cultured in MyCoy’s 5A 
medium (Thermo Fisher Scientific) supplemented with 10 % fetal 
bovine serum (FBS) at 37 ◦C in humidified air containing 5 % CO2. 
Mouse 4T1 cells were culture in Gibco Roswell Park Memorial Institute 
(RPMI) 1640 (Thermo Fisher Scientific) medium with 10 % FBS at 37 ◦C 
in humidified air containing 5 % CO2. Mouse macrophage-like RAW 
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264.7 cells were cultured in DMEM (Thermo Fisher Scientific) supple
mented with 10 % fetal bovine serum (FBS) at 37 ◦C in humidified air 
containing 5 % CO2. 

2.6. In vitro cell binding assay using confocal microscopy 

HT29 cells were grown on glass slides in 24-well plate and cultured 
at 37 ◦C overnight. RNA nanoparticles labeled with AFDye 647 were 
incubated with 2 × 105 HT29 cells with a final concentration of 200 nM 
at 37 ◦C for 2 h. The cells were washed twice with PBS and fixed by 4 % 
paraformaldehyde (PFA). After washing with PBS, the fixed cells were 
stained by Alexa Fluor 488 Phalloidin (Life Technologies) for cytoskel
eton and Fluoroshield Mounting Medium with DAPI (Abcam) for nu
cleus, respectively. The cells were then imaged and analyzed by 
FluoView FV3000-Filter Confocal Microscope System (Olympus Corp). 

2.7. In vitro cytotoxicity by MTT assay 

For the cytotoxicity study of 4WJ-SN38 RNA nanoparticles, the study 
was evaluated by CellTiter 96® Non-Radioactive Cell Proliferation 
Assay (Promega). HT29 cells were plated into 96-well plate and cultured 
at 37 ◦C overnight. The cells were then incubated with samples with 
different concentration in 100 μl cell medium containing 10 % FBS at 37 
◦C for different time point (48, 72, 96 h). After the addition of 15 μl MTT 
dye solution and incubation at 37 ◦C for 4 h, 100 μl stop solution was 
added to each well and incubated at room temperature overnight. The 
absorbance at 570 nm was measured using the Synergy 4 microplate 
reader (BioTek). 

For the combinational chemotherapy study on SN38 with Gemcita
bine using 4WJ RNA nanoparticles, 4T1 cells were plated in 96-well 
plate and grow overnight, respectively. Cells were incubated with 
samples for 48 h. CellTiter 96® Non-Radioactive Cell Proliferation Assay 
(Promega) was performed was performed according to manual, by 
adding MTT dye and incubating at 37 ◦C for 4 h, adding stop solution 
and incubating at room temperature overnight, and measuring absor
bance at 570 nm by Synergy 4 microplate reader (BioTek). 

2.8. In vitro apoptosis assay 

The cell apoptosis was studied by FITC Annexin V Apoptosis Detec
tion Kit (BD Pharmingen). HT29 cells were plated into 24-well plate and 
cultured at 37 ◦C overnight. The cells were then incubated with samples 
in 400 μl cell medium containing 10 % FBS at 37 ◦C for 24 h. After 
trypsinization, HT29 cells were washed with PBS and re-suspended in 
100 μl 1 × Annexin V-FITC binding buffer. After the addition of 2 μl 
Annexin V-FITC and 2 μl propidium iodide (PI) and incubation at room 
temperature for 15 min, the cell samples were transferred to flow tubes 
which contained 150 μl binding buffer for fluorescence-activated cell 
sorting (FACS) analysis by LSR II Flow Cytometer (Becton Dickinson), 
and the data were analyzed by FlowJo 7.6.1 software. 

2.9. In vitro cytokine induction assay 

RAW 264.7 cells were plated into 24-well plates and cultured at 37 
◦C overnight. RNA nanoparticles and lipopolysaccharide (LPS, 5.5 μg/ 
mL, equal amount as 100 nM 4WJ RNA nanoparticles) were each 
incubated with macrophage cells in 200 μl Opti-MEM cell medium 
(Thermo Fisher Scientific) at 37 ◦C for 16 h. The supernatants of cell 
medium were collected and frozen at − 80 ◦C for further analysis. The 
TNF-α and IL-6 in diluted supernatants were measured by Mouse ELISA 
MAX Deluxe sets (BioLegend) following manufacturer’s protocols. 

2.10. Animal model preparation 

2.10.1. Tumor inhibition study in colorectal cancer model 
All animal procedures were performed in accordance with 

Subcommittee on Research Animal Care of The Ohio State University 
guidelines approved by the Institutional Review Board. The protocol for 
this animal experiment was approved by the Institutional Animal Care 
and Use Committee (IACUC) of The Ohio State University. Colorectal 
cancer cell line HT29 (2 × 106 cells) were transplanted into nude mice 
(4–6 weeks old) (Charles River Laboratories). Mice with established 
tumor nodules were randomly divided into four groups (n = 5, biolog
ically independent animals). Samples were intravenously administrated 
through IV injection with a total of 5 doses (2 mg/kg, SN38, 4WJ-SN38, 
4WJ-SN38-EpCAM/body weight) every 3 days for 15 days. Tumor vol
ume was monitored everyday by caliper, calculated as (length ×
width2)/2, and mouse weight was monitored every day. On day 15, mice 
were sacrificed, and tumors extracted and weighted. 

