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In 2014, approximately 14.5 million Americans were
either actively fighting cancer or survivors of cancer
and this number is expected to increase in the coming
years.1 With this increasing prevalence, research for
novel cancer treatments has become of the utmost
importance. Current treatments for most forms
of cancer include surgery to remove the cancerous
cells, and chemotherapy or radiotherapy to cause
cancerous cell death. Although these treatments are
useful in many cancers, surgery is highly invasive,
and chemotherapy and radiotherapy suffer from
innate or developed resistance that promotes tumors’
continued progression or later recurrence. Researchers
are interested in developing new treatments that may
be used alone or in combination with conventional
therapeutic interventions to more effectively halt
tumor growth and prevent recurrence. Gene regulation
is a promising new strategy to achieve these goals.
Using gene regulation-based approaches, researchers
can deliver nucleic acids into cancer cells to either
induce the expression of tumor suppressor genes,
which inhibit tumor growth, or suppress the activity
of oncogenes, which promote tumor growth. The
effective application of gene regulation therapy
requires knowledge of the biology involved in each
individual patient’s tumor. It is believed that providing
therapies that are personalized to the complex nature
of each type of cancer and to each individual person
will improve patient outcomes.2 In order to deliver
this personalized gene regulation-based treatment,
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several different delivery vectors are currently in
preclinical or clinical investigation. Viral vectors
remain the most prevalent class of gene regulation
agents in development and currently represent ~70%
of all gene therapy clinical trials.3 Although viral
vectors are highly effective as nucleic acid delivery
vehicles, several shortcomings limit their success as
therapeutics. For example, viral vectors can induce
strong immunogenicity, which can produce flu-like side
effects and limit the doses that may be administered.4
Nonviral vectors offer attractive solutions to these
limitations. Synthetic, engineered nucleic acid delivery
vehicles may be less immunogenic than viral vectors
and can be more easily produced on a large scale
to contain larger quantities of therapeutic nucleic
acids.5 Such constructs can be engineered to deliver
therapeutic nucleic acids including: (i) deoxyribonucleic
acids (DNAs), which may either amplify gene
expression or suppress the expression of target genes,
depending on the nucleic acid design, (ii) messenger
ribonucleic acids (mRNAs), which are single-stranded
nucleic acids that encode the genetic instructions to
produce specific proteins, and (iii) small interfering
ribonucleic acids (siRNAs) or micro RNAs (miRNAs),
which are short, double-stranded nucleic acids that
suppress the expression of target genes in a sequencespecific manner.5,6 Here, we focus our discussion on
the development of non-viral methods to deliver
siRNA for RNA interference-based gene therapy, and
include specific examples of research occurring at the
University of Delaware.

RNA interference (RNAi) has recently emerged
as a promising method to suppress the expression
of cancer-promoting genes.7 In RNAi, siRNA that
has been introduced into the cell associates with
the RNA-induced silencing complex (RISC), which
subsequently aligns with perfectly complementary
mRNA to facilitate its degradation and prevent protein
translation (Figure 1).8 The RNAi pathway offers
several advantages as a strategy for gene regulation.
For example, siRNA is highly specific and therefore
may have fewer off-target effects than observed
with standard chemotherapy and chemical oncogene
inhibitors. Further, chemical oncogene inhibitors
often rely on the presence of hydrophobic pockets
that can be targeted within the protein structure.
