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Abstract

Displaying the advantage of nanoparticles in cancer targeting and drug delivery, micelles have 

shown great potential in cancer therapy. The mechanism for micelle targeting to cancer without the 

need for ligands is due to the size advantage of micelles within the lower end of the nanometer 

scale that is the optimal size for favoring the enhanced permeability and retention (EPR) effect 

while escaping trapping by macrophages. MicroRNAs are ubiquitous and play critical roles in 

regulating gene expression, cell growth, and cancer development. However, their in vivo delivery 

in medical applications is still challenging. Here, we report the targeted delivery of anti-miRNA to 

cancers via RNA micelles. The phi29 packaging RNA three-way junction (pRNA-3WJ) was used 

as a scaffold to construct micelles. An oligo with 8nt locked nucleic acid (LNA) complementary to 

the seed region of microRNA21(miR21) was included in the micelles as an interference molecule 

for cancer inhibition. These RNA micelles carrying anti-miR21 exhibited strong binding and 

internalization to cancer cells, inhibited the function of oncogenic miR21, enhanced the expression 

of the pro-apoptotic factor, and induced cell apoptosis. Animal trials revealed effective tumor 

targeting and inhibition in xenograft models. The inclusion of folate as a targeting ligand in the 

micelles did not show significant improvement of the therapeutic efficacy in vivo, suggesting that 

micelles can carry therapeutics to a target tumor and inhibit its growth without ligands.
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Micelles are spherical and supermolecular nano-constructs formed by amphiphilic block 

copolymers including polymer, peptide, and DNA.1–5 The micelles are a core–shell structure 

composed of both lipophilic and hydrophilic modules. They are able to either accommodate 

hydrophobic drugs interiorly or incorporate small interfering RNA as branches externally.6,7 

The lipid core of micelles can solubilize hydrophobic drugs and enhance their 

bioavailability.8,9 In addition, the size of micelles is in nanometer scale, which promotes 

their extravasations at tumor sites while avoiding fast renal clearance in vivo.10 Longer 

circulation time also allows for greater accumulation of micelles in the tumor site by EPR 

effect, even without a targeting ligand.11,12 These micelles are widely used in biomedical 

fields due to their highly compact structure, easy therapeutics encapsulation, and enhanced 

cell permeability.4,13

RNA as a safe biomaterial can also be utilized for micelle construction. Because of the 

proof-of-concept of RNA nanotechnology in 1998,14 RNA molecules have been extensively 

investigated as building blocks for constructing nanoparticles via bottom up self-assembly.
15–24 We have reported the 3WJ motif derived from the pRNA of the bacteriophage phi29 

DNA packaging motor. The 3WJ core displays high thermodynamic stability with a melting 

temperature (Tm) of about 58 °C. It is chemically stable after 2′-fluoro (2’F) modification. 

Furthermore, the pRNA-3WJ complex is stable without dissociation in the presence of 8 M 

Urea or at extremely low concentration.18 Functional modules such as therapeutic 

molecules, targeting ligands, and imaging agents can be well-incorporated to the RNA 

scaffolds to formulate multifunctional nanoparticles.25–30 The physicochemical properties 

such as size, shape, and stoichiometry of RNA nanoparticles can be precisely controlled to 

achieve optimal therapeutic effects.31–33 Current studies have demonstrated that RNA 

nanoparticles are a safe and biocompatible delivery platform because they exhibit 

undetectable intrinsic immunogenicity and toxicity.25,31,32,34,35 Taking the advantage of 

favorable features of RNA, we have first designed and reported the construction of RNA 

micelles based on pRNA-3WJ.25 In aqueous solution, the amphiphilic oligonucleotide 

molecules, consisting of a hydrophobic cholesterol molecule and the hydrophilic 

pRNA-3WJ, spontaneously self-assemble into monodispersed micellar nanostructure with a 

lipid core and a pRNA-3WJ corona. We have indicated25 that the RNA-based micelles are 

capable of loading the chemotherapeutic drug paclitaxel, inhibiting cancer cell proliferation 
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and targeting to tumor via the EPR effect. No obvious cytotoxicity and immunogenicity have 

been detected for our RNA micelle system.25 Here, we showed that the delivery capability of 

RNA micelles is not only limited to chemotherapeutic drugs but also can be expanded to the 

field of gene medicine such as siRNA and miRNA therapeutics.