2.10.2. Tumor inhibition study in lung metastasis model 
All animal experiments were approved by the Institutional Animal 

Care and Use Committee at the University of Kentucky and were con
ducted in accordance with guidelines issued by the National Institutes of 
Health for the care of laboratory animals. HT29 cells were trained to be 
lung tropic through initial IV injection. Lung metastases were harvested 
and re-injected into mice; the in vivo selection process which is repeated 
three times to develop the HT29 G-L LungM3 cell line. HT29 G-L 
LungM3 cell line expresses GFP signal [41,42]. NOD.Cg-Prkdcscid 

Il2rgtm1Wjl/SzJ male and female mice were injected intravenously with 1 
× 106 HT29 LungM3 cells. Mice were randomly divided into PBS, 4WJ, 
and 4WJ-SN38-EpCAM groups (n = 5, biologically independent ani
mals). 4WJ-SN38-EpCAM samples were administrated via IV injection at 
the dose of 2 mg/kg (SN38/body weight) on day 5, 8, 11, 14, 17, 20, and 
23 for a total of seven injections. 4WJ samples were administrated at the 
same RNA concentration and frequency as the 4WJ-SN38-EpCAM group. 
On day 24, Lago imaging was conducted using Lago SII (Spectral In
struments Imaging, Tucson, AZ) to measure the GFP signal from the lung 
metastasis in vivo. Mice were then euthanized, and lungs were harvested 
for ex vivo Lago imaging. Mice weights of different groups were 
measured at day 5, 8, 11, 14, 17, 20, and 23. 

3. Statistics 

Each experiment was repeated at least three times with triplication 
for each sample tested. The results were presented as mean ± SEM, 
unless otherwise indicated. Statistical mean differences were evaluated 
using unpaired t-test with GraphPad software, and p < 0.05 was 
considered statistically significant. 

4. Results 

4.1. Rational design of 4WJ for high drug loading and high stability 

The three-way junction (3WJ) of phi29 motor pRNA has been found 
to have a high thermostability and has been extensively investigated as a 
vehicle to carry and deliver therapeutics for cancer therapy [2,7,43–45]. 
However, the conjugation of eight paclitaxel molecules to the 3WJ led to 
the destabilization of the 3WJ/drug complex, resulting in the reduction 
of a Tm to 30 ◦C. This suggests that the pRNA 3WJ is not a suitable 
vehicle for the delivery of chemical drugs with a high payload [34]. To 
optimize the drug delivery system for the chemotherapeutics, different 
viral pRNA 3WJ pseudoknot from literature, including the 3WJ of phi29, 
M2, B103, SF5 and Ga1 [46–50] were compared for chemical drug 
conjugation and tested for the stability of the resulting 3WJ-drug 
complexes. 

The previously reported 4WJ, derived from phi29-3WJ, can carry 24 
chemical drugs with a stable Tm of 70–80 ◦C [34], while the original 
phi29 3WJ can only carry 8-PTX with a Tm of around 30◦. The higher 
payload of 24 chemical drugs will enhance therapeutic efficacies. It is 
hoped that a higher drug payload might be achieved by increasing the 
length of the 3WJ sequence. However, when the size of the RNA 
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nanoparticles increases, healthy organ accumulation occurs due to 
macrophage trapping [20,38]. The Immunol response also increases 
[51,52]; the kidney excretion is reduced due to the kidney filtration size 
limit; biodistribution will not be favorable; and nanoparticle production 
becomes complicated with numerous component strands. 

In RNA structure and folding investigation, it is commonly believed 
that increasing the ratio of GC content will increase the Tm and ther
mostability. This hypothesis was tested. While each of the pRNA 3WJs 
from phages phi29, M2, SF5, GA1, and B103 show very similar sec
ondary structures, while their primary sequences are very different 
[46–49]. The M2 3WJ has been reported as the most stable 3WJ with the 
highest Tm. Therefore, the M2 was mutated through GC base pair sub
stitution in the quest for a more stable 3WJ (Fig. 1A); However, it was 
found that increasing GC content led to the failure of RNA 3WJ assem
bly. The data showed that after increasing GC content to 3WJ, smearing 
and misfolding appeared. Each oligo subunit self-forms into a stronger 
secondary structure due to the random GC base pairing within the 
subunit (Fig. 1B). The high GC content of each RNA strand also lead to 
the formation of Quadruplexs and resulted in random GC interactions 
among the three strands. The self-folding of the high-GC content strands 
and the presence of multiple complementary sequences leads to the 
failure in RNA nanoparticle assembly, leading to misfolding and the 
failure in producing homogenous RNA nanoparticles (Fig. 1B). 

