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Theranostic approaches, combining the functionality of both therapy and imaging, 
have shown potential in cancer nanomedicine. Oligonucleotides such as small 
interfering RNA and microRNA, which are powerful therapeutic agents, have been 
effectively employed in theranostic systems against various cancers. Nanoparticles 
are used to deliver oligonucleotides into tumors by passive or active targeting while 
protecting the oligonucleotides from nucleases in the extracellular environment. The 
use of quantum dots, iron oxide nanoparticles and gold nanoparticles and tagging 
with contrast agents, like fluorescent dyes, optical or magnetic agents and various 
radioisotopes, has facilitated early detection of tumors and evaluation of therapeutic 
efficacy. In this article, we review the advantages of theranostic applications in cancer 
therapy and imaging, with special attention to oligonucleotide-based therapeutics.
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Since the first use of nanoparticles in medi-
cine in the late 1960s by P Speiser, nanopar-
ticle research and applications have advanced 
significantly [1–3]. In that time nanoparticles 
have been widely used for drug delivery, 
especially as vaccine carriers for slow and 
controlled release. In the last decade, how-
ever, nanoparticles have been increasingly 
used for imaging purposes associated with 
fluorescence labeling for biological stud-
ies [4–6], diagnostic identification of patho-
gens [7,8], gene delivery [9–11], detection 
of proteins [12,13], probing of DNA struc-
ture [14,15], tissue engineering [16,17], tumor 
destruction via hyperthermia [18,19], separa-
tion and purification of biological molecules 
and cells [20,21] and contrast enhancement in 
MRI [22,23].

In recent years, implementation of 
nanoparticles in theranostic approaches has 
gained much attention. Theranostics (the 
term was coined by J Funkhouser in 1998) is 
based on combining therapy and diagnosis, 

which is one of the most important goals in 
cancer research [24–26]. By integrating diag-
nosis and therapy, theranostics can reduce 
delays in treatment and improve patient care 
and it has become an essential component 
of personalized cancer treatment. The rea-
soning behind theranostics is that if cancer 
growth is hindered at an early stage, treat-
ment will be easier than at an advanced stage, 
where most current therapies seem to be inef-
fective. Theranostic approaches can lead to 
early detection and definitive treatment of 
cancer and thereby improve patient survival.

Imaging of tumors is a critical part of diag-
nostics, staging, radiotherapy planning and 
evaluation of treatment efficacy. Standard 
clinical imaging techniques include x-ray 
computed tomography, MRI and ultraso-
nography, which are categorized as structural 
imaging modalities. These in vivo imag-
ing techniques are invaluable for identify-
ing anatomical patterns and getting basic 
information about tumor location, size and 
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spread. However, these imaging modalities do not reli-
ably identify tumors that are smaller than 0.5 cm in 
diameter or distinguish between benign and cancerous 
tumors [27,28].

Recently, molecular imaging, which is the integration 
of molecular biology with in vivo imaging, has enabled 
investigation of biological processes and diagnosis of 
diseases based on molecular markers, which usually 
appear before clinical presentation of disease. Positron 
emission tomography and single-photon emission com-
puted tomography, the most common molecular imag-
ing modalities, provide only functional information 
about molecular processes and metabolites, which is 
indirect and not specific to distinct cells or diseases [28–
30]. Nanoparticle-based theranostics can facilitate the 
study of therapeutic response or disease progression by 
in vivo imaging of biological processes in their physi-
ological environment, in contrast to aggressive in vitro 
or ex vivo biopsy/cell culture laboratory techniques. 
Targeted theranostics employing superparamagnetic 
nanoparticles [31,32], quantum dots (QDs) [33,34] and 
gold nanoparticles [35,36] have been developed as nano-
probes for optical and magnetic resonance molecular 
imaging of tumors.

Nanoparticle-based theranostics avoid the disad-
vantages of conventional contrast agents, which can 
be associated with adverse effects, toxicity and in 
some cases cancer recurrence. For instance, the use of 
high concentrations of iodine-based contrast agents 
required for computed tomography can be avoided 
by using gold nanoparticles [28,37]. As a consequence, 
nanoparticle-based theranostics with maximum imag-
ing capabilities, minimal dose requirements and lowest 
toxic effects are preferred.