MiRNAs are endogenously expressed small noncoding RNAs, regulating target mRNA by 

binding to imperfect complementarity in 3′-untraslated regions (3′-UTR).36 Early studies 

have demonstrated miRNAs are closely related to cell proliferation, differentiation, and 

apoptosis.37 Alterations in miRNA expression profile are correlated with tumor 

pathogenesis, cancer progression, and drug resistance.38–40 MiRNA21 is one of the most 

over-expressed miRNAs playing an important role in various cancer proliferation and 

apoptosis through targeting the PTEN (phosphatase and tensin homologue), PDCD4 

(programmed cell death protein 4), and other signal transduction pathways.41–43 Previous 

studies have proven that the inhibition of miRNA21 by anti-miRNA21 can restore the 

suppressive functions of endogenous miRNA21, induce cell apoptosis, and enhance the anti-

proliferation effects of anticancer drugs.44–46 Importantly, enhancing binding affinity of 

antisense oligo to oncogenic miRNA and developing a safe delivery platform are required 

for effective oncogenic miRNA knockdown. To favor the binding to miRNA21, chemical 

modifications, including 2′-O-methyl (2′-O-Me), 2′-O-methoxyethyl (2′-MOE), 2′-fluoro 

(2′F), and LNA, have been applied.47–50 Among these modifications, LNA modification 

stands out for enhanced miRNA21 binding by increasing thermodynamic stability 

significantly.27,49,51 Specifically, seed-targeting 8nt LNA modified oligonucleotides have 

been proven to silence miRNA without obvious off-target effects.27,49,68 As for delivery 

tools of gene medicine, the nanoparticle-based delivery system has been well studied and 

developed.52–54 Several nanoplatforms have been reported to deliver miRNA or anti-miRNA 

as therapeutic agents.27,55–58 However, the clinical translation remains challenging due to 

various barricades, including undefined size and shape, particle aggregation or dissociation, 

nonspecific targeting, poor tumor accumulation, and undesirable immunogenicity.54,59,60

Herein, we applied the RNA micelles platform for delivering anti-miR21. 8nt LNA modified 

anti-miR21 can be annealed to pRNA-3WJ scaffold via complemtation with an extended 

sequence. The cholesterol molecule attached to one 3WJ branch facilitates the micelles 

formation by hydrophobic force. In vitro studies demonstrated incorporation of folate was 

able to improve RNA micelles’ binding and internalization capability into cancer cells, 

delivery of anti-miR21 for miR21 inhibition and cell apoptosis induction. Compared with 

RNA nanoparticles without micelles formation, RNA micelles exhibited better tumor 

targeting ability and stronger tumor accumulation in mouse xenograft model. In vivo tumor 

regression study was performed to compare the therapeutic effects of RNA micelles carrying 

anti-miR21 with or without folate ligand.

RESULTS AND DISCUSSION

Design, Construction, And Characterization of RNA Micelles Incorporating Anti-miR21.

The RNA micelles were designed based on 3WJ scaffold from pRNA of bacteriophage 

phi29 DNA packaging motor (Figure 1A,B).18 The pRNA-3WJ is composed of three short 

RNA fragments (named as 3WJ-a, 3WJ-b, and 3WJ-c; Figure 1A). This multibranch 
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property makes it feasible to incorporate different functional modules. We have solved the 

crystal structure of this pRNA-3WJ61 and determined the angle between the branches (60°, 

120°, and 180°; Figure 1B). To facilitate the appropriate folding of the pRNA-3WJ and 

promote the formation of the hydrophobic core for producing the micelles while avoiding 

steric hindrance, a cholesterol molecule was attached to the 3′-end of the 3WJ-b strand. 

RNA micelles formation was visualized via the slower migration band in 2% agarose gel due 

to the increased size and mass, compared to a single 3WJ unit (Figure 1D). This 

hydrophobic force-driven formation was confirmed by the observed collapse of micelles 

band with the addition of sodium dodecyl sulfate (SDS) in Tris-acetate (TAE) running buffer 

because the SDS can interfere the core hydrophobic interaction (see Figure S2A). To further 

test whether RNA micelles were formed based on the hydrophobic force, an increasing 

volume percentage of dimethyl sulfoxide, (DMSO) was added into pRNA-3WJ micelles and 

the control group, which were subsequently loaded to 2% agarose gel. The existence of 

DMSO would dissolve the lipid core, disrupting the hydrophobic force and dissociating 

pRNA-3WJ micelles into single pRNA-3WJ (see Figure S2B). All of the evidence indicated 

that the RNA micelles were formed via hydrophobic force.

Due to the multivalent nature of the 3WJ scaffold, RNA micelles can be rationally designed 

to be multifunctional. As such, anti-miR21 as a therapeutic agent was incorporated by a 

complementary extension sequence (Figure 1C). Besides, folate as a specific targeting ligand 

was introduced to single-stranded 3WJ-a-sph1 by CuAAC “click reaction” prior to assembly 

of RNA micelles (see Figure S1A). The reaction was carried out in mild reaction conditions 

and resulted in high yield. Successful conjugation of folate onto the RNA strand was 

evidenced by the upshifting band in 20% 8 M UREA PAGE, compared to an unconjugated 

strand (see Figure S1B).