The mechanism of 3WJ assembly from three component strands has 
been reported (Fig. 1C) [53]. It has been found that each 3WJ oligo 

offers eight or nine nucleotides (50 % of the 16 nucleotides) to interact 
with each other. First, the b-strand interacts with 50 % of the c-strand 
due to the lowest ΔG of the dimerization in comparison to that in a-c or 
a-b interaction. The generated b-c dimer creates a fork structure to re
cruit the a-strand, resulting in the formation of the 3WJ [53]. Similar 
mechanism if 3WJ formation were applied to the design of 4WJ. The 
4WJ possesses four helixes that, each contain a core domain that con
trols the structure formation and a payload domain that is used for 
functionalization. The folding of the 4WJ motif might start with the 
generation of a helix structure between two strands, which creates two 
fork structures for a third strand and a fourth strand to bind with it. This 
principle has been applied to the design of the 4WJ with high Tm and 
high drug loading capacity via an alternation and screening process. 

4.2. CMC production of drug-contained RNA nanoparticles 

RNA nanoparticles are able to be constructed under CMC production 
due to defined and highly programmable in terms of size, shape, sta
bility, stoichiometry, and modification [7,14,23,54]. The procedures for 
the CMC product of drug-contained RNA nanoparticles are shown in 
Supplementary Fig. 1. Single RNA oligo strands were generated using 
solid-phase synthesis that is highly controlled and produced specific 
products. These oligos were then used to construct RNA nanoparticles 
through the one-pot self-assembly [34,55,56]. 4WJ has high thermo
stability, which was demonstrated by its high melting and annealing 

Fig. 1. The sequence and stepwise assembly of M2 3WJ. (A) The high-GC content sequence of M2 3WJ. The free energy of the thermodynamic ensemble is 60.54 
kcal/mol. The frequency of the MFE structure in the ensemble is 57.16 %. (B) Gel showing the stepwise assembly of M2 3WJ and size comparison of phi29 3WJ. (C) 
Stepwise assembly of 3WJ. 
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temperature (Fig. 2E and F), thus allowing the 4WJ to carry anti-cancer 
drugs with high drug-loading capacity [34]. RNA strands were func
tionalized with a defined number of various anti-cancer drugs, including 
small molecule drugs such as SN38 and nucleoside analog drugs such as 
Gemcitabine (GEM). RNA strands with alkyne modification were syn
thesized and then conjugated with azide modified prodrugs such as 
SN38–N3 (Supplementary Fig. 2). Nucleoside analog drugs were directly 
incorporated into the strands during the solid phase syncretization using 
nucleoside phosphoramidites. 

4.3. Construction of functionalized thermostable 4WJ RNA nanoparticles 
with SN38 and EpCAMapt 

SN38 is a highly potent small molecule drug but has unfavorable 
pharmacokinetics due to its rapid metabolization and excretion, which 
limits the amount of drug reaching the disease site [57]. Various 
nanoparticles have been designed as the delivery platform for SN38 to 
extend its circulation and increase its tumor accumulation [58]. In 
addition, RNA nanoparticles have unique deformative properties, which 
allow them to penetrate through leaky blood vessels at the tumor site 
with better tumor accumulation compared with other types of nano
particles [7,14,37]. Thus, a highly thermostable 4WJ RNA nanoparticle, 
composing four 42-nt RNA strands, A, B, C, and D, was designed as the 
drug delivery platform for SN38 (Fig. 2A). Each RNA strand was con
jugated with 6 copies of SN38 at a three-nucleotide interval to achieve 
the maximal drug loading without causing steric hindrance during 
conjugation and aggregation after conjugation (Supplementary Figs. 3A 
and B). 4WJ RNA nanoparticles were self-assembled by mixing and 
annealing four composing RNA strands at the equal molar ratio in 
one-step. Both 4WJ and 4WJ-SN38 RNA nanoparticles were assembled 
with high efficiency demonstrated by gel electrophoresis, which in
dicates the drug conjugation did not interfere with the assembly 
(Fig. 2B). With the attachment of SN38, the size of 4WJ increased from 
10.13 nm to 12.19 nm which demonstrates no aggregation of conjugated 
SN38 in water (Fig. 2C). In addition, the drug conjugation did not affect 
the negative charge of 4WJ RNA nanoparticles (Fig. 2D). 4WJ RNA 

nanoparticles were designed with high thermostability through the 
incorporation of 2′F–C and U as well the high GC content to overcome 
impacts of drug conjugation. The annealing curve showed that both 4WJ 
and 4WJ-SN38 exhibited high thermostability, with the annealing 
temperature (Ta) above 80 ◦C, which is much higher than physiological 
condition (37 ◦C) (Fig. 2E). The TGGE gel further demonstrated the high 
thermostability of 4WJ-SN38 with the Tm higher than 80 ◦C (Fig. 2F). 