Since the discovery of Ras oncogene [38], the role 
of genes in cancer has gained increasing apprecia-
tion. Around the turn of the 21st century, the Human 
Genome Project helped scientists identify a wealth 
of potential molecular targets that are critical driv-
ers of tumor growth and maintenance of invasive and 
malignant phenotypes. Since then, the roles of many 
different genes in oncogenesis have been identified, 
and those genes are now considered molecular tar-
gets [39,40]. However, development of safe and effec-
tive drugs against specific molecular targets requires 
tremendous effort and time, and as a result, clinical 
applications can be delayed. Moreover, many poten-
tial target genes of interest cannot be targeted by 
 conventional means.

Recent studies have shown that oligonucleotide-
based therapeutics can be a potential solution to the 
challenge of developing highly specific and targeted 
therapies [40]. However, oligonucleotide-based thera-
pies require safe and effective delivery systems [41,42]. 

In theranostic applications, oligonucleotides based on 
DNA or RNA have been successfully integrated with 
organic, inorganic or polymeric nanoparticles and after 
successful gene delivery, downregulation or expression 
of target genes has been observed, as determined by 
imaging of the cell response.

In this article, we review recent advancements in 
cancer theranostics with a special focus on nanopar-
ticle-oligonucleotide systems (oligonanotherapeutics). 
We discuss highly specific potential molecular targets 
and nanoparticles used for either targeted delivery 
or gene therapy. We pay particular attention to con-
jugation of oligonucleotides or imaging moieties to 
nanoparticles. We also discuss theranostic applications 
of oligonanotherapeutics for different cancers.

Importance of oligonucleotide-based 
theranostics in cancer therapy
Cancer is the most common cause of the death after 
heart disease, causing approximately one in five 
deaths. Cancer is caused by complex processes directly 
related to cell division and may be induced by exog-
enous agents. The hallmark of cancer is uncontrolled 
cell growth leading to tumor formation. The US 
FDA has approved many anticancer drugs, such as 
docetaxel, paclitaxel, doxorubicin, vincristine, 5-fluo-
rouracil, daunorubicin, methotrexate and gemcitabine. 
However, multidrug resistance, narrow therapeutic 
indices, toxic effects, bone marrow depression and 
gastro intestinal disorders limit the use of these agents 
considerably and point to the need for more effective 
 therapeutic agents [43].

In 2004, the FDA recommended that efforts be 
focused on the search for innovative personalized can-
cer treatments that would have high efficacy and low 
side effects. In such personalized approaches, pretreat-
ment diagnostic testing is performed in order to select 
the optimal therapy based on the patient’s genetic pro-
file and/or other molecular or cellular characteristics. 
Theranostics, therefore, can play an integral role in 
personalized cancer treatment.

Nanosystems for diagnosis, drug delivery and moni-
toring of therapeutic response are being extensively 
researched by investigators in the field of drug or gene 
delivery and are anticipated to play a critical role in per-
sonalized medicine (Figure 1). Studies have shown that in 
addition to increasing the efficacy of therapeutic agents, 
nanoparticle-based theranostics can be used for pre- and 
post-treatment assessment of tumors by imaging tools 
such as computed tomography, MRI, fluorescence, ultra-
sonography and positron emission tomography [43,44]. 
Most types of nanoparticles used in theranostics, such 
as QDs, gold nanoparticles, iron oxide nanoparticles 
(IONPs) and silica nanoparticles, are already being used 
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as imaging agents and have been the subject of extensive 
research for cancer imaging. These types of nanoparticles 
are currently the best choice for developing nanoparticle-
based theranostics. In cancer therapy, these nanopar-
ticles ameliorate the pharmacokinetics of therapeutic 
agents, and by exploiting the enhanced permeability 
and retention effect in tumors, they reduce the adverse 
side effects associated with systematic administration of 
 therapeutics to the target site [44,45].

In addition to the above characteristics, nanopar-
ticles in theranostic applications can be used to deliver 
RNA-based therapeutics using small interfering RNA 
(siRNA), microRNA (miRNA) or small hairpin RNA 
(shRNA). These novel therapeutics are negatively 
charged, hydrophilic molecules that must penetrate 
the hydrophobic plasma membrane to initiate their 
therapeutic effect [46,47]. Encapsulating these oligonu-
cleotides inside nanoparticles or attaching them to the 
nanoparticle surface can protect them from nuclease-
induced degradation and promote safety, stability and 
effective delivery.