Many oncogenes lack such hydrophobic pockets and
are consequently considered “undruggable.” Because
RNAi inhibits oncogenes at the mRNA level prior to
protein translation, these “undruggable” oncogenes
can be silenced with siRNA.9
Although RNA interference is a promising method
to treat cancer, naked siRNA must overcome several
delivery barriers to be effective. For example,
intravenously injected siRNA must travel through
the blood to the desired tissue, penetrate the tissue
and extracellular matrix, and enter the desired target
cells.4 Although intravenous injection is an attractive
approach to administer siRNA for its simplicity
and non-invasiveness, siRNA is rapidly degraded by
nucleases in the bloodstream.7 Additionally, siRNA is
relatively large and negatively charged and therefore
cannot passively enter cells, which have negatively
charged membranes. Further, any siRNA that is taken
up by cells faces an additional barrier to therapeutic
efficacy. Specifically, endocytosed siRNA must
escape the endosome to reach the cytoplasm since
this is where mRNA resides.4,7 Due to the difficulty
associated with delivering bare siRNA to cells,
researchers are developing various types of carriers
that can improve the circulation time, nuclease stability,
cellular uptake, and cytoplasmic delivery of siRNA.4,7
Much of the research that aims to improve systemic
siRNA delivery focuses on creating nanoscale carriers
that contribute to favorable behavior in physiological
conditions. These carriers must be carefully designed
with optimal physiochemical properties for efficient
and tumor-specific siRNA delivery. In terms of
size, the particles must be large enough to allow for
sufficient doses of siRNA to be encapsulated within

or attached to the particle surface while remaining
small enough to enter the cell. Typically, nanoparticles
on the order of 20-200 nm in diameter are used to
meet this criterion.9,10 Further, carrier materials must
be chosen rationally to promote endosomal escape
and gene regulation while minimizing toxicity to
noncancerous cells. There are many types of carriers
that are being researched that meet these criteria, each
with advantages and limitations. We describe some of
these below, and we also discuss research occurring at
the University of Delaware in the labs of Dr. Emily
Day, Dr. Millicent Sullivan, and Dr. Thomas Epps III,
who are creating non-viral gene regulatory agents for
enhanced cancer treatment.

One class of agents being investigated for siRNA
delivery is “soft” materials, which include peptides,
polymers, and lipids. For example, cationic cellpenetrating peptides (CPPs), such as TAT and
Transportan, may be electrostatically complexed with
negatively charged siRNA to create particles that are
able to avoid endocytosis by forming pores in the
cell membrane to deliver siRNA to the cytoplasm.10-12
Similarly, positively charged polymers can bind and
condense negatively charged siRNA to protect it from
degradation and facilitate cell uptake by endocytosis
(Figure 2a).10,13 The mechanisms by which cationic
polymer/siRNA complexes escape endosomes remain
poorly understood, but may rely on endosomal
osmotic swelling and subsequent rupture, releasing
the endocytosed cargo into the cytosol.14 Within
this carrier subtype, dendrimers are polymers with
a highly organized branched structure that extends
from a central core molecule, and they offer similar
advantages in siRNA encapsulation and delivery.7
Finally, lipid-based particles such as liposomes
(Figure 2b) and micelles are biocompatible and
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biodegradable, and are currently the furthest along in
clinical development. Positively charged lipid-based
carriers can be tailored to effectively protect siRNA
and promote endosome escape.7 For example, much
recent research has focused on developing ionizable
lipids, which become protonated to carry a net positive
charge only in low pH conditions such as the interior
of endosomes. Upon protonation, these ionizable
lipid-based particles can fuse with the endosomal
membrane to release their cargo into the cytosol and
enable gene silencing.15

At the University of Delaware, Dr. Millicent Sullivan’s
lab is working in collaboration with Dr. Thomas Epps
III’s research group to design novel polymer structures
to successfully deliver siRNA to cells.16-18 For example,
they have developed a block co-polymer (BCP)
formulation that can complex with siRNA and degrade
in response to light to trigger intracellular release
of the siRNA cargo.16 This BCP contains a cationic
polymer region that electrostatically interacts with
the siRNA, a photocleavable region that will cleave
in response to ultraviolet light, and a polyethylene
glycol region to impart stability and biocompatibility.