Additionally, RNA aptamers are single-stranded RNA with a defined 
folding structure that are capable of binding to target molecules with 
high affinity and selectivity [59]. RNA 4WJ nanoparticles were con
structed with epithelial cell adhesion molecule (EpCAM) RNA aptamers 
(EpCAMapt) to instill specific tumor targeting [28] (Fig. 2A). EpCAM has 
been found to be overexpressed in numerous cancers, including colo
rectal cancer [60], and provides a good biomarker and cell surface re
ceptor for targeting of RNA nanoparticles. Therefore, a well published 
and proven EpCAMapt was placed onto the a helical branch of the 4WJ 
through sequence through extending B strand during synthesis without 
additional conjugation and purification steps [61]. Resulting RNA 
nanoparticles demonstrated homogenous products by PAGE analysis 
(Fig. 2B) and the inclusion of the EpCAMapt should provide selective 
binding to tumor expressed EpCAM for receptor mediated endocytosis. 

Improvement of poor drug water-solubility by covalent conjugation 
to RNA strand: a case study on SN38. 

Many chemotherapeutics suffer from poor water solubility and are 
highly hydrophobic thus limiting their pharmaceutical formulations, 
including SN38 [62]. To solve this solubility issue, we designed 
RNA-SN38 conjugates taking advantage of the highly hydrophilic 
property of RNA. The multivalency of RNA enables the high drug 
loading capacity and precise control over the amount of modification. 
Multiple copies of hydrophobic SN38 were conjugated to hydrophilic 
RNA strands with defined stoichiometry as described above (Supple
mentary Figs. 2 and 3). The conjugation resulted in a significant 
improvement of its water solubility as demonstrated by UV/Vis spec
trometry and visual observation. Dissolving RNA-6-SN38 conjugate in 
DEPC water yield clear solutions at increasing concentration from 12.5 
μM to 800 μM (4.9–313.9 μg/mL) (Supplementary Fig. 3C). The 

Fig. 2. Assembly and characterization of 4WJ-SN38-Epcam (4WJ-SN38-E) RNA nanoparticles. (A) Schematic of functionalizing 4WJ RNA nanoparticles with 24 
copies of SN38 and one copy of EpCAM RNA aptamer. (B) Gel showing the stepwise assembly of 4WJ-SN38-E (M: monomer, D: dimer, T: trimer) and size comparison 
of 4WJ, 4WJ-SN38, and 4WJ-SN38-E. (C) Size distribution of 4WJ and 4WJ-SN38. (D) Zeta potential distribution of 4WJ and 4WJ-SN38. (E) Thermostability of 4WJ 
and 4WJ-SN38 demonstrated by annealing profile. (F) Thermostability of 4WJ-SN38 demonstrated by melting profile. 
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absorbance of free SN38 in water remains at low level within the 
measured concentration range, which suggests the extremely poor water 
solubility of SN38. In contrast, the absorbance of RNA-SN38 in water 
showed linear increase with concentration which indicates that 
RNA-SN38 was completely dissolved water (Supplementary Fig. 3C). 
The solubility of RNA-SN38 in water is comparable to the solubility of 
free SN38 in DMSO, a common solvent for SN38, as indicated by the 
similar proportional increase of absorbance as a function of concentra
tion. And the comparison of the clear solution of RNA-6-SN38 versus the 
cloudy suspension of SN38 in water at high concentration (313 μg/mL, 
800 μM) further proved the improvement of water solubility after 
conjugation (Supplementary Fig. 3C). Collectively, the water solubility 
of SN38 was increased by at least 60-fold after conjugation to RNA, 
compared to the reported solubility of free SN38 (5 μg/mL, 12.7 μM) and 
its prodrug, irinotecan, (107 μg/mL, 182.4 μM) in water. 

4.4. In vitro cell binding and internalization of SN38 RNA nanoparticles 
mediated by the EpCAM aptamer 

Specificity is one of the key considerations in the drug delivery field. 
Targeted delivery can not only improve therapeutic outcome but also 
reduce the accumulation in normal organ and tissue, thus lowering side 
effects. EpCAM is expressed at low levels in normal epithelial tissues but 
highly expressed in 70–90 % of carcinomas such as colorectal cancer 
cells [60]. To evaluate the specific targeting efficiency, AFDye 647 was 
attached to RNA nanoparticles as a fluorescent indicator. HT29 cells 
were incubated with 4WJ RNA nanoparticles which were then imaged 
by confocal microscope. 4WJ RNA nanoparticle itself showed limited 
observable binding to HT29 cell membranes due to its negative charge 
repulsion from the cell membrane. No enhanced RNA signal within the 
cell cytoplasm was not observed. However, as is shown in the 
4WJ-SN38-EpCAM group, the red signal from the RNA nanoparticles is 
distributed on the membrane at different levels. Some area has a very 
high RNA signal distribution, and we believe it was due to EpCAM RNA 
aptamer binding to EpCAM on the cell membranes. We can also observe 
the enhanced RNA signal within the cell cytoplasm, as 4WJ-SN38-Ep
CAM RNA nanoparticles showed overlap of red signals from RNA 
nanoparticle and green signals from cytosol. It may indicate that RNA 
exists in the endosome after Aptamer-EpCAM mediated internalization 
(Fig. 3A). These results together demonstrated that EpCAMapt displaying 
RNA nanoparticles specifically bind to EpCAM-overexpressed tumor 
cells and are further internalized into the cells efficiently by 
receptor-mediated endocytosis. The enhanced internalization profile 
provides a foundation for 4WJ-SN38-EpCAM to be applied in CRC tar
geting and therapy. 

