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Abstract

Due to their ability to effectively downregulate the expression of target genes, small interfering
RNA (siRNA) have emerged as promising candidates for precision medicine in cancer. Although
some siRNA-based treatments have advanced to clinical trials, challenges such as poor stability
during circulation, and less than optimal pharmacokinetics and biodistribution of siRNA in vivo
present barriers to the systemic delivery of siRNA. In recent years, theranostic nanomedicine
integrating siRNA delivery has attracted significant attention for precision medicine. Theranostic
nanomedicine takes advantage of the high capacity of nanoplatforms to ferry cargo with imaging
and therapeutic capabilities. These theranostic nanoplatforms have the potential to play a major
role in gene specific treatments. Here we have reviewed recent advances in the use of theranostic
nanoplatforms to deliver siRNA, and discussed the opportunities as well as challenges associated
with this exciting technology.
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1| INTRODUCTION

1.1 | RNA interference and gene silencing by siRNA

Small interfering RNA (siRNA) as effector molecules of RNA interference (RNAI) are
sequence-specific gene-silencing agents that have significantly expanded the specificity and
range of “druggable” targets. The ability to downregulate genes brings every gene associated
with a disease within reach of treatment strategies. In cancer this would include
downregulating oncogenic pathways, multidrug resistance pathways, or repair enzymes, to
increase the efficiency of chemo- or radiation therapy.

In RNAI, RNA molecules neutralize targeted mRNA molecules to inhibit gene expression or
translation (as shown in Figure 1). Three types of small noncoding RNAs (shcRNAS),
microRNAs (miRNAs), siRNAs, and PIWI-interacting RNA (piRNA) can cause RNA..
Although their physicochemical properties are similar, they have distinct functions. All of
the sncRNAs are short RNA duplexes that target mMRNA to produce gene silencing at the
posttranscriptional level, but with distinctly different mechanisms of action. siRNA
specifically binds to target mMRNA that have a perfectly matching sequence. miRNA, on the
other hand, has multiple targets and can inhibit translation of many different mMRNA
sequences owing to imperfect pairing. The deregulation of miRNAs in disease conditions
can be harnessed for treatment by either miRNA replacement therapy using miRNA mimics,
or by inhibiting miRNA function with anti-miRs. miRNA mimics and anti-miRs have shown
promise in preclinical studies, with several miRNA-targeted therapeutics being evaluated in
clinical trials (Lam, Chow, Zhang, & Leung, 2015). miRNA therapeutics are being
investigated in the treatment of cancer, hepatitis C infection, cardiovascular disease,
atherosclerosis, diabetes, and scleroderma. While both miRNA and siRNA are processed
from a double stranded precursor by ubiquitously expressed argonaute proteins (AGO) to
yield 20-22 nucleotide small RNA that are Dicer-dependent, piRNA is processed from a
single stranded precursor by PIWI proteins to yield 24-31 nucleotide small RNA that are
Dicer-independent. piRNA also possesses 2-O-methyl modification sites at the 3 terminus.
As novel classes of therapeutic agents, both sSiRNA and miRNA have been successfully used
to demonstrate therapeutic efficacy. The development of siRNA-based therapies is, however,
advancing more rapidly than miRNA-based therapies because of the multiple genes that can
be targeted by miRNA and the uncertainties of their complex roles in RNAi (Lam et al.,
2015). Therefore, here we have focused on siRNA-based therapies.

The role of siRNA in posttranscriptional gene silencing was first discovered in plants
(Hamilton & Baulcombe, 1999). In subsequent proof-of-principle studies, synthetic SiRNA
was shown to achieve sequence-specific gene knockdown in a mammalian cell line
(Elbashir, Harborth, et al., 2001). Since then, considerable efforts have focused on
developing siRNA therapeutics to treat various diseases including viral infections and
cancer. siRNAs are dsSRNA molecules of 21-23 base pairs in length designed to specifically
silence expression of target genes, with each strand of siRNA bearing a5’ phosphate and 3’
hydroxyl group, paired in a way that leaves two-nucleotide overhangs at the 3" end
(Elbashir, Martinez, Patkaniowska, Lendeckel, & Tuschl, 2001; Zamore, Tuschl, Sharp, &
Bartel, 2000). With the potential to inhibit specific gene targets to maximize antitumor
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efficacy with minimized toxicity, anticancer effects have been demonstrated in animal
models (Burnett & Rossi, 2012; Sepp-Lorenzino & Ruddy, 2008). siRNA-based therapeutics
are also being evaluated in clinical trials (Herrera, Colby, Ruiz-Opazo, Coleman, &
Grinstaff, 2018).

Challenges with siRNA-based cancer therapeutics

The major challenges in siRNA therapeutics are effective delivery and cellular uptake. Due
to their small size and anionic nature, siRNA is easily filtered from the glomerulus with
rapid renal excretion (Juliano, Alam, Dixit, & Kang, 2008), resulting in a decrease of
circulating siRNA reaching the target tissue. Rapid renal excretion kinetics, together with
degradation by nucleases in serum, result in a short half-life of 15 min to 1 hr of naked
siRNA in circulation, posing significant limitations in the use of naked siRNA for therapy
(Bartlett & Davis, 2007; Volkov et al., 2009). Additional roadblocks involve siRNA moving
across the cell membrane into endosomes, and across the endosomal membrane into the
cytosol, to form the RISC. Because of their size of ~13 kDa and negative charge, naked
SiRNA are unable to cross cell membranes, relying on endocytosis for cellular uptake.
Ineffective release from endosomes following endocytosis is another limitation of sSiRNA
delivery for therapy (J. Wang, Lu, Wientjes, & Au, 2010).

Although initial studies described siRNA as specific and nonimmunogenic (Amarzguioui,
Holen, Babaie, & Prydz, 2003; Caplen, Parrish, Imani, Fire, & Morgan, 2001; Holen,
Amarzguioui, Wiiger, Babaie, & Prydz, 2002), with minimal toxicity and side effects, more
recent data suggest that siRNA produce sequence-specific off-target effects (Jackson et al.,
2003, 2006) and activate the innate immune system (Judge, Bola, Lee, & MacLachlan, 2006;
Kleinman et al., 2008), in addition to inducing interferon expression (Sledz, Holko, de \eer,
Silverman, & Williams, 2003) and the production of proinflammatory cytokines via TLR 7
or TLR 8 (Hornung et al., 2005; Judge et al., 2005).

These limitations with the use of naked siRNA are increasingly being solved with the use of
novel nanotechnology approaches for siRNA based nanomedicine, as outlined in the
following sections.

Theranostic nanomedicine integrating siRNA

Nanomedicine, defined as the medical application of nanotechnology applied to diagnosis,
treatment, monitoring, and control of biological systems, is a revolutionary interdisciplinary
technology (Wagner, Dullaart, Bock, & Zweck, 2006). Nanomedicine integrates
multidisciplinary fields, including physics, chemistry, engineering, biology, and medical
science. Nanomedicine is increasingly recognized as a key technology in providing
innovative solutions to address challenges in medicine (Pita, Enmann, & Papaluca, 2016;
Tinkle et al., 2014).

Research in nanomedicine has led to the development of a wide range of products including
therapeutics, diagnostic imaging agents, in vitro diagnostics, and medical devices. More than
50 nanomedicine products have been approved for use in clinical practice, and over 60
nanomedicine products are being investigated in clinical trials (\entola, 2017).
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Nanoparticles (NPs) play an integral role in nanomedicine. NPs are generally defined as any
particulate material for which at least one dimension is in the range of 1-100 nm (G. Y.
Chen, Roy, Yang, & Prasad, 2016). Compared to traditional medicine, nanomedicine has
unique advantages and applications that have facilitated the treatment of various diseases
(Minchinton & Tannock, 2006; Wicki, Witzigmann, Balasubramanian, & Huwyler, 2015;
Zhang et al., 2012). These include improving the solubility and stability of chemical drugs,
reducing the rate of drug biodegradation and excretion, improving the biodistribution and
specificity of drugs, and facilitating controlled drug release in targeted tissues.