Noticeably, the multifunctional 3WJ/FA/anti-miR21 micelles showed slightly faster 

migration band in 2% agarose gel compared with pRNA-3WJ micelles without any modules 

(Figure 1D). One possible explanation is that the extension on the RNA oligo will increase 

structural hindrance and result in a smaller number of pRNA-3WJ copies in micellar 

structure. DLS determined that the average hydrodynamic diameter of 3WJ/FA/anti-miR21 

micelles was about 21.51 ± 6.136 nm (Figure 1E). This nanoparticle size has been 

demonstrated to be within the favorable size range for in vivo biodistribution. Additionally, 

the ζ potential was determined to be −25 ± 8.35 V, which is consistent with the polyanionic 

nature of RNA.

Determination of Critical Micelle Formation Concentration.

Critical micelle formation conentration (CMC) is one of the key factors for micelle 

construction. To calculate the CMC of RNA micelles, Nile red assay was used as previously 

reported.62 Nile red is a commonly used fluorescent probe that is very sensitive to 

hydrophobicity change.63 Specifically, Nile red displays very weak fluorescence in 

hydrophilic environment but strong fluorescence in hydrophobic environment. Therefore, the 

CMC can be determined by the measurement of fluorescence intensity of Nile red when co-

incubated with serial diluted RNA micelle solution (Figure 2A). To estimate the value of 

CMC, the fluorescence intensity of Nile Red was plotted as a function of the sample 
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concentration. At the concentrations below CMC, the hydrophobic interaction of cholesterol 

molecules was insufficient to drive the formation of micelles, and the fluorescence intensity 

of Nile Red is almost a constant. However, the fluorescence increases dramatically when 

Nile Red is entrapped in the micelle core once amphiphilic RNA concentration exceeds 

CMC. Thus, the CMC value could be estimated as 100 nM, which is the intersection of 

tangents to the horizontal line of intensity ratio with relatively constant value (Figure 2A). 

To ensure the successful formation, all 3WJ/FA/anti-miR21 micelles were assembled at the 

concentration higher than 100 nM in this study.

RNA Micelle Stability Study.

To evaluate the stability, 3WJ/FA/anti-miR21 micelles were incubated in solution with 

different pH values, temperatures, and RNase concentrations, respectively. After incubation, 

the samples were loaded to 2% agarose gel electrophoresis for comparison (Figure 2B). It 

can be found that the 3WJ/FA/anti-miR21 micelles remained stable in a wide range of 

temperatures (4, 37, and 55 °C). In addition, when 3WJ/FA/anti-miR21 micelles were 

incubated at acidic (pH = 5) and neutral buffer (pH = 7.4), no obvious micellar structure 

changes were observed. Interestingly, at pH12, there’s little dissociation detected from the 

lower band. Lastly, to validate the chemical stability, RNA micelles incubated with RNase 

(0.01 μg/μL, 0.1 μg/μL and 1 μg/μL) did not show much degradation. These results 

demonstrate the advantages for RNA micelles construction, and more importantly, suggested 

that 3WJ/FA/anti-miR21 micelles is a competitive nanoparticle for in vivo applications.

In Vitro Cell Binding and Internalization Assay of RNA Micelles.

Micellar nanoparticles as drug carriers have been reported to enhance cell permeability. In 

this study, we evaluated the in vitro cell binding and internalization efficiency between RNA 

micelles and a single 3WJ unit as well as RNA micelles with and without folate ligand. 

Alexa 647 labeled 3WJ/FA/anti-miR21 micelles and control nanoparticles (3WJ/anti-miR21 

micelles, 3WJ/FA/anti-miR21, and 3WJ/anti-miR21) were incubated with KB cells, 

respectively, before being assayed by flow cytometry. KB cells, identified as folate receptor 

over-expressed cancer cells, were used for all in vitro and in vivo studies. Strong cell binding 

was observed for 3WJ/FA/anti-miR21 micelles (94.2% positive cells) compared with 3WJ/

anti-miR21 micelles (49.2% positive cells), 3WJ/FA/anti-miR21(65.8% positive cells), and 

3WJ/anti-miR21 (0.38% positive cells) (Figure 3A). Similarly, images taken by confocal 

microscope after treatments also revealed consistent result (Figure 3B). These results 

demonstrated that micelles formation contributed to strong and favorable cell binding and 

internalization to KB cells in vitro, while the folate ligand further enhanced the events when 

they were decorated on the RNA micelles. Folate receptors have been identified as targets 

highly expressed on the surface of various cancer cells including ovarian, breast, colon, and 

malignant nasopharyngeal carcinomas.64,65 The folate-decorated RNA micelles would 

recognize the folate receptor on the KB cell surface and bring the nanoparticles to cells by 

endocytosis. We also tested the binding and internalization profile on human colon cancer 

HT29 cells, which have high folate receptor expression.66,67 The results (see Figure S3) 

were consistent with the results from the in vitro assay of KB cells. Flow cytometry data 

(see Figure S3A) revealed that RNA micelles bound to HT29 cells efficiently. 3WJ/FA/anti-

miR21 with folate but without the cholesterol did not show such strong binding affinity to 
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HT29 cells as KB cells. It may be due to less folate receptor expression on HT29 cell surface 

than KB cells. Confocal microscopy images (see Figure S3B) also provided evidence of the 

efficient internalization of RNA micelles into HT29 cells as KB cells.