This carrier is advantageous in that it can bind siRNA
molecules to keep them inactive until they are released
within the cell cytoplasm by triggering the polymer’s
degradation with ultraviolet light. By increasing light
exposure time, the researchers have been able to tune
the levels of mRNA knockdown achieved upon lighttriggered siRNA release from 0 to 86 percent.16 In the
future, the ability to provide cell-specific delivery of
siRNA at specific points in time may enable improved
treatment with reduced off-target effects. However,
in vivo utility of these constructs may require the
polymer design to be tailored to degrade in response to
near-infrared (NIR) light, rather than ultraviolet light,
since NIR light penetrates tissue more deeply than
other wavelengths.19
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The second major class of materials that is being
widely investigated for siRNA delivery is metallic
nanoparticles. Specifically, gold-based nanoparticles
are of great interest due to their biocompatible,
bioinert nature and ease of synthesis.20 Unlike other
materials, which may encapsulate siRNA, most gold
nanoparticles (AuNPs) that are used as siRNA carriers
are designed to display the siRNA on their surface
since AuNPs are not typically porous. siRNA is
typically loaded onto AuNPs by gold-thiol bonding.20
Within this class of materials, spherical nucleic acid
nanoconjugates (SNAs) have recently received much
attention as siRNA delivery vehicles. SNAs consist of
a gold core densely coated with a radially-oriented shell
of siRNA (Figure 2c).21 This conformation promotes
siRNA stability, reduces immunogenicity, and enhances
cellular uptake despite the SNAs having a net negative
charge.22,23 To date, SNAs have been used to suppress
target gene expression in glioblastoma tumors24 and
in non-cancerous applications such as diabetic wound
healing.25 Additionally, SNAs have been found to be
nontoxic in animal trials,24 validating their continued
development as effective siRNA delivery vehicles.
Notably, SNAs targeting Bcl2L12, an oncogene that
inhibits apoptosis, have recently been approved for
human clinical trials in glioblastoma multiforme.26
Preclinical studies performed by Dr. Emily Day,
currently an Assistant Professor at the University of
Delaware, with colleagues at Northwestern University,
showed that SNAs that silence Bcl2L12 reduce the
growth of orthotopic glioblastoma tumors in mice.24
The planned clinical trial will be invaluable for
demonstrating whether the promising effects observed
in murine cancer models are consistent in human
tumors.
In the past five years, research has demonstrated that
there are sequence-specific design rules that must be
considered to develop effective SNAs. For example,
the cellular uptake of SNAs and the stability of siRNA
on SNAs are influenced by the nucleotide content.27,28
Additionally, studies have shown that while SNAs
can enter cells to regulate gene expression, they
are relatively inefficient because a large fraction of
endocytosed SNAs remain trapped in endosomes and
are unable to escape into the cytoplasm to promote
maximum gene silencing.29 Dr. Emily Day’s lab at
the University of Delaware is actively investigating
different methods to trigger SNAs’ endosome
escape, which would increase SNAs’ potency. These
investigations have revealed that coating SNAs with

positively charged polymers such as polyethylenimine improves their endosome escape relative to uncoated SNAs,
and these modified SNAs can enable gene silencing at low particle doses.
Beyond SNAs, a separate class of gold-based siRNA carriers that is being developed by the Day lab and by other
researchers is photothermally active siRNA nanocarriers. These nanocarriers consist of nanoparticles such as
nanorods or silica core/gold shell nanoshells that are densely coated with siRNA. Upon activation with nearinfrared light, these nanoparticles convert the absorbed energy to heat, which both ruptures endosomes and releases
siRNA from the nanoparticles’ surface to enable cytoplasmic siRNA delivery.30-32 The ability to precisely control the
exact timing and location of siRNA delivery with photothermally active nanoparticles holds much potential as a
new area of investigation in the realm of gene regulation.
Overall, siRNA-mediated gene regulation has substantial promise as a treatment for many types of cancer.
Although there are unresolved challenges to effective siRNA delivery, recent research with nanoscale carriers
has demonstrated the ability to overcome these challenges, and we have highlighted a few types of these carriers
here. While some siRNA nanocarriers are now transitioning into clinical trials,26,33 ongoing studies will continue to
optimize material design to improve siRNA delivery to tumors for potent gene silencing. In the future these siRNA
nanocarriers may ultimately be used to improve tumor eradication and extend patient survival.