Nanomedicine is increasingly being combined with theranostics to integrate diagnosis and
therapy into a single nanoplatform for image-guided therapy, and to evaluate treatment
outcome (Figure 2). Integrating siRNA delivery into theranostic nanomedicine provides a
real possibility of precision medicine in cancer and other diseases.

2| IMAGING MODALITIES IN siRNA Theranostic nanomedicine

Imaging plays a critical role in theranostics by detecting the delivery of the NPs and in some
instances evaluating treatment outcome. Several imaging modalities such as magnetic
resonance imaging (MRI), ultrasound (US), optical imaging including bioluminescence and
fluorescence imaging, single photon emission computed tomography (SPECT), and positron
emission tomography (PET) are being integrated into SiRNA theranostic nanomedicine by
incorporating the relevant imaging reporter into the NP (Massoud & Gambhir, 2003) (Figure
3). The choice of the imaging modality depends on the required application. Each imaging
modality has advantages and limitations. Increasingly two or more imaging reporters and
modalities are combined in theranostics. Here we have provided a brief outline of the
different imaging modalities and reporters that are available for theranostic nanomedicine.

2.1| Optical imaging
The abundant choice of optical dyes, easy labeling, ability to perform microscopy of cells
and tissues, excellent sensitivity, and lower reagent costs make optical imaging useful for
preclinical studies. With a tissue penetration depth of a few centimeter (Frangioni, 2003),
optical imaging can be applied to whole-body real-time monitoring of NP delivery in small
animals. The relatively low energy of excitation and emission, ranging from visible to near-
infrared (NIR) (390-900 nm), makes it relatively safe. Unfortunately, this also limits tissue
penetration to ~2 cm, and makes it susceptible to noise from photon scattering and
background signal (Debbage & Jaschke, 2008; Park et al., 2009).

Traditional small organic fluorescence chromophore molecules such as the cyanine dyes
Cy3 and Cy5 are still widely used in optical imaging, because they are easy to modify and
conjugate. They can be conjugated directly to siRNA or to the siRNA carrier to monitor the
distribution and metabolism of siRNA theranostic agents (Tambe, Kumar, Karpe, Paknikar,
& Gajbhiye, 2017; Vlaho, Fakhoury, & Damha, 2018; L. L. Wang, Sloand, et al., 2017). To
achieve deeper tissue penetration, near-infrared fluorescent (NIRF) agents with emission in
the range of 650-900 nm are frequently used.
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Fluorescent nanomaterials, such as quantum dots (QDs) (A. A. Chen, Derfus, Khetani, &
Bhatia, 2005), carbon dots (C-dots) (J. Wang et al., 2015), and up-converting NPs (UCNPSs)
(Song et al., 2017) such as fluorescence or luminescence chromophores have also attracted
interest. The absorption and emission wavelengths of QDs can be adjusted by changing the
size of the QDs. Because QDs have a broad absorption band and a relatively narrow
emission band, they can be excited by one wavelength but produce emission at several
narrow wavelengths allowing multiplexed use of QDs with different sizes (Medintz, Uyeda,
Goldman, & Mattoussi, 2005).

C-dots, first discovered in 2004 during the separation and purification of single-walled
carbon nanotubes, are also part of the fluorescent material family (X. Y. Xu et al., 2004).
Compared with traditional heavy metal based QDs, C-dots demonstrate low toxicity, high
biocompatibility, and can be easily modified due to the abundant carboxyl moieties on their
surface.

UCNPs are a promising new generation of imaging agents for theranostic nanomedicine.
Most optical imaging agents are excited at short wavelengths to emit fluorescence at long
wavelength. UCNPs can absorb two or more photons, converting these low-energy excitation
photons into an emission photon with high-energy (Haase & Schafer, 2011).

Magnetic resonance imaging

MR is a highly versatile imaging technique that is widely used in diagnostic medicine and
biomedical research as a noninvasive, nonionizing imaging modality. MRI can provide
detailed anatomic, functional, and molecular information from anywhere in the body but is
limited by sensitivity. Because water is so abundant in tissues (~50 M concentration),
imaging the water signal using *H MRI provides exquisitely high resolution images.
Contrast agents that modify the T1 or T2 relaxation time of the water signal can be used to
detect the delivery of theranostic nanoplatforms. T1 contrast agents are typically
paramagnetic metal ion complexes, such as gadolinium and manganese, that shorten T1.
These agents have been used in MRI detectable nanoplatforms delivering siRNA (C. Li,
Penet, Winnard, Artemov, & Bhujwalla, 2008). Nanomaterials based on magnetite (Fe3Oy),
maghemite (7y-Fe,03), and hematite (a-Fe;O3), have been used as T2 contrast agents
because they induce magnetic inhomogeneities that influence T2 relaxation (P. Wang &
Moore, 2016; Yigit et al., 2011).

Radionuclide-based imaging

A major advantage of radionuclide imaging is high sensitivity, so that trace amounts of the
radionuclides can be used. SPECT and PET are the most common radionuclide-based
imaging modalities used in theranostic nanomedicine. Both PET and SPECT are used in
theranostic imaging because of excellent penetration depth in tissues and high sensitivity for
whole-body imaging. For PET imaging, 18F (#/, = 109.8 min) and 84Cu (#,, = 12.7 h) are
the most commonly used radioactive isotopes. With SPECT imaging, relatively long half-
lived isotopes, such as 111In (#, = 3 days), 9°mTc (&, = 6 hr), 1231 (#/, = 13 hr), and 13|
(4 = 8 days), are typically used as radioactive tracers to label theranostic NPs. Because of
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the limited spatial resolution of radionuclide imaging, CT images overlaid with the PET or
SPECT images are used to provide anatomic details.

Ultrasound

Low cost, safety, and ease of use make US a widely used imaging modality, especially in the
clinical setting. US contrast agents such as microbubbles (Florinas, Kim, Nam, Janat-
Amsbury, & Kim, 2014; Vandenbroucke, Lentacker, Demeester, De Smedt, & Sanders,
2008), nanodroplets (Cheng et al., 2013), nanobubbles (Horie, Watanabe, Ono, Mori, &
Kodama, 2011), and liposomes (T.H. Yin et al., 2014), are increasingly being incorporated
into siRNA theranostics.

RECENT ADVANCES IN NON-VIRAL DELIVERY VECTORS FOR siRNA
DELIVERY

To achieve effective sSiRNA delivery, various nanomaterials have been developed as carriers.
Here we have briefly outlined some of the nanomaterials typically used for sSiRNA delivery.

Cationic polymeric NPs

Cationic polymers are traditionally used for siRNA delivery because they carry positively
charged amine functional groups that can be used to electrostatically bind siRNA. Due to
low cost, easy modification, and the availability of several functional groups for conjugation,
these nanomaterials continue to be widely used in the development of siRNA nanomedicine.
Structures of commonly used cationic polymers are listed in Figure 4.

3.1.1| Synthetic cationic polyamines—Synthetic polyamines have been widely
applied in siRNA delivery. Polyethyleneimine (PEI) is one of the most widely studied
polyamines used as a vehicle for siRNA delivery. PEI is comprised of repeating
ethyleneimine groups, with the amine groups providing a high positive charge density for
electrostatic binding with siRNA. PEI is thought to act as a proton sponge that potentially
induces rupture of the endosomal membrane, resulting in the release of the PEI/SIRNA
complex into the cytoplasm.