Delivery of Anti-miR21 by RNA Micelles into Cancer Cells.

We hypothesized that the RNA micelles as a delivery system can improve the potency of 

anti-miR21 in cancer cells. To study this assumption, the delivery efficiency of anti-miR21 

by RNA micelles was first assayed by dual-luciferase-based miR21 reporter system, as we 

previously reported.27,49,68 When anti-miR21 are delivered into the cancer cells, it will 

competitively bind to miR21 that used to bind to the 3′-UTR region of the Renilla luciferase 

gene and block its translation, resulting in an increased expression of Renilla luciferase. The 

co-transfected firefly luciferase gene would express as an internal control. Therefore, higher 

Renilla-to-firefly luciferase ratio (R/F luc) is correlated with stronger miR21 inhibition. 

Expectedly, 3WJ/FA/anti-miR21-treated cells showed higher a R/F luc than 3WJ/anti-

miR21, proving folate as a ligand can improve anti-miR21 delivery efficiency and inhibit 

miR21 (Figure 4A). In addition, 3WJ/anti-miR21 micelles also performed better miR21 

inhibition effects than 3WJ/anti-miR21 as a result of higher delivery efficacy of anti-miR21 

by RNA micelles. The active targeting by folate combined with the passive targeting by 

micelles formation contribute to the delivery of anti-miR21 in vitro synergistically.

The delivery efficacy of anti-miR21 was further assessed by measuring miR21 downstream 

tumor suppressor PTEN gene expression by qualitative real-time polymerase chain reaction 

(qRT-PCR). The up-regulation of PTEN can reduce cancer cell proliferation and increase 

cell death. After incubation with KB cells for 72 h, RNA nanoparticles carrying anti-miR21 

groups showed the up-regulation of PTEN. Among them, folate-decorated micelles group 

exhibited highest PTEN expression resulting from better anti-miR21 delivery capability 

(Figure 4B). The effective miR21 silence was achieved by both enhancing miR21 binding 

via LNA-modified anti-miR21 and improving delivery efficacy by multifunctional RNA 

micelles. Combining the results in Figure 3, it can be concluded that RNA micelles showed 

the high delivery efficiency of anti-miR21 to cells and subsequently contributed to potent 

gene regulation.

The enhanced induction of cell apoptosis by the knockdown of miR21 is considered as an 

important feature of cancer cells inhibition. Particularly, caspase-3 is an early cellular 

apoptotic marker that is closely related to cell apoptosis. The elevation of caspase-3 activity 

can be reflected by increased fluorescence intensity from released fluorescent substrate. We 

found that 3WJ/FA/anti-miR21 micelle treated cells showed highest fluorescence emission 

of caspase-3 substrate in contrast with control groups (3WJ/anti-miR21 micelles, 3WJ/FA/

anti-miR21, 3WJ/anti-miR21, and 3WJ/FA micelles; Figure 4C). The activation of the 

caspase-3 pathway will trigger cancer cell apoptosis, suggesting a stronger inhibitory effect 

on cancer cells.

Targeting of RNA Micelles to Cancer Xenograft in Vivo.

To study whether pRNA-3WJ micelles will further enhance tumor targeting compared with 

pRNA-3WJ nanoparticles without micelles formation, Alexa 647 labeled 3WJ/FA/anti-
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miR21 micelles, 3WJ/FA/anti-miR21, and 3WJ/anti-miR21 were systemically administered 

via the tail vein into KB tumor bearing mice. It can be clearly observed that the RNA 

nanoparticles distributed to the whole body at 1 h post-injection. At 4 and 8 h post-injection, 

the fluorescent RNA nanoparticles showed specific accumulation in tumor while it is almost 

completely cleared in other organs (Figure 5A). Ex vivo images of the main organs (heart, 

liver, spleen, lung, and kidney) and tumors were taken after 8 h post-injection. Compared to 

3WJ/anti-miR21 treatment, 3WJ/FA/anti-miR21-treated mice exhibited stronger 

fluorescence signal in tumor due to the additional active tumor targeting mediated by folate. 

More importantly, RNA micelles group showed stronger accumulation compared with RNA 

nanoparticles without micelle formation (Figure 5B). The micelle formation prolongs the 

nanoparticle retention in tumor site. This might benefit from the advantageous nanometer 

size and spherical shape of RNA micelles that facilitate them to penetrate the tumor site by 

EPR effects.

In Vivo Tumor Inhibition Study by RNA Micelles Carrying Anti-miR21.