4.5. In vitro cytotoxicity and immunogenicity of SN38 RNA nanoparticles 

To determine the cytotoxicity of RNA-SN38 nanoparticles, dose- 
dependent MTT assay with different incubation time was performed. 
The cell viability results show that 4WJ RNA nanoparticle has no 
observable toxicity within the tested concentrations (0.025–1 μM) and 
time points (48, 72, 96 h), which indicates its safety to be used as a 
delivery platform (Fig. 3B). However, 4WJ-SN38-EpCAM RNA nano
particle inhibited HT29 cell growth in a concentration dependent 
manner which demonstrated that SN38 was released from the RNA 
nanoparticles and retained its pharmacological activity to inhibit tumor 
cell growth. Interestingly, the cytotoxicity of 4WJ-SN38-EpCAM was 
relatively lower at 48 h but became the same at 96 h in comparison to 
free SN38, which suggests that SN38 is gradually released from RNA 
nanoparticles. Another explanation is that 4WJ-SN38-EpCAM internal
ization may take a longer time compared to the free SN38. To further 
confirm the inhibitive effect, PI and FITC Annexin V double staining 
analysis was performed. Consistent with the MTT assay, 4WJ RNA 
nanoparticles induced no observable apoptotic effect while 4WJ-SN38- 
EpCAM induced 31.6 % of cells which is similar to the 38.0 % induced 

by SN38 (Fig. 3C). 
Special formulations such as Cremephor EL/Ethanol have been used 

to dissolve hydrophobic drugs such as paclitaxel for cancer treatment 
[63]. However, these formulations could induce undesirable immune 
responses. Immunogenicity is also a concern for the use of nanoparticles 
fabricated with biomaterials. RNA nanoparticles are highly biocompat
ible and has no or low immune response with careful sequence design 
[13,51]. To evaluate the immunogenicity of 4WJ RNA nanoparticles, 
production of pro-inflammatory cytokines, including TNF-α (tumor ne
crosis factor α) and IL-6 (interleukin-6) was investigated in vitro. TNF-α 
is cytokine involved in systemic inflammation and one of the cytokines 
that make up the acute phase reaction [64]. IL-6 is an interleukin that 
acts as both a pro-inflammatory cytokine and an anti-inflammatory 
myokine, which is secreted to stimulate immune response during 
infection [65]. The ELISA results showed that both bare 4WJ and 
functionalized 4WJ-SN38-EpCAM at the therapeutic concentration (100 
nM) induced negligible TNF-α nor IL-6 production compared to LPS 
(lipopolysaccharide) positive control while incubating with mouse 
macrophage like RAW 264.7 cells [66] (Fig. 5A and B). The low in
duction of cytokine suggests that RNA is a biocompatible and relative 
safe biomaterial. 

4.6. Synergistic effect of SN38 with GEM achieved by RNA nanoparticles 

Combinational chemotherapy is commonly used for cancer treat
ment to increase the therapeutic outcome by achieving additive and 
synergistic effects and preventing drug resistance related to mono
therapy [67]. RNA nanoparticles offer a great platform to combine 
multiple anti-cancer drugs with distinct physicochemical and pharma
cokinetic profiles due to their multivalency [68]. Moreover, the 
programmability of RNA nanoparticles enables them to precisely control 
the ratio incorporated drugs, which is crucial for reaching maximal 
enhanced therapeutic effect. 

Here, we investigated the combination therapy of SN38 with Gem
citabine, which is a nucleoside analog drug. RNA-SN38 strands were 
mixed with RNA strands including GEM to achieve combinational 
therapies. 4WJ RNA nanoparticles with GEM: SN38 ratio at 1 : 3 and 1 : 2 
were constructed using different RNA-GEM and RNA-SN38 strands and 
were used for cytotoxic study (Fig. 4). 4WJ-GEM-SN38 (1:3) demon
strated improved cytotoxicity compared to 4WJ-GEM (Fig. 4A). Inter
estingly, 4WJ-GEM-SN38 (1:2) demonstrated improved cytotoxicity 
compared to 4WJ-GEM at a low concentration range while showed 
better cytotoxicity compared to 4WJ-SN38 at a high concentration range 
(Fig. 4B). The cell viability data was used to generate dose response 
matrix. A study was conducted between 4WJ-GEM and 4WJ-SN38, 
which showed good synergistic effect with an HSA synergy score of 
11.693 (Fig. 4C and D). 