Several systemic toxicities have been associated with PEI including induction of
inflammation, liver necrosis, activation of lung endothelium, and adhesion of aggregated
platelets (Di Gioia & Conese, 2009). Shielding PEI with compounds such as polyethylene
glycol (PEG) can significantly reduce this toxicity, and increase the solubility of the
nanoplatforms (Di Gioia et al., 2008).

As an example, PEI was incorporated into a prostate specific membrane antigen (PSMA)-
targeted nanoplatform with a poly-L-lysine backbone, carrying multimodality imaging
reporters together with siRNA or cDNA and a prodrug enzyme for cancer theranostic
imaging (Figure 5) (Z. Chen, Penet, et al., 2016; Z. Chen et al., 2012). PEG chains were
conjugated to the PEI to shield part of the positive charge and reduce toxicity. The prodrug
enzyme used was a drug-activating enzyme, cytosine deaminase, that converted a nontoxic
prodrug 5-fluorocytosine to the chemotherapy agent 5-fluorouracil that was detected by 19F
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MRS. The ability to image the delivery of the prodrug enzyme was exploited to time
prodrug administration to minimize damage to normal tissue. The nanoplatform carried
siRNA to downregulate choline kinase (Chk) that is significantly upregulated in aggressive
cancer cells. Chk downregulation was detected by the reduction of total choline using *H
MRS. The nanoplex was detected with SPECT imaging of In-111, since the sensitivity of
MRI was not sufficient to detect the PSMA bound nanoplex (Figure 5). Delivery of siRNA
downregulating a metabolic enzyme such as Chk provided a proof-of-principle example of
metabolotheranostics, using cancer-cell specific image-guided delivery of the theranostic
probe, and detecting the metabolic effects on the target enzyme (Bhujwalla et al., 2018).

In a recent study, a reactive oxygen species-biodegradable siRNA nanocarrier, which was a
boronic ester diene cross-linked branched low molecular weight PEI (1,2 kDa) with the
modification of substance P peptide as the tumor targeting ligand was used to deliver a
Cy5.5 labeled pololike kinase 1 siRNA (Ruan et al., 2018). in vivo fluorescence optical
imaging of Cy5.5 labeled siRNA indicated that nanocarrier delivered siRNA efficiently in
MDA-MB-231/luci tumors, inducing apoptosis and suppressing tumor growth.

Polyamines can also be used to build nanoplatforms with other macromolecules. For
instance, low molecular weight PEI was used to modify mesoporous silica NPs coupled to
the antihuman epidermal growth factor receptor type 2 (HER2) monoclonal antibody, to
deliver HER2 siRNA in a HER2+ breast cancer model (Ngamcherdtrakul et al., 2015). PEIs
have also been used to coat Fe30,4 NPs to deliver therapeutic repressor element 1-silencing
transcription factor (REST) siRNA against glioblastoma cells (R. Wang et al., 2018).

3.1.2| Dendrimers—Because synthetic polyamines are multidisperse polymers with
variable molecular weight and three-dimensional structure, it is difficult to control the
quality and reproducibility of nanoplatforms that use synthetic polyamines. In contrast,
dendrimers are excellent monodisperse macromolecules with accurate molecular weights
and regular branched three-dimensional structure produced in an iterative sequence of
reaction steps that can be applied to increase the generation number by repeated attachment
of chemical groups. This highly symmetric, spherical, hyperbranched structure of
dendrimers makes it possible to tune the structure, molecular size, and surface charge. The
high density of functional groups on the surface allows further modification or conjugation,
making dendrimers excellent polymer candidates for SiRNA delivery (Biswas & Torchilin,
2013; Gao, Gao, He, Liu, & Qi, 2008).

Arginine-terminated triethanolamine (TEA)-core PAMAM dendrimers have been developed
to exploit the cell penetrating property of arginine. Generation 4 dendrimers (G4Arg)
showed improved cell uptake of SIRNA in comparison to non-arginine conjugated TEA-core
PAMAM dendrimers and induced gene silencing and anticancer effects in prostate cancer
models both in vitro and in vivo (C. Liu, Liu, et al., 2014). An siRNA nanoplatform based
on PAMAM dendrimers functionalized with triptorelin, a luteinizing hormone releasing
hormone receptor (LHRH) binding analog, was used to deliver siRNA to LHRH
overexpressing breast (MCF-7) and prostate (LNCaP) cancer cells. in vitro imaging studies
demonstrated that cellular uptake of Cy5.5 conjugated targeted PAMAM dendrimers in both
cancer cell lines was higher than nontargeted PAMAM dendrimers; Cy3-tagged siRNA was
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delivered to cancer cells through the endolysosomal pathway and effectively escaped from
the endosomes. Receptor blockade studies confirmed the specificity against the LHRH
receptor (Tambe et al., 2017).

G5 PAMAM dendrimers were applied to modify selenium NPs (SeNPs). The PAMAM-
SeNPs delivered mdrl siRNA and cisplatin (cis-diamminedichloroplatinum-(11), DDP). The
siRNA transfection led to enhanced cytotoxicity in A549/DDP cells through induction of
apoptosis involving the AKT and ERK signaling pathways. Loading of SeNPs with DDP
prevented cell detoxification. Furthermore, this sSiRNA nanomedicine demonstrated
significant antitumor effect in tumor-bearing nude mice, with no appreciable toxicity in the
major organs (W. J. Zheng, Cao, et al., 2015). PAMAM dendrimer-modified MoS,
nanoflakes that combine siRNA delivery with photothermal therapy (PTT) treatment have
also been described. Due to high photothermal conversion efficacy, and good
biocompatibility, MoS, nanoflakes have been used as photothermal agents. These MoS,
nanoflakes were modified with G5 PAMAM dendrimers functionalized with lipoic acid for
combined B-cell lymphoma-2 (Bcl-2) siRNA delivery and PTT of cancer cells in 4T1 mouse
breast cancer cells. The G5-MoS, nanoflakes displayed good colloidal stability and superior
photothermal conversion efficiency and photothermal stability. The combination treatment
of G5-Mo0S,/Bcl-2 siRNA under laser irradiation was more effective than PTT or siRNA
treatment alone (Kong, Xing, Zhou, Du, & Shi, 2017).

3.1.3| Polysaccharides—As natural products with high biocompatibility,
polysaccharides are important as carriers for SIRNA theranostics. Polysaccharide polymers
include chitosan, hyaluronan, and dextran (Figure 6).

Chitosans are a family of cationic linear biopolymers composed of 3(1-4)-linked N-acetyl
glucosamine and D-glucosamine, produced by partial deacetylation of chitin from
crustacean exoskeleton or the cell wall of fungi (Holzerny et al., 2012). Due to low
cytotoxicity, low immunogenicity and biodegradability (Garcia-Fuentes & Alonso, 2012;
Mao, Sun, & Kissel, 2010), chitosans are popular for siRNA delivery (Z. H. Liu, Jiao, Wang,
Zhou, & Zhang, 2008). Additional advantages are the degrees of deacetylation (DDA), the
fraction of protonatable amines, and the ability to adjust the molecular weight to improve
SiRNA delivery. At pH under 6.5, the amino groups of chitosan are protonated to form
nanosized polyelectrolyte complexes that bind with siRNA through electrostatic interaction.
Recently a library of chitosans with different DDA and average molecular weights have been
developed to investigate the parameters that result in effective siRNA delivery (Alameh et
al., 2018). In these studies, the influence of molecular weight and N:P ratio on NP uptake,
metabolic activity, genotoxicity, and in vitro transfection were characterized.
Hemocompatibility and in vivo biodistribution were performed in vivo with different
molecular weights, N:P ratios, and doses. The results indicated that uptake of sSiRNA/
chitosan nanoplatforms and gene silencing correlated with increased surface charge at high
DDA and high average molecular weight. in vivo biodistribution in mice showed renal
accumulation of NPs with 40-50% functional knockdown of GAPDH with siRNA.