Delivery of anti-miR21 by RNA micelles was studied in mice model bearing KB tumor 

xenograft. The RNA micelles with or without folate ligand incorporating anti-miR21 were 

intravenously injected into mice model for a total of five doses every other day. Compared to 

the phosphate-buffered saline (PBS) group, both treatment groups showed tumor inhibition 

effects (Figure 6). The difference of tumor regression level between the two treatment 

groups appeared after the 4th injection on day 7 (Figure 6A). Folate decorated micelles 

showed slightly higher efficacy in tumor regression but not a significant one, thus 

demonstrating that the passive tumor targeting played the key role in the RNA micelles 

system. The weight of the tumor harvested at day 10 also showed a slight difference between 

RNA micelles carrying anti-miR21 with or without folate ligand (Supplementary Figure 3).

To examine the regulatory effect on PTEN level in tumor tissues, qRT-PCR was also used to 

measure the expression in all harvested tumor samples. The result showed that both 

treatment groups increased PTEN level of tumor tissues compared to the PBS control. 

3WJ/FA/anti-miR21 micelles treated tumors have up-regulated PTEN in the mRNA and 

protein level, which was slightly higher than those treated by 3WJ/anti-miR21 micelles 

(Figure 6C,D). Furthermore, the RNA micelles are biocompatible and well-tolerated in vivo 
because there are no obvious changes in mouse weight during the experiment (Figure 6B).

Our studies revealed that RNA micelles were able to deliver the anti-miR21 and inhibited 

cancer growth efficiently even without ligands. The micelles with folate decoration can 

improve the therapeutic effects but not significantly. Both size-dependent EPR effects and 

ligand-mediated specific targeting affect therapeutic delivery, although the detailed 

correlation between these two factors was not investigated in the current study. Based on our 

results, RNA micelles were capable of delivering therapeutics for cancer therapy mainly by 

EPR effects.

The RNA micelles take advantage of the high thermodynamic stability and multivalence of 

pRNA-3WJ for therapeutics delivery. This established RNA micelles system enables the 

delivery of miRNA, anti-miRNA, siRNA, or chemical drugs for cancer therapy, especially 

for the cancer types whose targeting markers or ligands are not available. The addition of 
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chemical drugs, either being encapsulated inside the lipid core or conjugated to the corona 

outside, provides feasibility for combining chemotherapy with gene therapy.

CONCLUSIONS

Multifunctional RNA micellar nanoparticles were constructed using the pRNA-3WJ scaffold 

with the aid of a hydrophobic cholesterol molecule. RNA micelles harboring anti-miR21 

were stable over a wide range of pH, temperature, and RNase environment. The CMC was 

estimated to be 100 nM. The resulting micelles can deliver anti-miR21 specifically to cancer 

cells, regulate gene expression, and induce cell apoptosis. Furthermore, RNA micelles 

exhibited stronger tumor accumulation compared with RNA nanoparticles without micelles 

formation via in vivo biodistribution study. The anti-miR21-carrying micelles by themselves 

without a ligand were able to deliver the anti-miR21 and inhibit cancer growth, while the 

folate as a targeting ligand did not improve the therapeutic efficacy significantly.

METHODS AND EXPERIMENTAL DETAILS

Design and Construction of Folate-Decorated RNA Micelles Incorporating Anti-miR21.

The 3WJ/FA/anti-miR21 micelles are composed of four strands: folate-3WJ-a-sph1, Sph1-

anti-miR21, and 3WJ-b-cholesterol, 3WJ-c, which were prepared by RNA synthesizer using 

solid-phase synthesis or followed by chemical reaction (home-made or by ExonanoRNA, 

LLC). The sequences are described as below:

folate-3WJ-a-sph1:5′-(Folate) uuG ccA uGu GuA uGu GGG Auc ccG cGG ccA uGG cGG 

ccG GGA G-3′;

Sph1-anti-miR21:5′-+G+A+T+A+A+G+C+T CTC CCG GCC GCC ATG GCC GCG GGA 

T-3′ (underlined sequence is 8nt LNA modified anti-miR21 seed region);

3WJ-b-cholesterol: 5′-ccc AcA uAc uuu Guu GAu cc (TEG-cholesterol)-3′; and

3WJ-c: 5′-GGA ucA Auc AuG GcA A-3′.

Cytosine(C) and uracil(U) in lowercase were 2′fluoro (2′F)-modified to make RNA more 

stable.69,70 Cholesterol was synthesized on the RNA strand (home-made or by 

ExonanoRNA, LLC) using 3′-cholesteryl-TEG controlled-pore glass (CPG) column (Glen 

Research Corp.). Folate-TEG-azide (Berry and Associates) was conjugated to alkyne-3WJ-

a-sph1 by copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC), called “click reaction” 

(home-made or by ExonanoRNA, LLC). Briefly, 50 μL of 2 mM alkyne-3WJ-a-sph1 

solution in water and 20 μL of 50 mM folate-TEG-azide [dissolved in 3:1 (v/v) DMSO, 

extra dried, Acros Organics]/tBuOH (tert-butanol, anhydrous, Sigma-Aldrich)] at a molar 

ratio of 1:10 were mixed with 30 μL of freshly prepared “click solution” containing 0.1 M 

CuBr [copper(I) bromide, Sigma-Aldrich] and 0.1 M Tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (TBTA, Sigma-Aldrich) in a 1:2 molar ratio. The solution was mixed 

thoroughly and reacted in room temperature for 4 h. After the reaction, the conjugate and 

control strand were evaluated by 20% UREA PAGE. Reverse-phase high-performance liquid 

chromatography (Agilent 1260 Infinity II) was utilized to purify the conjugated products. 
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3WJ/FA/anti-miR21 micelles were first prepared by mixing four strands at the same molar 

concentration in PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM 

KH2PO4, pH 7.4) heated to 90 °C for 5 min and slowly cooled to 37 °C with a subsequent 1 

h incubation at 37 °C.