Different types of nanoparticles can be used for dif-
ferent imaging techniques: for example, superparamag-
netic iron oxide (SPIO) nanoparticles for MRI [48], gold 
nanoparticles for computed tomography [49], QDs for 
near-infrared (NIR) fluorescence imaging [50] and radio-
labeled nanoparticles for positron emission tomogra-
phy [51]. However, important parameters like nanopar-
ticle size and surface properties need to be optimized 
in accordance with the planned treatment. For exam-
ple, nanoparticles smaller than 10 nm in diameter are 
quickly excreted by the renal system, and nanoparticles 
larger than 200 nm are mostly retained in the spleen [52]. 
In some applications that focus on siRNA delivery to 
the liver or tumor, nanoparticle sizes between 10 and 
200 nm are often considered ideal, as such nanopar-
ticles can readily cross the large fenestrae in the liver 
or the leaky vasculature in tumors to deliver the thera-
peutic payload to the cells. In recent studies, advanced 
theranostic approaches have been developed to increase 
treatment specificity. Most such approaches use a ‘smart’ 
delivery system in which a targeting ligand specifically 
interacts with diseased tissues and the therapeutic agent 
 selectively penetrates tumor cells [52,53].

To summarize, theranostics using highly specific 
oligonucleotide-based therapeutics can facilitate early 
detection of tumorigenesis via precise imaging nano-
platforms, allowing timely administration of  treatment.

Oligonucleotide-based cancer therapeutics
Therapeutics based on oligonucleotides may have the 
potential to be more specific for cancer treatment 
compared with other cancer drugs which mostly tar-
get both healthy and unhealthy cells. Generally, these 

kinds of therapeutics act on highly expressed onco-
genes or their regulatory pathways, and by downregu-
lating them show their therapeutic efficacy.

Morpholino oligonucleotides
Morpholino oligonucleotides are nonionic DNA ana-
logs with altered backbone linkages which make them 
one of the most powerful specific tools for gene/pro-
tein inhibition [54–56]. Morpholinos use Watson–Crick 
base-pairing in order to bind to complementary nucleic 
acid sequences. They are composed of the four genetic 
bases (adenine, cytosine, guanine and thymine) inter-
connected to a morpholine ring, from which the term 
morpholino oligonucleotide is derived. As this bind-
ing is not tighter than binding of analogous DNA and 
RNA oligomers, so the use of relatively long 25-base 
morpholinos for antisense gene inhibition is necessary. 
The backbone structure of morpholinos cause them 
to be resistant to digestion by nucleases and stabilize 
in plasma which makes them good candidates for 
systemic treatment. Also, due to the lack of negative 
charge in their backbone, morpholinos are less probable 
to  interact nonselectively with cellular proteins [55,57].

siRNAs
Knockdown or downregulation of genes through RNA 
interference is one of the enterprising approaches that 
have been used to regulate gene functions in cancer 
therapy. siRNAs can be used to downregulate specific 
pathways in cancer cells while sparing normal tissue. 
siRNAs are 20- to 25-base-pair noncoding RNAs 
that can be produced from double-stranded RNA and 
shRNA by Dicer enzyme cleavage, RNase III nucle-
ase activity or chemical synthesis. Dicer introduces 
the siRNA to a group of proteins called RNA-induc-
ing silencing complex (RISC), where a single strand 
with the ability to bind to mRNA is produced by the 
catalytic component Argonaute [58]. The combination 
of siRNA-based therapeutics and chemotherapy has 
shown great potential in eliminating drug resistance 
and improving therapeutic efficacy [59,60].

siRNAs have been used with breast cancer therapeu-
tics to specifically target C-X-C chemokine receptor 
4 [61,62], elongation factor 2 kinase [63], Aurora kinase 
A [64], beta 3 integrin [65], B-cell chronic lymphocytic 
leukemia (CLL)/lymphoma 11A gene [66], HER2 [67], 
tumor p53 gene [68], adenosine triphosphate-binding 
cassette E1 and eukaryotic release factor 3 [69].