References

1. Desantis CE, Lin CC, Mariotto AB, et al. Cancer treatment and survivorship statistics, 2014. CA: A Cancer Journal for Clinicians. 2014; 64(4): 252-71.
2. Potti A, Schilsky RL, Nevins JR. Refocusing the war on cancer: The critical role of personalized treatment. Science and Translational Medicine. 2010; 2(28): 1–4.
3. Santiago-Ortiz JL, Schaffer DV. Adeno-associated virus (AAV) vectors in cancer gene therapy. Journal of Controlled Release. 2016; 240: 287-301.
4. Whitehead KA, Langer R, Anderson, DG. Knocking down barriers: advances in siRNA delivery. Nature Reviews Drug Discovery. 2009; 8: 129-139.
5. Yin H, Kanasty RL, Eltoukhy AA, et al.. Non-viral vectors for gene-based therapy. Nature Reviews Genetics. 2014; 15: 541-555.
6. Patil SD, Rhodes DG, Burgess DJ. DNA-based therapeutics and DNA delivery systems: a comprehensive review. Journal of the American Association of Pharmaceutical Scientists. 2005; 7(1):
E61-E77.
7. Wang J, Lu Z, Wientjes MG, Au JL. Delivery of siRNA therapeutics: barriers and carriers. Journal of the American Association of Pharmaceutical Scientists. 2010; 12(4): 492–503.
8. Carthew RW, Sontheimer EJ. Origins and mechanisms of miRNAs and siRNAs. Cell. 2009; 136(4): 642–655.
9. Wu SY, Lopez-Berenstein G., Calin GA, Sood AK. RNAi therapies: drugging the undruggable. Science Translational Medicine. 2014; 6(240): 240ps7.
10. Kanasty R, Dorkin JR, Vegas A, Anderson D. Delivery materials for siRNA therapeutics. Nature Materials. 2013; 12: 967-977.
11. Yoo J, Lee D, Gujrati V, et al. Bioreducible branched poly (modified nona-arginine) cell-penetrating peptide as a novel gene delivery platform. Journal of Controlled Release. 2017; 246: 142–154.
12. Endoh T, Ohtsuki T. Cellular siRNA delivery using cell-penetrating peptides modified for endosomal escape. Advanced Drug Delivery Reviews. 2009; 61(9): 704-709.
13. Gary DJ, Puri N, Won Y. Polymer-based siRNA delivery: Perspectives on the fundamental and phenomenological distinctions from polymer-based DNA delivery. Journal of Controlled Release.
2007; 121: 64-73.
14. Kim HJ, Kim A, Miyata K, Kataoka K. Recent progress in development of siRNA delivery vehicles for cancer therapy. Advanced Drug Delivery Reviews. 2016; 104: 61-77.
15. Goudeau E. Design of ionizable lipids to overcome the limiting step of endosomal escape: application in the intracellular delivery of mRNA, DNA, and siRNA. Journal of Medical Chemistry.
2016; 59: 3046-3062
16. Greco CT, Epps III TH, Sullivan MO. Mechanistic design of polymer nanocarriers to spatiotemporally control gene silencing. ACS Biomaterials Science & Engineering. 2016; 2(9): 1582-1594.
17. Greco CT, Muir VM, Epps III TH, Sullivan MO. Efficient tuning of siRNA dose response by combining mixed polymer nanocarriers with simple kinetic modeling. Acta Biomaterialia. 2017; 50:
407-416.
18. Foster AA, Green MD, Greco CT, et al. Light-mediated activation of siRNA release in diblock copolymer assemblies for controlled gene silencing. Advanced Healthcare Materials. 2014; 4(4):
760-770.
19. Weissleder R, Ntziachristos V. Shedding light onto live molecular targets. Nature Medicine. 2003; 9(1): 123-128.
20. Ding Y, Jiang Z, Saha K, Kim ST. Gold nanoparticles for nucleic acid delivery. Molecular Therapy. 2014; 22(6): 1075-1083.
21. Barnaby SN, Sita TL, Petrosko SH, et al. Therapeutic applications of spherical nucleic acids. In: Nanotechnology-based precision tools for the detection and treatment of cancer. Cancer
Treatment and Research Series. 2015; 166: 23-50.