Several studies have reported on siRNA theranostics based on chitosan. A pH-sensitive
polymer of PEG grafted carboxymethyl chitosan (PEG-CMCS) with calcium phosphate
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(CaP) was used to develop NPs with a charge of around —8.25 mV and average diameter of
102.1 nm for siRNA delivery, with pH-responsive disassembly of NPs and dissolution of
CaP in the endosome. These NPs were endocytosed by HepG2 cells with effective
endosomal siRNA release, resulting in efficient " TERT siRNA transfection that induced
significant apoptosis of HepG2 cells in culture. In vivo, the enhanced permeability retention
(EPR) effect resulted in the NPs specifically accumulating in tumor regions for efficient and
specific hTERT silencing that inhibited tumor growth in HepG2 tumor xenografts (Xie et al.,
2014). In another example, P-glycoprotein (P-gp)-targeted poly-siRNA (psi-Pgp) was
incorporated in thiolated glycol chitosan polymers (tGC) to form stable NPs (psi-Pgp-tGC
NPs) that down-regulated P-gp expression in adriamycin-resistant breast cancer cells
(MCF-7/ADR) and tumors, significantly inhibiting tumor growth without causing systemic
toxicity. Here, FPR-675-labeled psi-Pgp was used for in vivo NIRF imaging to monitor the
distribution of NPs (Yhee et al., 2015).

Hyaluronic acid (HA), which is produced by microbial fermentation, is another
polysaccharide useful for siRNA theranostics due to its hydrophilicity, biocompatibility,
biodegradability and nonimmunogenicity (Oh et al., 2010). It is a non-sulfated
glycosaminoglycan (GAG), composed of alternating disaccharide units of N-acetyl-D-
glucosamine (GIcNAc) and D-glucuronic acid (GIcA), linked by alternating p—1,4
glycosidic bonds and p-1,3 glucuronidic bonds (Lapcik, Lapcik, De Smedt, Demeester, &
Chabrecek, 1998). Due to its negative charge, HA is mostly used as an additive to existing
SiRNA carriers to endow the latter with advantages such as reducing nonspecific interactions
with serum protein. Anionic HA can be electrostatically complexed with cationic polymers
and nucleic acids to form polyelectrolyte complexes by supramolecular self-assembly.

siRNA can also be condensed by CaP via electrostatic interaction to form a positively
charged inner core. Polysaccharide derived thiolated hyaluronic acid (HA-SH) NPs have
been developed for smart redox-responsive delivery. HA-ss-HA produced by cross-linking
HA-SH through disulfide bonds was coated on the positively charged siRNA/CaP core to
form stable siRNA carrying NPs for delivery in vitro and in vivo. The redox intracellular
environment cleaved the disulfide bonds to release siRNA into the cytosol. These NPs
achieved an 80% downregulation of luciferase and Bcl2 in cells in culture. in vivo
bioluminescent imaging demonstrated effective downregulation of luciferase and growth
reduction of B16F10 xenografts in mice (Zhou et al., 2017).

HA was used to construct a novel siRNA delivery system. At first, cationic liposomes were
composed by azide-modified cholesterol (Chol-N3) with a natural soy phosphatidylcholine
(SPC) and a reduction-cleavable cationic lipid (LHSSG2C14) with redox responsiveness.
Although cationic lipid-based complexes can load siRNA with high capacity through
electrostatic interaction, toxicity and poor stability in blood limit their use. HA was
conjugated to a cationic complex via a click chemistry reaction of the N3 group of Chol-N3
to shield the positive charge of the complex. The resulting NP contained a cationic liposome
carrying siRNA and an anionic HA shell to reduce toxicity. HA can be intracellularly
degraded by hyaluronidase (HAase) to remove the HA shell and expose the liposome core,
followed by glutathione (GSH) in the cytoplasm cleaving the disulfide bond in LHSSG2C14
resulting in degradation of the liposome core, with siRNA release. An in vivo study imaging
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Cy5.5 labeled siRNA demonstrated effective sSiRNA delivery in tumors, with this lipid-
polymer hybrid NP providing greater in vivo stability during circulation for efficient tumor
targeting, with a safe, stable, and functionalized siRNA delivery system (Q. Sun, Kang, et
al., 2015). In another strategy, sSiRNA to downregulate the angiogenic gene PLXDC1 was
incorporated into chitosan NPs (CH-NP/siRNA) via electrostatic interaction. The NPs were
coated with HA to target the CD44 receptor on tumor endothelial cells, and shield the partial
positive charge of chitosan to reduce toxicity. The final sSiIRNA NP was 200 + 10 nm in size
with a zeta potential of 26.4 mV. in vivo imaging studies with Cy5 labeled siRNA indicated
that the specific binding of these NPs to CD44-positive tumor endothelial cells increased by
2.1-fold compared to NPs without HA, with significantly reduced mRNA expression of
PLXDC1, increased cell apoptosis, reduced microvessel density, and inhibition of tumor
growth in A2780 tumor-bearing mice (G. H. Kim et al., 2018).

Dextran is a water-soluble polysaccharide consisting of a—1,6-linked glucopyranose units
with small 1,3-branching units. It is produced by bacteria such as lactobacillus, leuconostoc,
and streptococcus (Van Tomme & Hennink, 2007). With a high biocompatibility and low
molecular weight, dextran has found applications as a plasma volume expander to improve
peripheral blood flow in humans (Mehvar, 2000). Because of its hydrophilic character,
biocompatibility, and biodegradability, dextran has attracted significant interest as a drug
delivery biopolymer.

Unlike cationic chitosan and anionic HA, dextran is a neutral polysaccharide and cannot be
used to deliver siRNA directly. To develop it as an siRNA carrier, it is combined with other
cationic polymers such as branched PEI (Parmar, Bahadur, Lobenberg, & Uludag, 2018),
and chitosan (Alinejad et al., 2016). It can also be used to construct NPs with a positively
charged inorganic core, or converted to a nanogel or caged NP to encapsulate siRNA for
delivery (C. M. Chen et al., 2019; Mirza & Siddiqui, 2014). Dextran can also be directly
imaged using chemical exchange saturation transfer MRI (CEST MRI) (Han et al., 2019; G.
S. Liu, Banerjee, et al., 2017).

To maximize the biocompatibility and safety of dextran-based siRNA NPs, attaching
cleavable positively charged functional group to dextran provides an excellent solution.
Acetal bonds can be used to attach amine groups on a dextran platform that are cleaved
under weak acid conditions (Bachelder, Beaudette, Broaders, Dashe, & Frechet, 2008). The
amine groups can electrostatically bind siRNA for delivery as shown for Chk- siRNA in
MDA-MB-231 breast cancer cells, that resulted in a significant decrease of Chk expression
(Z. H. Chen, Krishnamachary, & Bhujwalla, 2016). This approach was further modified to
attach targeting moieties and imaging reporters as shown in Figure 7, where a multiple
imaging reporter labeled cationic dextran nanopolymer with cleavable positive charge
groups was developed for cyclooxygenase (COX-2) siRNA delivery (Z. H. Chen et al.,
2018). COX-2 is a major mediator of inflammation and its effective and specific
downregulation has been of major interest to treat conditions ranging from auto-immune
diseases to gastric inflammation and cancer. Small molecules containing amine groups were
conjugated to the dextran scaffold through acetal bonds that were cleaved in weak acid
conditions. With multiple imaging reporters located on different regions of the nanopolymer,
cleavage of acetal bonds was visualized and quantified by imaging, for the first time, in
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cancer cells and tumors. The biocompatibility of dextran and the rapid cleavage and release
of amine groups minimized proinflammatory side effects and COX-2 induction observed
with other siRNA carriers, to successfully achieve COX-2 downregulation in cancer cells
and tumors. Imaging results confirmed that this NP, consisting of the dextran nanopolymer
with COX-2 siRNA, accumulated in tumors, and the amine functional groups were rapidly
cleaved in cancer cells and tumors. Along with effective downregulation of COX-2, effective
downregulation of its major product prostaglandin E2 (PGE2) was demonstrated.