miRNAs
Another strategy for post-transcriptional silencing of 
genes is the use of miRNAs against a specific mRNA. 
miRNAs are 20- to 24-nucleotide double-stranded, 
endogenous RNA molecules that play a significant 
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Figure 1. Theranostic approach for cancer imaging and therapy. Oligonucleotide-based theranostic nanoparticles 
can provide the delivery of therapeutic oligonucleotide sequences along with the specific targeting to the tumor 
site and imaging the efficiency of therapy.
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role in regulating gene expression [70–72]. In contrast to 
siRNAs, miRNAs can control the expression of more 
than one mRNA [73]. RNA polymerase II or III starts 
the transcription of miRNAs, and primary miRNAs 
produced in the nucleus undergo further processing 
by a complex composed of the RNase III Drosha and 
the double-stranded RNA-binding domain protein 
DiGeorge critical region 8 to yield a long nucleotide. 
After processing, the miRNA is transported to the 
cytoplasm and forms an active complex with RISC for 
the subsequent mRNA degradation.

With their potential to bind to thousands of 
mRNAs, miRNAs can act as tumor suppressor genes 
or oncogenes (oncomirs) by downregulating or upreg-
ulating specific genes, respectively [72,74]. miRNAs 
have also been investigated in relation to cancer stem 
cells and epithelial–mesenchymal transition, which are 
linked to metastasis and drug resistance [72,75].

shRNAs
Even though similar functional outcomes can be 
achieved with shRNA as with siRNA, these mole-
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cules are essentially different, as are their mechanisms 
of action, RNA interference pathways and off-target 
effects [76]. In contrast to siRNAs, shRNAs are syn-
thesized in the cell nucleus and are then transported 
to the cytoplasm, where they express their effects 
through RISC [77]. shRNAs are transcribed by either 
RNA polymerase II or III, and the primary transcript 
has a hairpin-like stem-loop. A pre-shRNA molecule 
is produced after hairpin measurement and precise 
processing of the long primary transcripts into indi-
vidual shRNAs with a 2-nucleotide 3′ overhang by 
the complex composed of Drosha enzyme and the 
protein DiGeorge critical region 8 [78,79]. Pre-shRNA 
is then transported to the cytoplasm by exportin 5, 
and after it is loaded onto another RNase III complex, 
composed of Dicer and TAR RNA binding protein/
PKR activating protein, the loop of the hairpin is 
processed off to form a double-stranded siRNA with 
2-nucleotide 3′ overhangs [76,80–84]. As with siRNA, 
the Dicer-containing complex mediates the loading 
of shRNA onto the Argonaute 2 protein-containing 
RISC.

DNA nanocassettes activate transcription of shRNA 
genes, which are then processed into double-stranded 
siRNAs for targeted gene silencing [85]. Cassettes that 
express multiple shRNA sequences allow for a com-
binatorial RNA interference approach, resulting in 
greater gene suppression than with single-shRNA cas-
settes [86–89]. The efficacy of shRNAs can be improved 
by incorporating mutations and increasing stem 
length [86,90–92].

Receptor-mediated targeted delivery of 
theranostics
An answer to the question of how malignant cells 
can be targeted without affecting the healthy tissues 
was first offered by Paul Ehrlich more than 100 years 
ago [93]. Ehrlich proposed the idea of a magic bullet, 
whereby a therapeutic agent linked to a molecule with 
specific affinity for a certain organ would be selectively 
delivered to the target organ [94]. The discovery of 
tumor-specific antigens made the idea of a magic bullet 
real, facilitating delivery of toxic compounds to tumors 
by specific targeting with antibodies.

Nanoparticle platforms have the potential of being 
magic bullets for delivery of targeted agents in cancer 
imaging and therapy. The targeting by nanoparticles 
can be passive or active. Localization of nanoparticles 
within the tumor microenvironment is achieved by 
passive targeting. Active targeting enables more effi-
cient and specific uptake of nanoparticles by tumor 
cells themselves [95]. Thus, safe systemic therapy, with 
selective delivery of toxic agents to the tumor, leaving 
normal tissues unharmed, can be achieved by active 

targeting with nanoparticle-based therapeutics and 
targeted delivery can be confirmed by imaging [85].