To study the RNA micelles formation relying on hydrophobic interaction by cholesterol 

molecule, the pRNA-3WJ micelles as well as pRNA-3WJ and pRNA-3WJ-c were loaded on 

2% (w/v) agarose gel and run in 40 mM TAE, 1 mM EDTA buffer with or without 0.5% 

(w/v) SDS. Besides, pRNA-3WJ micelles and pRNA-3WJ were prepared in increasing 

percentage (0%, 20%, 40%, 60%, 80%, 90%, and 100%) of DMSO solution before loading 

to 2% (w/v) agarose gel. The gel was stained by ethidium bromide and visualized by 

Typhoon FLA 7000 (GE Healthcare).

Characterization of RNA Micelles Containing 3WJ/FA/Anti-miR21.

pRNA-3WJ micelles and pRNA-3WJ nanoparticles without micelle formation were loaded 

onto 2% (w/v) agarose gel in TAE buffer, stained by ethidium bromide, and visualized by 

Typhoon FLA 7000 (GE healthcare). The gel was run at 100 V for about 50 min.

The apparent hydrodynamic diameter and ζ potential of assembled 3WJ/FA/anti-miR21 

micelles (10 μM in PBS buffer) were measured by Zetasizer nano-ZS (Malvern Instrument, 

LTD) at 25 °C.

Determination of Critical Micelle Formation Concentration.

The CMC of RNA micelles was determined by fluorescent Nile red encapsulation assay.62 

The 2-fold serial diluted RNA micelle samples (Range from 625 to 4.89 nM) were incubated 

with 100 μM of Nile red (Thermo Fisher Scientific) in 50 μL of PBS buffer. The samples 

were heated to 90 °C for 5 min and slowly cooled to 37 °C over 40 min followed by another 

1 h of incubation at 37 °C. The fluorescence intensity of Nile red versus RNA micelles 

concentration was measured by Fluorolog spectrofluorometer (Horiba Jobin Yvon) with an 

excitation wavelength of 535 nm and emission spectra taken from 560 to 760 nm. The CMC 

could be calculated by tracking the fluorescence intensity of Nile Red as a function of the 

sample concentration.

RNA Micelles Stability Study.

For stability assay in different condition, 3WJ/FA/anti-miR21 micelles were incubated in 

acidic (pH = 5), neutral (pH = 7.4), and basic (pH = 12) PBS buffers at 37 °C for 1.5 h. 

These micelles were also incubated at different temperatures (4, 37, and 55 °C) for 1.5 h. 

Besides, they were incubated with different concentration of RNase (0.01, 0.1, and 1 μg/μL) 

for 1.5 h. The samples after incubation were loaded onto a 2% (w/v) agarose gel for 

electrophoresis under 100 V in TAE buffer. The gel was stained by EB and visualized by 

Typhoon FLA 7000 (GE Healthcare).

Cell Culture.

Human KB cells and human colon cancer HT29 cells (American Type Culture Collection) 

were grown and cultured in RPMI-1640-folate-deficient medium (Life Technologies) 
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containing 10% fetal bovine serum (FBS) in a 37 °C incubator under 5% CO2 and a 

humidified atmosphere.

In Vitro Cell Binding and Internalization Assay of RNA Micelles.

To evaluate micelles binding capability, Alexa647 was used to label the 3′ end of 

pRNA-3WJ-c strand by solid-phase synthesis. Alexa 647 labeled 3WJ/FA/anti-miR21 

micelles (100 nM) and the control groups (3WJ/anti-miR21 micelles, 3WJ/FA/anti-miR21, 

and 3WJ/anti-miR21) were incubated with KB cells at 37 °C for 1 h. After washing with 

PBS twice, the cells were resuspended in PBS for analysis. Flow cytometry was performed 

by FACSCalibur (Becton Dickinson) of the OSUCCC Analytical Cytometry Shared 

Resource.

