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Abstract--Bacteriophage phi29 DNA packaging motor is geared
by a six-pRNA ring. pRNA is able to form a multimeric complex
and patterned superstructures via the interaction of two
reengineered interlocking loops. This unique feature makes it
an ideal polyvalent vehicle for nanomachine fabrication,
pathogen detection, and the delivery of therapeutics. This report
describes novel approaches for the fabrication of polyvalent
therapeutic pRNA nanoparticles, especially tetramers for
specific siRNA delivery to cancer cells and for the silencing of
targeted genes. RNA 3-D design, circular permutation, folding
energy alteration, and nucleotide modification were applied to
generate stable RNA nanoparticles with low toxicity. Animal
trials demonstrated the high efficiency of the polyvalent RNA
nanoparticles in the prevention and treatment of cancer. Using
such protein-free nanoparticles as therapeutic reagents would
allow for long-term administration to avoid the induction of
antibody due to repeated treatment for chronic diseases.

I. INTRODUCTION
Biological macromolecules, including DNA, RNA and
proteins, intrinsically have defined features at the
nanometer scale. They could serve as unique and powerful
building blocks for the bottom-up fabrication of
nanostructures and nanodevices [1-9]. What makes RNA
particularly useful is the amazing diversity evident in its
functionality, which can be directly attributed to the
versatility present in its structure. RNA molecules can
easily be designed and manipulated, similar to DNA, and
offer flexibility of structure and function similar to that of
proteins. These features make RNA a favorable candidate
for nanotechnological applications. Typically, RNA
molecules contain a large variety of single-stranded
stem-loops for inter- and/or inter-molecular interactions.
These loops can serve as mounting dovetails, and thus,
external linking dowels might not be needed in fabrication
and assembly [7-9]. RNA molecules are polymers made
up of four nucleotides, A, C, G, and U. A 100-nucleotide
RNA polymer can generate as many as 1060 (4100) different
RNA molecules. Since the size of RNA ranges from the
angstrom to the nanometer, bottom-up approaches would
be reasonable for use with RNA in nanotechnological
applications.
The pRNA (DNA packaging RNA) of the DNA
packaging motor of bacteriophage phi29 can serve as a
building block for nanomaterials via bottom-up assembly.
Through the interaction of two interlocking loops, phi29
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pRNA forms dimers, trimers, hexamers, and patterned
superstructures [7]. This unique property makes pRNA an
ideal building block for bottom-up assembly in
nanotechnology.
Recent development of molecular therapy is one of the
most promising applications of modern biological science.
siRNA [10-13], ribozyme [14], and antisense RNA [15]
have all shown great potential as novel molecular
approaches to down-regulate specific gene expression.
The successful application of siRNA for the treatment of
cancer and infectious diseases requires the development of
a safe, efficient, specific, and nonpathogenic delivery
system. There are several barriers which make it difficult
to develop a successful delivery system.
Firstly,
therapeutic particles greater than 100 nm are difficult for
cell entry via receptor-mediated endocytosis. Secondly,
molecules smaller than 20 nm can move out of blood
vessels or the kidney quickly during circulation and have a
shorter retention time in the body. pRNA multimers may
provide the answer because they range in size of 20 ~
40nm. The unique structural and molecular features of
pRNA allow easy manipulation, making it possible to
redesign for gene targeting and delivery vehicles.
II. SYNTHESIS OF AMP AND GMP DERIVATIVES
FOR RNA LABELING
Different kinds of AMP and GMP derivatives can be
synthesized by conjugating different chemical groups with
AMP or GMP through linker molecules by established
chemistry [16-20]. GMPS or Biotin-AMP (Fig. 1) was
introduced to the 5’-end of pRNA chimeras since GMP
and AMP derivatives are efficient initiators in RNA
transcription by T7 RNA polymerase but cannot be used
during chain elongation due to the one phosphate. It was
confirmed that a pRNA with the first nucleotide replaced
by GMPS [18] or Biotin-AMP [17] did not interfere with
pRNA multimerization. The SH-group of the biotin at the
5’-end of the pRNA was used as active groups for
conjugation of ligands and detection markers for the
production of deliverable polyvalent therapeutic particles.
SH-groups can be used to link either a NH2-group via
BMPS or any common chemicals that contain maleimide.
Using similar approaches, it was possible to efficiently
synthesize RNA directly and incorporate certain kinds of
groups, such as amino -NH2, -COOH, Maleimide, or NHS