3.2 | Lipid based siRNA delivery

Due to their high biocompatibility, lipid based nanomaterials, such as liposomes and
micelles (Figure 8), have been extensively used for siRNA delivery including in clinical
trials.

3.2.1| Liposome based siRNA theranostics—Liposomes have been used to deliver
a wide-range of therapeutic cargo (Petros & DeSimone, 2010), including chemotherapy
drugs, oligonucleotides, DNA, and siRNA. Liposomes are small bilayer vesicles generally
comprised of phospholipids or cholesterol that can be used to encapsulate a therapeutic
component. Phospholipids are amphiphilic molecules with a hydrophilic head and a
hydrophobic tail that result in the formation of a phospholipid bilayer with the hydrophobic
tails attached to each other within the bilayer, and the hydrophilic heads facing water on
both sides. Because liposomes are comprised of natural phospholipids or their derivatives,
they are safe and effective carriers in humans. As a result most siRNA carriers in clinical
trials are liposome based. The drawbacks include low drug loading efficiency, batch-to-batch
variation in manufacturing, and poor stability (Torchilin, 2005; Voinea & Simionescu, 2002).
To overcome opsonization by the immune system and fast elimination from blood
circulation, stealth liposomes that is, PEG-coated liposomes, have been formulated with
higher stability and longer half-life in blood.

Cationic liposomes have shown great potential in efficient sSiRNA delivery. A library of 21
cationic lipids containing tertiary amine groups (TA) that exhibit a relatively low
physiological toxicity compared with primary amines has been synthesized. Lipids with a
tertiary amine TA13 as its headgroup and DOPE as the tailgroup were identified as a safe
and effective vector for siRNA delivery in cancer cells and normal mice (Lin et al., 2019). A
series of novel tri-peptide cationic lipids have been synthesized that have tri-lysine and tri-
ornithine as headgroups to reduce toxicity and a 12 or 14 carbon atom carbamate group as a
linker to facilitate SIRNA delivery (Zhao et al., 2015). Liposomes with tri-ornithine and 14
carbon atom tails demonstrated better transfection compared to other lipids (Y. Zhu et al.,
2019). in vivo fluorescence imaging indicated that this cationic peptide liposome delivered
SiRNA to silence luciferase in Luc-A549 tumor, and IGF-1R-siRNA to inhibit tumor growth
and induce apoptosis. Although pulmonary inflammation and liver injury were detected at
high doses, it exhibited lower toxicity than liposomes with tertiary amine groups at low
doses. A hypoxia-responsive ionizable liposome was designed and tested to deliver sSiRNA at
hypoxic and low-pH conditions. Malate dehydrogenase lipid molecules containing
nitroimidazole groups were synthesized as hydrophobic tails, and tertiary amines as
hydrophilic head groups. Nitroimidazoles were converted to aminoimidazole with a positive
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charge in hypoxic conditions in tumors. Because of additional positive charges of
aminoimidazole induced by hypoxia, these liposomes could encapsulate and deliver polo-
like kinase 1 siRNA (siPLK1) into glioma cells, as detected in vivo by Cy5.5 fluorescence
imaging, and glioma tumor. Observations over 27 days by in vivo imaging indicated
inhibition of tumor growth by siRNA (H. M. Liu, Zhang, et al., 2017).

Several studies have described successful strategies to develop targeted liposomes, such as a
PEGylated cationic liposome with an aptamer AS1411 that showed specific binding to
nucleolin that is overexpressed on the surface of cancer cells. This nucleolin-targeting
liposome was used to deliver anti-BRAF siRNA (siBraf) to treat an A375 melanoma model.
Imaging of Cy5.5 labeled siRNA demonstrated tumor specific delivery despite some renal
accumulation, and tumor growth inhibition. Downregulation of BRAF was detected by real-
time PCR and western blot analysis (L. Li et al., 2014). In another study, targeted liposomes
were used to deliver siRNA to tumor endothelial cells. Cyclo (Arg-Gly-Asp-D-Phe-Lys)
(cRGD), which is a ligand of the a VB3 integrin expressed at high levels in tumor
endothelial cells, was used as a targeting moiety conjugated to a unique pH-sensitive
cationic liposome (MEND). Treatment with RGD targeted liposomes resulted in a
significant reduction of CD31 in tumor endothelial cells but not in endothelial cells of other
organs, as well as a decrease of tumor growth after three sequential RGD-MEND/CD31
SiRNA injections (Sakurai et al., 2014). An siRNA liposome delivery system combining the
asparagine-glycine-arginine (NGR) peptide as a CD31 targeting motif, and a photolabile-
caged cell-penetrating peptide (pcCPP) was developed to effectively deliver siRNA. 4,5-
Dimethoxy-2-nitrobenzyl group was used as a NIR two-photon excitation (2PE) responsive
caged compound induced on the side chains of lysine in the sequence of CPP
(CGRRMKWKK) to enhance the delivery of molecules into cells. With NIR irradiation,
inactive pcCPP was converted to activated CPP to facilitate cell transduction and to
efficiently deliver siRNA that was visualized by in vivo Cy5 fluorescence imaging, and to
inhibit tumor growth (Y. Yang et al., 2015).

Although cationic liposomes are widely used as sSiRNA carriers, toxicity and high liver
uptake have limited their clinical application. As a result, significant effort has focused on
developing neutral liposomes such as neutral, small lipid NPs (SLNPs). Synthesized mono
arginine-cholesterol (MA-Chol), which is a nontoxic cholesterol derivative, and a neutral
lipid, dioleoyl phosphatidylethanolamine (DOPE) were mixed with siRNA in the presence
of PEGylated phospholipid to form siRNA-loaded SLNPs (siRNA@SLNPs). This small
neutral NP was less than ~50 nm in diameter, and demonstrated much lower toxicity than
traditional cationic liposomes. This liposome was able to deliver siRNA against kinesin
spindle protein (SIKSP@SLNPSs) in various cancer cell lines and to downregulate gene
expression significantly as detected from measurements of KSP mRNA and cell death
assays. Accumulation of siKSP@SLNPs in prostate tumors in mice, which was confirmed
by in vivo Cy5.5 fluorescence imaging, resulted in significant inhibition of tumor growth
with slight toxicity (J. Lee et al., 2016).

Liposomes have also used in combination therapies with siRNA. By combining Bmil
siRNA therapy with doxorubicin (DOX) chemotherapy, a folate receptor (FR) targeted
system with folate-doxorubicin/Bmil siRNA liposome (FA-DOX/siRNA-L) was used to
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deliver combination therapy in tumors. Expression of FR, a glycosyl phosphatidinositol
(GPI)-anchored membrane protein, is higher in ovarian and other epithelial cancers but not
in normal tissue. FR targeted liposomal delivery, resulted in higher accumulation of FA-
DOX/siRNA-L in tumors. The combination therapy showed significantly higher efficacy
than delivery of either DOX or Bmil siRNA alone (T. Yang et al., 2014). A multifunctional
liposomal system labeled with two receptor-specific peptides that bound to the low-density
lipoprotein receptor-related protein receptor (Angiopep-2), and to the neuropilin-1 receptor,
for glioma targeting and for targeting the blood-brain barrier, was used to deliver siRNA and
docetaxel in a glioblastoma model. Specific accumulation of Cy5.5 labeled siRNA was
detected in intracranial glioblastoma by in vivo fluorescence imaging. By combining VEGF
siRNA and docetaxel therapy, this liposome system induced VEGF silencing, inhibition of
tumor growth, and prolonged survival time (Z. Z. Yang, Gao, Liu, Pang, & Qi, 2017).