22. Giljohann DA, Seferos DS, Prigodich AE, et al. Gene regulation with polyvalent siRNA-nanoparticle conjugates. Journal of the American Chemical Society. 2009; 131(6): 2072-2073.
23. Massich MD, Giljohann DA, Schmucker AL, et al. Cellular response of polyvalent oligonucleotide-gold nanoparticle conjugates. ACS Nano. 2010; 4(10): 5641-5646.
24. Jensen SA*, Day ES*, Ko CH*, et al. Spherical nucleic acid nanoparticle conjugates as an RNAi-based therapy for glioblastoma. Science Translational Medicine. 2013; 5(209): 209ra152. *equal
contribution.
25. Randeria PS, Seeger MA, Wang X, et al. siRNA-based spherical nucleic acids reverse impaired wound healing in diabetic mice by ganglioside GM3 synthase knockdown. Proceedings of the
National Academy of Sciences. 2015; 112(18): 5573-5578.
26. Northwestern University. NU-0129 in treating patients with recurrent glioblastoma or gliosarcoma undergoing surgery. In: ClinicalTrials.gov [Internet]; National Library of Medicine: Bethesda
(MD), 2000-[cited 2017 Jan 27]. Available from: https://clinicaltrials.gov/ct2/show/NCT03020017; NLM identifier: NCT03020017
27. Barnaby SN, Lee A, Mirkin CA. Probing the inherent stability of siRNA immobilized on nanoparticle constructs. Proceedings of the National Academy of Sciences. 2014; 111(27): 9739-9744.
28. Choi CH, Hao L, Narayan SP, et al. Mechanism for the endocytosis of spherical nucleic acid nanoparticle conjugates. Proceedings of the National Academy of Sciences. 2013; 110(19): 7625-7630.
29. Wu XA, Choi CHJ, Zhang C, et al. Intracellular fate of spherical nucleic acid nanoparticle conjugates. Journal of the American Chemical Society. 2014; 136: 7726-7733.
30. Braun GB, Pallaoro A, Wu G, et al. Laser-activated gene silencing via gold nanoshell-siRNA conjugates. ACS Nano. 2009; 3(7): 2007-2015.
31. Wang B, Yu X, Wang J, et al. Gold-nanorods-siRNA nanoplex for improved photothermal therapy by gene silencing. Biomaterials. 2016; 78: 27-39.
32. Huschka R, Barhoumi A, Liu Q, et al. Gene silencing by gold nanoshell-mediated delivery and laser-triggered release of antisense oligonucleotide and siRNA. ACS Nano. 2012; 6(9): 7681-7691.
33. Chen J, Guo Z, Tian H, Chen X. Production and clinical development of nanoparticles for gene delivery. Molecular Therapy-Methods and Clinical Development. 2016; 3: 16023.
Figures and Figure Captions
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Figure 1. Schematic depicting the process of
RNA interference therapy. Ordinarily, DNA is
transcribed into mRNA, which is then translated
into protein. In RNA interference therapy, siRNA
delivered into cells complexes with the RNAinduced silencing complex (RISC) and guides it to
perfectly complementary mRNA molecules in the
cell cytoplasm, which are subsequently degraded,
thereby halting protein production. Using RNA
interference to silence the expression of diseasepromoting genes has substantial promise as a
cancer treatment strategy.
Figure 2. Examples of the types of nanoparticles
used for siRNA delivery. (A) Polymers (light blue)
can complex with and encapsulate siRNA (dark
blue/red). Additionally, polymeric nanocarriers
can be coated with stealthing agents such as
polyethylene glycol (PEG, black) to enhance their stability and extend their circulation time in the blood. (B)
Lipsomal siRNA carriers consist of lipid bilayers that enclose siRNA inside the particle. (C) Spherical nucleic acids
(SNAs) consist of gold nanoparticles densely coated with siRNA that is radially oriented away from the particle
surface. SNAs are also coated with PEG for stability.
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