Fig. 1. AMP and GMP Derivatives. Biotin-AMP and GMPS can be
synthesized by conjugating chemical group with AMP or GMP
through the linker molecules [17, 18].

for constructing polyvalent RNA nanoparticles. The NH2group was used to link any particles with a COOH-group
with the help of EDC. NH2/NH2 interaction was achieved
via heterobifunctional crosslinkers.
III. CONSTRUCTION OF MONOMERIC PRNA
CHIMERA FOR TARGETED DELIVERY.
pRNA contains two functional domains (Fig. 2), the
procapsid binding domain and the gp16 binding
domain[21,22]. The former is located at the central region
[23-29] comprising bases 23-97, while the latter is located
at the 5’/3’ paired ends [30]. The two domains fold
independently of each other and replacement of or
insertion to the 5’/3’helical domain does not interfere with
dimer formation. Thus, end conjugation of pRNA with
chemical moiety, fusing pRNA with a receptor-binding
RNA aptamer, small interfering RNA (siRNA), or
ribozyme did not disturb dimer formation or interfere with
the function of inserted moieties. Using the circular
permutation approach [27-29], almost any nucleotide of
the entire pRNA can serves as either the new 5’ or 3’ end
of the RNA monomer. With the end labeling technology

Fig. 2. Illustration of pRNA monomer structure. Two domains fold
independently of each other. pRNA form multimers via the right hand
loop (uppercase) and the left hand loop (lowercase) interaction.

Fig. 3. Specific GFP knockdown assay of chimeric pRNA/siRNA
(GFP) in KB cells.

described above, it was possible to label the pRNA at
alternative locations.
Another approach was to extend the 3’end of the pRNA
with 14-26 nucleotides. A complementary DNA oligo can
be annealed to the end of the pRNA. The synthetic DNA
oligos which contained different chemical groups were
used for therapeutic pRNA construction (Fig. 5A).
Harboring therapeutic RNA. pRNA double-stranded
5’/3’ end helical domain and intermolecular binding
domain fold independently of each other. Complementary
modification studies have revealed that altering the
primary sequences of any nucleotide of the helical region
does not affect pRNA structure and folding as long as the
two strands are paired [30]. Extensive studies revealed that
siRNA is a double-stranded RNA helix [10-13]. Thus, it
was possible to replace the helical region in pRNA with
double-stranded siRNA. A variety of chimeric pRNAs
with different targets were constructed to carry siRNA
connected to nucleotide (nt) 29 and 91 of the pRNA (Fig.
2). Such pRNA/siRNA chimera was proven to be the
building block which successfully inhibited target gene

Fig. 4. Folate conjugated pRNA showing specific binding to folate
positive cancer cell lines (MCF-7 and Hela) while comparing to the
folate-free cell line VEC-304.

expression [31,32] (Fig. 3).
In addition, connecting the pRNA 5'/3' ends with
variable sequences did not disturb its folding and function.
These unique features, which help prevent two common
problems - exonuclease degradation and misfolding in the
cell, make pRNA an ideal vector to carry therapeutic RNA.
A pRNA-based vector was designed to carry hammerhead
ribozymes that cleave the hepatitis B virus (HBV) polyA
signal [14]. The pRNA/ribozyme(survivin), which
targeted
the anti-apoptosis factor survivin to
down-regulate genes involved in tumor development and
progression, was also shown to suppress survivin
expression and initiate apoptosis [33].
Construction of monomeric pRNA chimera for cell
targeting. In vitro SELEX [34,35] to screen RNA
molecules, or “aptamers”, which bind to specific targets,
has become a powerful tool for selecting RNA molecules
specific to cell surface receptor. Aptamers were linked to
the 3’ and 5’ end of pRNA. To facilitate independent
folding, poly U or poly A linkers were placed between the
pRNA and the aptamer. The nascent 5’/3’ end of the
pRNA were relocated to nt 71 and 75 (Fig. 2) using the
circular permutation approach [27,36]. The tightly folded
nt 71 and 75 region protected the 5’/3’ end from
exonuclease digestion. Folate was also conjugated to
pRNA for specific targeting (Fig. 4) [16,37-40].
IV. ASSEMBLY OF DELIVERABLE TETRAMERIC
NANOPARTICLES