Liposome-based siRNA therapy has been translated in clinical trials. For instance, a Phase |
investigation of Atu027, a protein kinase N3 siRNA liposomal agent, was evaluated in both
primary tumors and metastatic lesions, for safety, tolerability, and pharmacokinetics, in 34
patients with advanced solid tumors receiving 10 escalating doses of Atu027. Fourteen
patients had stable disease at the end of treatment, and 8 patients had stable disease at final
follow-up. Adverse events of Atu027 were low-grade toxicities (grade 1 or 2). Atu027 was
safe in patients with advanced solid tumors, with 41% of patients having stable disease for at
least 8 weeks (Schultheis et al., 2014).

3.2.2| Micelles as siRNA nanocarriers—Micelles, which are composed of
amphiphilic materials, are self-assembling core-shell colloidal structure NPs with a
hydrophobic core and hydrophilic shell. Because of a single layer they have a relatively
smaller size of ~100 nm or less, and a narrow size distribution (Mahmud, Xiong, Aliabadi,
& Lavasanifar, 2007). The smaller size allows micellar NPs to avoid renal elimination and
exhibit increased endothelial cell permeability in solid tumors (Moghimi, Hunter, Murray, &
Szewczyk, 2004). Micelle synthesis is relatively more facile than liposome synthesis.
Amphiphilic copolymers, used to construct micelles, have a critical micelle concentration
(CMC) and critical micelle temperature (CMT). When the concentration exceeds the CMC,
and the temperature is above the CMT, these amphiphilic copolymers form micelles (Cabral,
Miyata, Osada, & Kataoka, 2018). CMC also affects micelle stability. in vivo CMC is as low
as 1078 M, which results in the high stability of micelles in circulation (X. Q. Liu, Sun,
Yang, & Wang, 2013). Because of this stability, micelles are safe drug carriers for parenteral
administration of poorly water-soluble materials. Their high biocompatibility, high loading
capacity, and stability have resulted in several applications of micelles for sSiRNA
theranostics.

Challenges for polymeric micelles as siRNA nanocarrier include the rapid release of
encapsulated drugs, as a result of which efforts have focused on controlled release of drugs
from micelles. Because of the low pH in the tumor microenvironment, acid triggered micelle
drug release has been developed using a degradable bridged bond sensitive to extracellular
pH (6.2-6.9). This low pH degradable linked bridge copolymer, PEG-DIlinkm-R9-PCL, was
used to construct tumor-targeted micelles for systemic delivery of CDK4 siRNA. After these
micelles were delivered to tumor tissue, pH responsive linkage bridge break occurred to
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detach PEG for drug release, exposing the cell-penetrating peptide-R9 to further enhance
cellular uptake. in vivo imaging demonstrated that there was effective accumulation of these
micelles in tumor cells with inhibition of nonsmall cell lung cancer (NSCLC) growth
without associated toxicity (C. Y. Sun, Shen, et al., 2015). Another pH-responsive diblock
copolymer: poly(ethylene glycol)-block-poly(diisopropanol-amino-ethyl-methacrylate-co-
hydroxyethyl methacrylate) with a photosensitizer of pheophorbide A was used to produce
micelles for PD-L1 siRNA immunotherapy. With acid triggering, this micelle NP could
release siRNA and the photosensitizer efficiently for immunotherapy and photodynamic
therapy. The combination of photodynamic therapy and PD-L1 immunotherapy resulted in
significantly enhanced efficacy for inhibiting tumor growth and distant metastasis in a B16-
F10 melanoma xenograft model (D. G. Wang, Wang, et al., 2016). Another pH-sensitive
amphiphilic polymer, poly [(1,4-butanediol)-diacrylate-B-N, N-
diisopropylethylenediamine]-polyethyleneimine (BDP) was constructed to act as an acid
triggered micelle for combination of Akt siRNA therapy and paclitaxel (PTX) chemotherapy
with 1,1”-dioctadecyl-3,3,3",3" -tetramethylindocarbocyanine as a NIRF in vivo imaging
reporter. The micelle was stable at neutral pH but degraded to release the drugs in the intra-
endo/lysosome acidic environment. Combination of PTX and Akt siRNA resulted in
significant tumor inhibition and suppressed 96.8% lung metastases in 4T1 tumor-bearing
mice without pathological effects in normal organs (J. Y. Yin, Lang, et al., 2017). Besides
acid driven release, redox driven release was applied in micelles for quick siRNA delivery. A
lipoprotein—N-succinyl chitosan—cystamine—urocanic acid (LDL-NSC-SS-UA) with dual
pH/redox sensitivity was produced to make micelles for codelivery of siRNA and PTX.
These siRNA-PTX-loaded micelles released drugs in an acid microenvironment or in the
presence of GSH due to redox sensitivity, which was monitored by 1,1~
dioctadecyl-3,3,3",3"-tetramethylindocarbocyanine NIRF in vivo imaging (W. J. Zhu et al.,
2017).

Due to high loading capacity and stability, micelle NPs also have been widely applied in co-
delivery of hydrophilic siRNA and hydrophobic drugs. Multifunctional micellar
nanomedicine comprising of matrix metalloproteinase 2 (MMP2)-sensitive copolymers
(PEG-pp-PEI-PE) for tumor-targeted siRNA and paclitaxel co-delivery was developed. With
cleavage of PEG by MMP2, cell internalization of micelles was enhanced. This micelle
delivery platform showed efficient co-delivery of siRNA and anticancer drugs in tumors (L.
Zhu, Perche, Wang, & Torchilin, 2014). Similarly a combination delivery of siRNA and
doxorubicin hydrochloride (DOX-HCI) has been described within a single micelle
nanoplatform. siRNA and DOX-HCI formed a hydrophobic complex due the positive charge
of DOX-HCI. Fluorescence imaging of fluorescein amidite labeled siRNA indicated that this
siRNA hydrophobic complex could be readily encapsulated into noncationic PEG-b-PLA
micelles for systemic delivery, avoiding the use of a cationic polymer for siRNA
encapsulation with its associated cytotoxicity (C. F. Xu et al., 2019).

To improve the therapeutic effect, targeting moieties are conjugated to micelle NPs for
specificity. For instance folate was used as a targeting moiety to construct a folate-
conjugated poly(ethylene glycol) (PEG)-poly(ethylenimine) (PEI)-poly(e-caprolactone)
(PCL) (PEG-PEI-PCL) coploymer micelle that combined temozolomide (TMZ) and anti-
BCL-2 siRNA therapy in C6 glioma tumors. Folate receptor targeted delivery of siRNA and
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TMZ induced apoptosis of glioma C6 cells and tumor. MRI of mouse brains showed tumor
growth inhibition in vivo, with prolonged survival (Peng, Huang, Xiao, Wu, & Shuai, 2018).

3.3 | Gold nanoparticles (AuNPs) in siRNA theranostic nanomedicine

With the development of nanotechnology, the use of metal NPs in nanomedicine has been
actively investigated. Among these, AuNPs are popular because they can be easily
synthesized with different desired shapes and sizes that result in readily tuning their
optoelectronic properties. As nanoplatforms with a high surface-to-volume ratio, AUNPS can
be easily modified for multifunctional use by labeling with organic or biological ligands.