4.7. In vivo colorectal tumor inhibition by 4WJ-SN38-EpCAM 

Given the demonstration of specific tumor cell binding, high 
apoptotic effect, and negligible immune response, we performed the 
tumor suppression study in CRC tumor xenograft model. The therapeutic 
effect of 4WJ-SN38-EpCAM nanoparticles was validated by a tumor 
inhibition study in an HT29 xenografic model in nude mice. After tu
mors grew to approximately 50 mm3, mice bearing HT29 xenograft were 
randomly divided into four groups of PBS, SN38, 4WJ-SN38, and 4WJ- 
SN38-EpCAM. Samples were administrated via intravenous injection 
(IV) at the dose of 2 mg/kg (SN38/body weight) on day 0, 3, 6, 9, and 12 
for a total of five injections. Both the tumor growth curve and the tumor 
weight comparison demonstrated 4WJ-SN38-EpCAM has significant 
tumor suppression in comparison to PBS group (Fig. 5C). Both RNA- 
SN38 nanoparticles did not cause any fatality or obvious weight 
changes during experiments, which suggests a favorable safety profile of 
the RNA-SN38 nanoparticles. Due to the recognition between EpCAM 
aptamer and its overexpressed receptor on HT29 cells, 4WJ-SN38- 
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Fig. 3. In vitro cell binding, internalization, and cancer suppression study of 4WJ-SN38-E RNA nanoparticles. (A) Confocal images of HT29 cells after incubation with 
PBS, 4WJ, and 4WJ-SN38-E, respectively. (Blue: nucleus; Green: Cytosol; Red: RNA nanoparticle). (B) Evaluation of cell viability by MTT assay in HT29 cells 
incubated with RNA nanoparticles and SN38 for 48, 72, and 96 h, respectively. Statistics were calculated by two-tailed unpaired t-test presented as mean ± SEM. 
Significant results compared to the RNA nanoparticle at a concentration of 0.025 μM are marked with an asterisk (*p < 0.05, **p < 0.01, ***p < 0.001). Significant 
results compared to the 4WJ at a concentration of 0.025 μM are marked with an hash (##p < 0.01 and ###p < 0.001). (C) In vitro apoptotic effects of RNA 
nanoparticles and SN38 by PI/Annexin V-FITC dual staining and FACS analysis (Q2 = Annexin V-FITC positive & PI positive, indicating late apoptotic and dead cells; 
Q3 = Annexin V-FITC positive & PI negative, indicating early apoptotic cells). (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 
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EpCAM outperformed 4WJ-SN38 in tumor suppression by about 20.37 
% more reduction in tumor weight (Fig. 5D). 

4.8. In vivo colorectal cancer lung metastasis inhibition by 4WJ-SN38- 
EpCAM 

The therapeutic effect of 4WJ-SN38-EpCAM nanoparticles was 
further validated by a tumor inhibition study in a colorectal cancer lung 
metastasis model. Five days after IV injection of lung metastatic trained 
HT29 cell lines with GFP protein expression, Lago imaging was con
ducted to verify the existence of lung metastasis (Fig. 6A). 

Compared to PBS group, 4WJ nanoparticle control, 4WJ-SN38- 
EpCAM shows significant inhibition on the colorectal cancer lung 
metastasis both in vivo and ex vivo as verified by the decreased GFP 
protein expression (Fig. 6B and C). Meanwhile, 4WJ-SN38-EpCAM 
treatment did not cause any fatality, and the mouse weight shown no 
significant change in 4WJ-SN38-EpCAM treatment group compared to 
the decreased weight among all other three groups (Fig. 6D). All data 
show enhanced therapeutic efficacy and a limited toxicity profile of 
4WJ-SN38-EpCAM treatment against the CRC lung metastasis. 

5. Discussion 

Since its inception in 1998 [69], the field of RNA nanotechnology has 
quickly grown into a viable drug delivery vehicle that offers many 
benefits such as improved pharmacological parameters, avoidance of 
healthy organs for low toxicities, rapid renal clearance, and high spon
taneous tumor accumulation [7,14]. Research has found that RNA 
nanoparticles are mobile and deformable, which can enhance passage 
through the tumor vasculature and be quickly excreted through the 
kidneys, thereby avoiding remaining in healthy organs and causing 
toxicity [37]. Additionally, RNA nanoparticles have been shown to 
specifically bind and target various cancers through the inclusion of 
chemical or RNA-targeting ligands [24–28,34–36,70–72]. Their multi
valent nature allows for easy modification with several functional 
groups, and high thermostability allows for stable conjugation of ligands 
or therapeutic groups [14,36,55,73]. 