For cell internalization study, KB cells were grown on glass slides overnight. Alexa 647 

labeled 3WJ/FA/anti-miR21 micelles (100 nM) and the control groups as described above 

were incubated with the KB cells at 37 °C for 1 h. After washing with PBS, the cells were 

fixed by 4% paraformaldehyde and washed by PBS. The cytoskeleton of the fixed cells was 

stained by Alexa Fluor 488 Phalloidin (Invitrogen) for 25 min after pretreated with 0.1% 

Triton-X100 (Sigma) in PBS for 5 min. The glass slides with cells were then mounted with 

Prolong Gold antifade reagent with DAPI (Life Technologies) for nucleus staining. The 

images of internalization to cells were attained by FluoView FV1000-Filter Confocal 

Microscope System (Olympus Corp.).

For binding and internalization studies on HT29 cells, 200 nM Alexa647 labeled 

nanoparticles described above were incubated with HT29 cells at 37 °C for 1 h. Flow 

cytometry and Confocal microscope assays were conducted following the same procedures 

described above.

Dual Luciferase Assay to Study the Delivery Efficacy of Anti-miR21 by RNA Micelles.

KB cells were seeded on a 24-well plate at 70% confluence in RPMI-1640-folate-deficient 

medium with 10% FBS 1 day prior to the treatment. The following day, cells were 

transfected with 300 ng of psi-Check 2 plasmid (Promega), which contains an oncogenic 

miR-21 binding sequences at the 3′-UTR region of the Renilla luciferase gene using 

Lipofectamine 2000 (Life Technologies). A total of 4 h after transfection, the medium was 

replaced with complete medium, and the cells were incubated for another 2 h. Final 

concentrations of 200 nM and 400 nM 3WJ/FA/anti-miR21 micelles and the control groups 

(3WJ/anti-miR21, 3WJ/FA/anti-miR21, 3WJ/anti-miR21, and 3WJ/FA micelles) were then 

incubated with cells in compete medium at 37 °C, respectively. After incubating overnight, 

dual-luciferase assay (Promega) was used to evaluate the anti-miR21 effects following 

manufacturer’s instruction.

qRT-PCR Assay to Study Downstream Gene Expression.

To assay the downstream target gene PTEN expression of miR-21, TaqMan Gene Expression 

Assays was performed according to the manufacturer’s instructions (Life Technologies). The 

nanoparticles described above were incubated with KB cells at 400 nM final concentration 

for 72 h. After incubation, the total RNA was extracted by TRIzol reagent (Life 
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Technologies). Then, the first cDNA strand was synthesized from total RNA (1 μg) using 

SuperScript III First-Strand Synthesis System (Life Technologies). RT-PCR was performed 

using Taqman assay. All reactions were carried out in a final volume of 20 μL using Taqman 

Universal PCR Master mix, primers and probe, and synthesized cDNA. The primer and 

probe set for human PTEN and GADPH (housekeeping gene) were purchased from Life 

Technologies. PCR was performed on StepOne and StepOnePlus systems (Applied 

Biosystem). The data were analyzed by the ΔΔCT method.

Induction of Cell Apoptosis by 3WJ/FA/Anti-miR21 Micelles.

KB cells were seeded on 24-well plate in 1640-folate-deficient plus 10% FBS medium 

overnight at 37 °C in a humidified 5% CO2 atmosphere. Cells were then treated with 400 

nM 3WJ/FA/anti-miR21 micelles and the control groups (3WJ/anti-miR21 micelles, 

3WJ/FA/anti-miR21, 3WJ/anti-miR21, and 3WJ/FA micelles). To measure the early cell 

apoptosis marker caspase-3 level, a caspase-3 assay kit (BD Pharmingen) was used for the 

assay. Cells, after 24 h of treatment, were lysed using the cold cell lysis buffer in the kit. For 

each group, 25 μL of cell lysate was added with 2 μL of reconstituted Ac-DEVD-AMC in 80 

μL of HEPES buffer and incubated at 37 °C for 1 h. The amount of caspase-3 substrate 

AMC released from Ac-DEVD-AMC was measured by Fluorolog fluorospectrometer 

(Horiba Jobin Yvon) using an excitation wavelength of 380 nm and an emission wavelength 

range of 400–500 nm.

Animal Models.

All protocols involving animals are performed under the supervision of the Ohio State 

University Institutional Animal Care and Use Committee. To generate a xenograft model, 

female athymic nu/nu mice, 4–6 weeks old, were purchased from Taconic. Subcutaneous 

tumor xenografts were established by injecting 2.5 × 106 KB cells per site into the shoulder 

of nude mice.

Targeting of RNA Micelles to Cancer Xenograft in Vivo.

To compare the biodistribution profile between RNA micelles and RNA nanoparticles 

without micelle formation, fluorescence imaging study was performed. A total of 100 μL of 

20 μM Alexa 647 labeled 3WJ/FA/anti-miR21 micelles, 3WJ/FA/anti-miR21 without 

micelle formation, and 3WJ-anti-miR-21 without either folate ligand or micelle formation 

were injected into mice bearing KB tumor by tail vein injection. PBS-injected mice were 

used as fluorescence negative controls. The whole body imaging of mice was conducted at 1, 

4, and 8 h using an IVIS Spectrum station (Caliper Life Sciences) with excitation at 640 nm 

and emission at 680 nm. The mice were sacrificed at 8 h post-injection by the inhalation of 

CO2 followed by cervical dislocation, and major organs including heart, lungs, liver, spleen, 

and kidneys together with tumors were collected and subjected to fluorescence imaging for 

the assessment of biodistribution profiles.