The unique optical properties of AuNPs result from the local surface plasmon resonance
(LSPR) effect. With excitation by electromagnetic radiation at a metal—dielectric interface,
conduction electrons on the metal surface oscillate coherently, termed surface plasmon
resonance (SPR) (Ghosh & Pal, 2007). When the electromagnetic radiation wavelength is
confined to a limited nanostructure, the SPR effect is termed LSPR. The extinction
coefficients of these SPR bands are several orders of magnitude larger than ordinary
commercial organic dyes. The bands are sensitive to the composition, size, shape,
interparticle distance and environment of the AuNPs, which make it is possible to tune the
optical properties of AuNPs for siRNA delivery and for PTT or optoacoustic imaging
(Figure 9). Several reliable conventional methods are available to synthesize AuNPs of
different sizes and shapes, such as nanospheres, nanorods, nanoshells, nanocages,
nanocubes/icosahedra, and nanoprisms. Nanospheres and nanorods are the most commonly
employed variants for in vivo siRNA delivery, although other shapes are also used. For
instance, a gold nanostar (GNS)/heat shock protein 72 (HSP72) siRNA/HA with layer-by-
layer method was synthesized. With HA, this GNS showed specificity against triple negative
breast cancer (TNBC) with high CD44 expression. This nanosystem could deliver HSP72
SiRNA to downregulate HSP72 expression in cells in culture and tumors in vivo. GNS was
used for PTT against tumors and inhibited tumor growth (S. J. Wang, Tian, et al., 2016).

Although the shapes and size of AuNPs are a key factor in determining their properties,
surface modification of AUNPs determines the interaction between particles and living
systems. Surface modification can also improve colloidal stability and the biocompatibility
of AuNPs, and is necessary for loading siRNA in AuNPs. Directly conjugating siRNA to
surface of AuNPs through Au-S bonds is an effective method to use AuNPs as siRNA
theranostic agents (Mirkin, Letsinger, Mucic, & Storhoff, 1996; Oishi, Nakaogami, Ishii, &
Nagasaki, 2006). Another approach is to coat the AuNPs with polymers that deliver SIRNA
through electrostatic interactions. For instance, multiple copies of plk1 siRNA were
conjugated to the surface of ~50 nm hollow gold nanoshells, with a peptide that binds
specifically to the neuropilin-1 (NRP-1) conjugated to this AUNP as the targeting moiety.
With pulsed NIR laser irradiation, the Au-S bond between siRNA and the surface of AuNP
HGN surface was cleaved, while light energy was converted to heat to produce transient
vapor bubbles that burst endosomes due to the unique photothermal effect. Cleavage of Au-S
bonds and bursting of endosomes improved the release of siRNA from siRNA/AuNPs for
better therapeutic effect (Huang et al., 2014).
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Due to the negative charge of siRNA, positively charged polymers are conjugated to AUNPs
to electrostatically bind siRNA. A copolymer consisting of cyclicRGD (cRGD), PEG,
poly(L-lysine) (PLL) and lipoic acid (LA) was synthesized. Here LA reacted with Au to
form Au-S bonds, PLL provided positive charge for the electrostatic interaction with siRNA,
PEG acted as a linker, and cRGD specifically bound to avB3/avp5 integrins for cancer-
targeted delivery. The copolymers were conjugated to 20 nm AuNPs to form a coated
AUNPs. These coated AuNPs could deliver E6 siRNA to tumors and inhibited tumor growth
(Yietal., 2016).

Layer-by-layer deposition on the surface of the AuNP is another strategy to construct AUNPs
for siRNA. In an example of a layer-by-layer method to produce AuNPs to codeliver sSiRNA
with other therapeutic agents, an amphipathic antimicrobial peptide, KLAKLAKKLAKLAK
(KLA) that is a lysine rich positively charged peptide, was coated on to AuNPs as the first
layer. KLA is safe for plasma membranes of eukaryotic cells, but destroys the mitochondrial
membrane and induces apoptotic cell death after entering cells. The second layer was the
p75 siRNA with a negative charge that interacted with KLA through electrostatics force. The
third layer was PLL with positive charge. The fourth layer, the outsider layer, was HA with a
negative charge. HA could specifically bind to CD44 that was overexpressed in tumor. These
four layers resulted in a multifunctional siRNA/AUNPs (S. K. Lee, Law, & Tung, 2017).

Although nanomaterials can be delivered to tumors through the EPR effect, targeting
moieties such as small peptides, small molecules, antibodies, aptamers, or natural
macromolecules conjugated to AuNPs can be used to enhance targeting. In one study, bovine
serum albumin was used to encapsulate Au nanorods with Bcl-2 siRNA to form a
nanocomplex of ~280 nm, and the HER-2 antibody was labeled to this gold nanocomplex.
HER2, a human epidermal growth factor receptor, is overexpressed in approximately 30% of
breast cancer patients. The Au nanocomplex showed high accumulation in SK-BR-3 cells
with high HER2 expression that, combined with siRNA therapy and PTT, inhibited growth
of cells (Choi et al., 2015). In another example, an aptamer was used as a targeting moiety.
In this study, iron oxide was combined with gold to form an Au-Fe,O3 NP that not only
exhibited higher delivery efficiency but also showed the potential for multimodality imaging
with NIR imaging and MRI. For the specific delivery of this Au-Fe,O3 NP, nucleolin-
targeting aptamer (aptNCL) was conjugated with SLUG siRNA and NRP1 siRNA. siRNA
was bound to the surface of the Au-Fe203NP through electrostatic interaction, with the
aptamer providing targeting specificity (Y. Chen et al., 2017).

In another strategy, the RGD peptide was used to target a modified gold nanoshell to deliver
ALK siRNA and microRNA-301 siRNA against NSCLC in a multitreatment strategy that
included ALK and mRNA-301 siRNA gene therapy, together with gold nanoshell thermal
therapy and DOX chemotherapy. Due to the photothermal effect, dense spherical structure
and RGD peptide targeting, drug accumulation in tumor tissues was significantly improved,
and the multitreatment strategy was significantly more effective than single treatment alone
(S. W. Lietal., 2018).

AUNP properties can also be applied for laser triggered siRNA release and photoacoustic
imaging as was demonstrated with a gold nanoshell based therapeutic oligonucleotide
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delivery vehicle that contained a covalently attached PLL layer on AuNPs surface (NS-PLL)
for binding single-stranded antisense DNA oligonucleotides, or siRNA (Huschka et al.,
2012). In this work, with NIR laser (800 nm) illumination the AuNPs released cargo more
effectively and on demand. AuNPs also exhibit photoacoustic properties making it possible
to incorporate photoacoustic imaging to detect NP and siRNA delivery (Taruttis et al., 2014).

3.4 | Carbon-based nanomaterials in siRNA theranostic nanomedicine

Carbon-based nanomaterials, such as CD and graphene QD (GQD), are exciting new options
in theranostic nanomedicine. CD, discovered in 2006 (Y. P. Sun et al., 2006), and fluorescent
GQD discovered in 2010 (Pan, Zhang, Li, & Wu, 2010), have emerged as superior sSiRNA
nanocarriers because of their high photostability, small size, excellent biocompatibility,
tunable photoluminescence, multiphoton excitation, and ease of modification (X. T. Zheng,
Ananthanarayanan, Luo, & Chen, 2015). Although metal based QDs demonstrate excellent
photo properties, the carbon-based nanomaterials are more attractive because of their higher
biocompatibility and lower toxicity. Mice exposed to CDs at a single high dose of 40 mg
carbon/kg survived over the 4 weeks of the experiment without any symptom of anorexia, or
other clinical symptoms (S. T. Yang et al., 2009). PEG-GQD also did not exhibit in vivo
toxicity at a dose of 20 mg/kg (Abdullah-Al-Nahain et al., 2013). In contrast, the relatively
safe AUNPs were nontoxic in vivo at doses below 1 mg/kg (Khlebtsov & Dykman, 2011).