We have carried out extensive studies to search for the best RNA 
structures to carry drugs for cancer treatment. We found that the 4WJ is 
the optimal nanocarrier in cancer treatment [34]. This is due to the 
special sequence design at the 4WJ-core center [34]. It is generally 
believed that increasing the GC content of 3WJ might be a suitable 
method to increase the Tm of RNA nanoparticles. However, we found 
that increasing GC content (Fig. 1A) leads to the failure of the formation 

Fig. 4. Combinational chemotherapy of SN38/GEM achieved by 4WJ RNA nanoparticles. (A,B) Cytotoxicity of 4WJ-GEM-SN38 with 1 : 2 and 1 : 3 ratio of GEM: 
SN38. (C) Dose-response matrix of 4WJ-GEM/SN38 and (D) HSA synergy map of 4WJ-GEM/SN38. 
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of the RNA 3WJ structure (Fig. 1B). The GC pairing undergoes a specific 
hydrogen bonding with each other. In theory, each GC base pair is held 
together by three hydrogen bonds, which is more stable than the AU 
base pair which only holds two hydrogen bonds. Our data showed that 
after increasing GC content in the 3WJ structure (Fig. 1A), all the smears 
and misfolding showed the fact that GC pairs are easier to form an 
incorrect secondary structure of each RNA strand (Fig. 1B). High GC 
content can also lead to the formation of a Quadruplex [74]. The study 
clearly showed that single strands a, b, and c led to the formation of 
self-binding dimers (Fig. 1C) that migrate much slower than the desired 
3WJ single strands, resulting in multiple unwanted RNA pairings bands 
on the gel. It is also found that an increase of GC base pair can signifi
cantly increase the chance of the mispairing of RNA double helix be
tween two stands of 3WJ before the formation of 3WJ RNA structures. 
Meanwhile, when the strands a, b, and c with high GC content were 
mixed with an equal molar concentration, multiple bands were found 
instead of a single band. In conclusion, as a general criterion in RNA 
nanotechnology that requires inter-strand interactions, it is not always 
feasible to increase GC content to enhance the rate of hybridization to 
increase Tm [75–77]. 

As a supplement to the advantage of 4WJ-RNA nanoparticles, 4WJ 
can carry 24 copies of chemical drugs, and its Tm is 70–80 ◦C [34]. Our 
previously published 3WJ can only carry 10 copies of paclitaxel, and the 
Tm is around 30 ◦C [34]. The high payload of chemical drugs will 
enhance the therapeutic efficacy. With a Tm of 30 ◦C, the 3WJ-drug 
complex will dissociate in the human body that holds a normal 

temperature of 37 ◦C. However, 4WJ will not dissociate because of its 
higher Tm. Thus, 4WJ with 24 copies of chemical drugs with a Tm of 
70–80 ◦C is more appropriate for in vivo application. The size of nano
particles is another critical parameter for in vivo biodistribution. The 
4WJ RNA nanoparticle with a size of 10 nm [1,34,37] is a favorable size 
for biodistribution. When the particles are larger than 4WJ, stronger 
healthy organ accumulation will occur due to the capture of macro
phages. The renal excretion rate will also be reduced due to renal 
filtration limitations, and the biodistribution will be unfavorable. The 
production and purification process during CMC production will be 
more complicated due to the production efficacy in solid-phase 
synthesis. 

Here we demonstrate the versatility of 4WJ nanoparticles to harbor 
numerous copies of small molecule drugs and nucleoside therapies, 
including SN38 and GEM. The 4WJ RNA nanoparticle is easily adaptable 
to accept different drugs and combinations of drugs while remaining 
stable. The conjugation of these therapeutics results in several benefits 
including solubilization of hydrophobic therapeutics (Supplementary 
Fig. 3), specific delivery to tumors (Figs. 3A, 5 and 6), avoidance of 
immune responses (Fig. 5), controlled release in tumor micro- 
environments (Figs. 5 and 6) while remaining safe and presenting no 
toxicities [78]. 

The novelty of the presented RNA nanoparticle platform is its ability 
to easily adapt to the treatment of various cancers. 4WJ RNA nano
particles can target and significantly inhibit colon cancer growth. Most 
notably, 4WJ RNA nanoparticles can target and almost completely 

Fig. 5. In vitro immune response and in vivo tumor inhibition of 4WJ-SN38-E RNA nanoparticles. (A,B) Evaluation of TNF-α (A) and IL-6 (B) production after 
incubating 4WJ-SN38-E with macrophage-like cells by ELISA. (C) Intravenous treatment of nude mice bearing HT29 xenografts with 4WJ-SN38-E and control groups 
every three days for a total of 5 injections (indicated by arrows). Mice tumor size was monitored during the time course of treatments. (D) Comparison of tumor 
weight and size at the endpoint (n = 5 biologically independent animals). Statistics were calculated by two-tailed unpaired t-test presented as mean ± SEM, **p <
0.01, ***p < 0.001. 
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inhibit CRC metastasis in mouse lungs. This provides a platform for 
future RNA therapeutic development by simply changing drug conju
gates on the nanoparticle to match clinically relevant therapies to each 
tumor subtype. Taken together, RNA nanotechnology is a powerful new 
drug development platform for treating various cancers. Due to its 
safety, efficacy, and specificity, it is expected to be rapidly translated 
into clinical treatments. 