Dimers were formed by intermolecular interaction of
the interlocking right and left loops [41] that are
trans-complementary (Fig. 5B.b). Mixing two pRNAs
with interlocking loops, for example pRNA A-b’ and B-a’
in a 1:1 molar ratio, resulted in the production of pRNA
dimers with close to 100% efficiency [7,8]. One subunit of
the dimer was modified to carry RNA aptamer which
recognized a specific cell-surface receptor, thereby
inducing receptor-mediated endocytosis. The second
subunit of the dimer carried therapeutic molecules such as
siRNA, ribozyme, or drugs for therapeutic purposes.
Dimers were also efficiently self- assembled in solution by
introducing a palindrome sequence into the 3’-end of the
RNA chimera (Fig. 5B.a).
Tetrameric (Fig. 5C) pRNA nanoparticles were also
assembled using the similar principle of intermolecular
interlocking loop/loop interactions. To assemble a
tetramer, a dimeric pRNA Ab’/Ab’ was first constructed
by introducing a six-nucleotide palindrome sequence to
the 3’-end of the pRNA. Dimeric pRNA Ba’/Ba’ was also
constructed using the same principle. After purification,
dimeric pRNA Ab’/Ab’ was mixed with dimeric pRNA
Ba’/Ba’ in equal concentrations. Tetramers were
self-assembled in the solution with high efficiency.
V. PRNA NANOPARTICLES FOR TARGETED GENE
DELIVERY AND THERAPY
The use of small RNA in gene therapy was significantly
hampered by the difficulties involved in producing a safe
and efficient system by which specific cells could be

Fig. 5. Illustration of constructing pRNA multimers. A. pRNA chimeric monomer with 3’-end annealed oligo which conjugate the detection molecule and
chemical ligand at the same time. B. a. Twin dimer formed through palindrome sequence; b. Dimer formation through loop-loop interaction. C. Tetrameric
RNA chimera. D. pRNA Trimer. E. Polyacrylamide gel showing pRNA multimers in native (upper panel) and denatured (lower panel) condition. RNA
nomenclature: To simplify the description of RNA construction and multimer assembly, uppercase letters will be used to represent the right hand loop of
pRNA and lowercase letters to represent the left hand loop. The same letters in upper and lower cases indicate complementary sequences for loop/loop
interaction, while different letters indicate non-complementary loops. For example, pRNA A-b’ represents pRNA where right loop A (5’G45G46A47C48) is
complementary to left loop a’ (3’C85C84U83G82) of pRNA B-a’. And left loop b’ (3’U85G84C83G82) of A-b’pRNA is complementary to the right loop B
(5’A45C46G47C48) of pRNA B-a’.

targeted. The strength of using phi29 pRNA as a delivery
vehicle relied on its ability to easily form stable multimers
which could be manipulated and sequence-controlled
[8,24,42]. This particular system provides unprecedented
versatility in constructing polyvalent delivery vehicles by
separately constructing individual pRNA subunits with
various cargos and mixing them together in any desired
combination [9]. For example, the deliverable pRNA
complex can be altered to carry therapeutic siRNA,
ribozyme RNA, antisense RNA against multiple targets or
different regions of one target gene, and RNA aptamer or
folic acid for delivery. The other subunits of the RNA
complex may carry anti-cancer drugs to enhance the
therapeutic effect or to overcome the drug resistance by
combination therapy. The therapy and detection of the
therapeutics could also be combined into one nanoparticle,
making the concomitant therapy and detection of the
therapeutics possible with only one administration.
Animal trials demonstrated the high efficiency of the
polyvalent RNA nanoparticles in the prevention and
treatment of cancer.
The homogeneity in size of the pRNA nanoparticles was
of extreme importance. Highly efficient and controlled
bottom-up self-assembly yielded nanoparticles with well
defined structures and stoichiometry. This characteristic
was very valuable for the reproducible manufacturing of
drugs for the safety issue and will facilitate the FDA
approval of the therapeutic reagents. Due to the specific
targeting and longer retention time, only low
concentration of the nanoparticle is required for
administration. In addition, if the RNA particle contained
certain toxicity to the cells, the resistant of entry to
receptor- free cells due to the larger size of the particle
could reduce such effect. The pRNA nanoparticles (dimers,
trimers or tetramers) had optimal sizes ranging between 20
and 40 nm. Nanoparticle delivery of siRNA has the
potential
to
improve
the
pharmacokinetics,
pharmacodynamics, biodistribution, and toxicology
associated with drug delivery. Furthermore, it can reduce
negative side effects such as trapping by Kupffer cells in
the liver and macrophages in the lungs.
The incorporation of receptor binding aptamer, folate,
or other ligands to the RNA complex with simple
procedures ensured the specific binding and targeted
delivery to cells. In combination with the advantage of the
nano-scale size, the system provides the advantage of high
efficiency in gene silencing and low toxicity in treatment.
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