Due to these advantages, much effort has been devoted to the development of carbon
nanomaterials-based siRNA theranostics. Since the binding of siRNA to nanocarriers is
general performed through electrostatic binding, and carbon nanomaterials lack a positive
charge for siRNA binding, modifications are required for sSiRNA binding. A folate-
conjugated reducible polyethylenimine passivated CD was developed for delivery of cyclin
B1 siRNA to NSCLC H460 cells and tumors. Without siRNA, the cell viability did not
change, but with siRNA nanomedicine the growth of cancer cells and tumors was
significantly reduced (Wu et al., 2016). Low-molecular-weight PEI coated fluorescence CDs
were used to deliver siRNA with two-photon CD imaging guidance in vitro and in vivo (L.
Q. Wang et al., 2014). Amphiphilic CDs were synthesized by conjugating alkyl epoxide to
PEI 600-derived CDs for water and organic solvent solubility with high fluorescence
emission. Amphiphilic CDs were used to deliver Sur siRNA to A549 cancer cells with better
transfection efficiency than lipofectamine 2000 (H. J. Wang, Hen, et al., 2017).

Several polymers have been used to modify GQDs, such PEIs (H. Kim, Namgung, Singha,
Oh, & Kim, 2011), dendrimers (X. H. Liu, Ma, et al., 2014), chitosans (J. L. Sun et al.,
2014), and peptides (Ghafary, Nikkhah, Hatamie, & Hosseinkhani, 2017). Biodegradable
charged polyester vector (BCPV) coated GQDs were described for pancreatic cancer
(MiaPaCa-2) therapy. The negative GQD was attached with positive DOXs and BCPVs by
electrostatic interaction, after which K-ras siRNA was loaded through the electrostatic
interaction between the positive charge of DOX and BCPVs. Photo irradiation triggered the
release of payloads from these NPs, and the photothermal effect of the GQDs also damaged
the cells. With the combination of siRNA therapy, DOX chemotherapy and PTT, this
nanosystem demonstrated significant inhibition of cancer cell growth (C. B. Yang et al.,
2019). The unique photo properties of GQDs have also have been applied in combined
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photothermal and siRNA therapy with a multi-functionalized monolayer GQD used to co-
deliver HDACL1 and K-Ras siRNAs against pancreatic cancer cells Mia PaCa-2. The
synergistic combination of siRNA therapy and photo thermotherapy significantly reduced in
vivo tumor growth (F. Yin, Hu, et al., 2017).

CONCLUSION AND PROSPECTS

Since 2001, when synthetic siRNA was first shown to achieve sequence-specific gene
knockdown in a mammalian cell line, siRNA therapy has been increasingly investigated in
clinical trials. In 2004, siRNA-027, a chemically modified siRNA to target vascular
endothelial growth factor receptor-1 (VEGFR-1), was evaluated in the treatment of macular
degeneration in the first clinical trial of sSiRNA therapeutics. Currently, over 75 clinical trials
for various diseases are in progress, with over 25 focused on cancer (Kaczmarek, Kowalski,
& Anderson, 2017). Patisiran (trade name Onpattro) became the first siRNA-based drug
approved by the FDA in 2018 to treat polyneuropathy in individuals with hereditary
transthyretin-mediated amyloidosis. These developments suggest that siRNA treatments for
cancer patients are close on the horizon, where imaging can be integrated for theranostics.
As outlined in this review, several exciting developments demonstrate the versatility of
siRNA theranostics in cancer nanomedicine. Although several challenges exist for SIRNA
theranostics, such as reproducible synthesis, improving delivery, minimizing carrier toxicity,
and translating some of the exciting new advances into the clinical arena, this relatively
young field holds great promise for gene-specific therapy in cancer. Imaging and theranostic
strategies can play an important role in the fulfillment of this promise by detecting delivery
and evaluating therapeutic outcome to achieve cancer precision medicine.
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FIGURE 1.
RNA interference pathways with small interfering RNA (siRNA) (left) and microRNAs

(miRNA) (right). With siRNA, the cytosolic enzyme Dicer cleaves long dsRNAs into shorter
siRNA fragments siRNAs, leaving two nucleotide 3" overhangs and 5" phosphate groups
that are recognized by the Argonaute 2 (AGO2)-RNAi-induced silencing complex (RISC)
enzyme complex. If the RNA loaded onto RISC has perfect sequence complementarity,
AGO2 cleaves the passenger (sense) strand so that active RISC containing the guide
(antisense) strand is produced. The siRNA guide strand recognizes target sites to direct
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MRNA cleavage (de Fougerolles, Vornlocher, Maraganore, & Lieberman, 2007). siRNA
must be fully complementary to its target mMRNA to result in RNAI. With microRNA,
endogenously encoded long hairpin containing primary microRNA transcripts (pri-miRNAS)
are transcribed by RNA polymerase 11 (Pol 11). These pri-miRNAs are converted to precursor
miRNAs (pre-miRNAS) by the Drosha enzyme complex. Exportin 5 transports these
precursors to the cytoplasm from the nucleus. In the cytoplasm, these precursors bind to the
Dicer enzyme complex, which processes the pre-miRNA for loading onto the AGO2 and the
RISC complex. When this pre-miRNA-AGO2-RISC complex has imperfect sequence
complementarity, the passenger (sense) strand is unwound, leaving a mature miRNA bound
to active RISC. Mature miRNA with the RISC can recognize and bind the target sites
(typically in the 3’-UTR) in the mRNA to inhibit translation. Binding between miRNA and
target MRNA can also cause target mRNA degradation of mRNA, forming processing (P)-
bodies. miRNA is partially complementary to its target mMRNA. As a result one miRNA
strand can recognize an array of mMRNAs and therefore have multiple targets
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Theranostic nanomedicine combines detection with therapy by incorporating elements of

nanoscience, chemistry, medicine, pharmacy, molecular biology and imaging
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Branched PEI

Structures of cationic polymers commonly used for siRNA nanomedicine
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FIGURE 5.
(a) Structure of a prostate specific membrane antigen (PSMA) theranostic agent that carries

a prodrug enzyme to convert 5-fluorocytosine (5-FC) to 5-fluorouracil (5-FU) that is
detected by 1°F MRS and siRNA to downregulate choline kinase (Chk) that results in a
decrease of total choline detected by 1H MRSI. (b) Increased retention of the theranostic
agent in a PSMA expressing tumor compared to a non-PSMA expressing tumor. (c)
Functional changes in tumor metabolism detected by IH MRSI, and the formation of the
cytotoxic drug 5-FU from 5-FC in the tumor detected by 1°F MRS. Adapted with permission
from (Z. Chen et al., 2012)
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FIGURE 6.
Structure of (a) chitosan, (b) hyaluronic acid, and (c) dextran
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FIGURE 7.
(a) Scheme of degradation of dextran nanoplex and delivery of COX-2 small interfering

RNA (siRNA). (b) Decrease of prostaglandin E2 (PGE2) concentration in medium following
treatment of cancer cells with COX-2 siRNA/dextran nanoplex. (c) in vivo Cy5.5
fluorescence imaging showed accumulation of the dextran nanoplex in tumors. (d)
Downregulation of COX-2 in tumors by COX-2 siRNA/dextran nanoplex. (Reprinted with
permission from Z. H. Chen, Krishnamachary, Penet, and Bhujwalla (2018). Copyright 2018
Ivyspring International Publisher (Theranostics))
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FIGURE 8.
Structure of (a) liposome and (b) micelle. siRNA, small interfering RNA
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FIGURE 9.
Gold NPs and the color changes of these nanoparticles (NPs). (a) Gold nanorods, color

varies with aspect ratio; (b) silica—gold core—shell NPs, color varies with shell thickness; (c)
gold nanocages, color varies with galvanic displacement by gold. (Reprinted with
permission from Dreaden, Alkilany, Huang, Murphy, and El-Sayed (2012). Copyright 2012
Royal Society of Chemistry (Chemical Society Reviews))
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