Clinical translation is another main topic of this research since it is an 
important intermediate step to bridge fundamental and application 
research. This translational application research follows the advance
ments in our fundamental research in the RNA field. We use our reported 
RNA/drug 4WJ complex with defined structure, shape, size, stoichi
ometry, ligand, and payload, together with controlled drug release 
(Fig. 2) [25,34,79]. We have also proven our RNA nanoparticle to 1) 
remain stable in in vivo environments while harboring multiple chemical 
drugs for efficacious delivery, 2) accumulate at high levels in tumors, 
and provide active targeting by RNA aptamers for the efficient treatment 
of tumor and metastases, and 3) demonstrate safety with no damage to 
healthy organs or induction of cytokines or immune responses [25,34]. 
These studies are the basis for further clinical translation. 

In a recent study [78] focused on assessing the safety of RNA nano
particles, our in vitro testing of these materials revealed no signs of he
molysis, platelet aggregation, complement activation, plasma 
coagulation, interferon induction, or cytokine secretion, following the 
established protocols of the nanotechnology characterization laboratory 
[80–86]. Additionally, when examining the histology of RNA nano
particles loaded with chemotherapy drugs, no organ toxicity was 
observed, and there were no changes in serum biochemical or 

hematological markers in in vivo tests. In contrast, when comparing to 
free chemotherapeutic drugs like SN38 at equivalent concentrations, it 
was evident from animal experiments that there was notable hepato
toxicity, as indicated by increased levels of glutamate oxalyl acetate 
aminotransferase and glutamic acid pyruvate aminotransferase in the 
serum. Furthermore, our animal model data demonstrated a significant 
reduction in white blood cell count, platelet count, and heme concen
tration in the free SN38 treatment group [78], underscoring the safety 
benefits of utilizing RNA nanoparticles as carriers for chemotherapy 
drugs. 

In sum, RNA nanotechnology has generated stable nanoparticles 
capable of delivering therapeutics, such as anti-miRNA, siRNA, and 
small molecule drugs, to tumors in a safe and targeted manner, without 
causing any toxicity or affecting healthy organs through non-selective 
delivery [8,11,35,69,87–103]. Recent progress has shown that RNA 
nanoparticles can: 1) exhibit diverse characteristics; 2) create structures 
with precise control over shape, size, and composition; 3) self-assemble 
spontaneously; 4) maintain stability in terms of thermodynamics, 
chemistry, and enzymatic activity. Recent FDA approval of COVID-19 
mRNA vaccines (utilizing the capping enzyme by Guo [104]) and RNA 
drugs Onpattro, Oxlumo, and Givlaari [105–107] demonstrates RNA 
nanotechnology is poised to move to the clinic. RNA nanotechnology is 
an analog of “LEGO” [37,101,108,109], and the novelty of the proposed 
RNA nanoparticle platform lies in its ability to be applied clinically to 
the treatment of various cancers [1,13,110–114]. 

Fig. 6. In vivo colorectal cancer lung metastasis model inhibition of 4WJ-SN38-E. (A) Lago imaging to confirm metastasis establishment 5 days after IV injection. (B) 
Bioluminescence to compare metastasis in vivo between 4WJ and 4WJ-SN38-E groups. The mice in the PBS control group were so sick (see D) and cannot survive till 
the whole body imaging. (C). GFP imaging to compare metastasis ex vivo between PBS, 4WJ, and 4WJ-SN38-E groups. (D). Mice weight changes on day 5, 8, 11, 14, 
17, 20, and 23. 
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6. Conclusions 

The rational design of branched 4-way junction (4WJ) RNA nano
particles has been employed to achieve exceptional thermal stability. 
This enhanced stability allows for the delivery of substantial drug pay
loads, particularly for the treatment of cancer, including metastatic tu
mors in the lungs. The 4WJ RNA nanostructures harboring anticancer 
drug SN38, display remarkable versatility in inhibiting two distinct 
color cancer models, including a xenograft and orthotopic lung metas
tasis. The resulting 4WJ RNA/SN38 complex exhibits a capacity to 
target cancer cells spontaneously and effectively. When an RNA aptamer 
ligand was added, a specificity increased. Furthermore, the 4WJ struc
ture demonstrates swift renal excretion, rapid clearance from the body, 
minimal organ accumulation, and exhibits no detectable signs of toxicity 
or immunogenicity. The assessment of safety parameters has been car
ried out through organ histology, blood biochemistry, and pathological 
analysis. With its high efficiency in inhibiting cancer, negligible drug 
toxicity, and favorable production characteristics, RNA nanoparticles 
like 4WJ hold significant promise for translation into a valuable drug 
candidate in cancer therapy. 
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