In Vivo Tumor Inhibition Study by the RNA Micelles Carrying Anti-miR21.

When the tumor size reached about 50 mm3, the mice were randomly divided into three 

groups (n = 5 each group). The mice were injected with 3WJ/FA/anti-miR21 micelles as 
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well as 3WJ/anti-miR21 micelles without folate ligand and PBS as control groups. There 

were a total of 5 injections (RNA dose: 5 mg/kg and LNA dose: 0.26 mg/kg) conducted 

every other day. The tumor volume and mouse weight were measured and recorded every 

day. The tumor volume was calculated as (length × width2) /2. At day 10, the mice were 

sacrificed, followed by tumor extraction and weight measurement.

To quantify the miR21 target gene PTEN expression, the tumor tissues harvested were 

homogenized completely. For qRT-PCR assay, TRIzol (Life Technologies) was added to 

extract total RNA from tumor tissue, and the PTEN level was further quantified using 

Taqman Assay (Life Technologies) as described above. For Western blot assay, tumor tissues 

were lysed in RIPA buffer with protease inhibitor cocktail and protein concentration was 

quantified by BCA Protein Assay Kit (Pierce). A total of 15 μg of protein was loaded to 12% 

sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to polyvinylidene 

fluoride membrane (Biored), and followed by blocking in 5% fat-free milk in room 

temperature for 2 h. The membrane was then stained with primary antibody (rabbit-PTEN: 

1:1000; mouse-GADPH: 1:10 000) at 4 °C overnight and washed 3 times for 15 min using 

TBST. The membrane was then stained with secondary antibody (goat pAb to rabbit IgG 

and goat pAb to mouse IgG: 1:20 000) in room temperature for 40 min and washed 3 times 

for 15 min using TBST. Membranes were then incubated with ECL substrate (Biored), 

exposed to Amersham HyperfilmTM (GE Healthcare) together, and processed with a Series 

2000A Processor film developer (TiBA).

Statistical Analysis.

Each experiment was repeated 3 times with triplication for each sample tested. The results 

are presented as mean plus or minus the standard deviation unless otherwise indicated. 

Statistical differences were evaluated using a Student’s t test, and p < 0.05 was considered 

significant. Single asterisks indicate p < 0.05, double asterisks indicate p < 0.01, triple 

asterisks indicate p < 0.001, and quadruple asterisks indicate p < 0.0001
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Figure 1. 
Design, construction and characterization of RNA micelles. (A) 3WJ motif of pRNA from 

bacteriophage phi29 DNA packaging motor. (B) Illustration of pRNA-3WJ micelles 

formation by hydrophobic force. (C) 2D structure of 3WJ/FA/anti-miR21 micelles 

(underlined sequence is 8nt LNA modified anti-miR21 seed region). (D) Assembly of RNA 

micelles assayed by 2% agarose gel. (Lane from left to right: 3WJ, 3WJ micelles, 3WJ/anti-

miR21, 3WJ/anti-miR21 micelles, 3WJ/FA/anti-miR21, and 3WJ/FA/anti-miR21 micelles). 

(E) Size distribution of 3WJ/FA/anti-miR21 micelles. (F) ζ potential of 3WJ/FA/anti-miR21 

micelles.
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Figure 2. 
CMC determination and stability study of RNA micelles. (A) CMC determined by Nile red 

encapsulation assay. (B) Stability study of RNA micelles in different temperature, pH, and 

RNase condition.
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Figure 3. 
In vitro binding and internalization of RNA micelles to cancer cells. (A) Flow cytometry 

comparing binding affinity to KB cells after treatment for 1 h. (B) Confocal microscopy 

showing internalization profile. Blue: nuclei; green: cytoskeleton; red: RNA nanoparticles.
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Figure 4. 
In vitro studies of RNA micelles carrying anti-miR21. (A) Dual-luciferase assay 

demonstrating delivery of anti-miR21 to KB cells. (B) qRT-PCR showing effect of miR21 

knock-down on the target gene PTEN expression. (C) Caspase-3 assay exhibiting cell 

apoptosis induction after treatment.
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Figure 5. 
In vivo biodistribution study in mice with xenograft. (A) Whole-body image. (B) Ex vivo 
organ image 8 h post-injection.
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Figure 6. 
In vivo therapeutic effect of RNA micelles in mice with xenograft. (A) Tumor regression 

curve over the course of five injections (red arrow shows the day of injection). (B) Mice 

weight curve during treatment period. (C) qRT-PCR and (D) Western blot analysis showing 

the up-regulation of PTEN after the in vivo delivery of anti-miR21.
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