Ligands
Targeting moieties such as transferrin and folic acid 
have been used to functionalize the surface of nanopar-
ticles. The very high selectivity and avidity of these 
targeting moieties have made them attractive tools 
for targeting cancer cells. Transferrin, a glycoprotein 
that transports iron into cells by binding to transferrin 
receptors on the surface of the cells [96], is up-regulated 
on metastatic and drug-resistant malignant cells to lev-
els that can be up to 100 times higher than in healthy 
cells [97–99]. Folic acid is a vitamin that is required for 
biosynthesis of purines and pyrimidines [100]. The low-
affinity reduced-folate carrier present in almost all cells 
and the high-affinity glycosylphosphatidylinositol-
linked folate receptor, which has a very limited dis-
tribution, play an important role in cellular uptake of 
folates [101]. Compared with its levels in normal tis-
sues, the folate receptor is highly upregulated in many 
human tumors, making it an attractive target for 
 selective delivery of anticancer agents [97,99,102].

Antibodies
Antibodies were among the first agents used for tar-
geting nanoparticles to specific cell types based on the 
cells’ surface antigens [103]. These targeting agents have 
remarkably high binding affinity and selectivity due to 
the presence of two epitope binding sites in a single 
molecule [104]. Monoclonal antibodies have been used 
with nanoparticles to target human epidermal growth 
factor receptor 2 (HER2) [103,105,106], epidermal growth 
factor receptor [107,108], transferrin receptor [109,110], 
B-lymphocyte antigen CD20 [111] and prostate-specific 
membrane antigen (PSMA) [85,112,113].

Antibody fragments
Antibody fragments have also been used for tar-
geted delivery of nanoparticles, with antigen-binding 
fragments [114,115] and single-chain variable frag-
ments [116,117] being the most commonly investi-
gated [97,99,102]. Antigen-binding fragments contain 
one constant and one variable domain for the heavy 
chain and one constant and one variable domain for 
the light chain, whereas single-chain variable frag-
ments are combinations of the variable regions of the 
heavy and light chains [99,118].

Aptamers
Recently, aptamers have been widely used for targeted 
delivery of nanoparticles. Aptamers are chemically 
synthesized single-stranded DNA or RNA oligonucle-
otides with folded secondary or tertiary 3D structures. 
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They can bind to specific biological targets, like pro-
teins. Their high targeting sensitivity and specificity 
are comparable to those of antibodies [119]. Aptam-
ers are synthesized for a certain target by a repetitive 
in vitro selective process called ‘systemic evolution of 
ligands by exponential enrichment’ [120].

Aptamers have some advantages over agents such as 
antibodies, including easier production, the potential 
for scaling up at a low cost, low batch-to-batch vari-
ability [121], selectivity for a wide range of targets [122], 
much greater stability (with respect to biological deg-
radation, heat, pH and organic solvents) [122], transport 
at ambient temperatures and long-term storage [100], 
slow degradation kinetics, multiple denaturation and 
renaturation times without significant loss of activ-
ity [123], easy chemical modification with functional 
groups [121], lack of immunogenicity [121], smaller 
size (∼1–2 nm diameter, <10 kDa) and better tissue 
 penetration in solid tumors [99,122].

Aptamers that have been used for targeted delivery 
of nanoparticles include A10 RNA, for PSMA [124,125]; 
AS1411, for nucleolin cell membrane protein [126]; 
anti-MUC1, for MUC1-positive cancer cells [127]; 
RNA-based anti-CD30, for anaplastic large cell lym-
phoma cells [128] and sgc8c, for protein tyrosine kinase 
7  transmembrane protein [129].

Designing theranostic nanoparticles
Before proposing a theranostic approach for cancer 
treatment, apart from choosing the right therapeutic 
oligonucleotide, some important factors should be 
considered (Figure 2).

Type of the nanoparticle
Along with the two indispensable aspects, safety and 
efficacy of nanoparticles for oligonucleotide delivery, 
some other factors also need to be carefully regarded. 
It is very important to decide whether the therapeutic 
payload is going to be encapsulated inside the nanopar-
ticle or conjugated to the surface. If it is going to be 
encapsulated, nanoparticles such as liposomes, poly-
meric nanoparticles, hollow or porous silica nanopar-
ticles, hollow gold nanoparticles or hollow IONPs, can 
be used. With inorganic nanoparticles conjugation of 
the oligonucleotides to the surface of the nanoparticle 
is the most common approach.

Two types of binding methods are used for the 
 conjugation of oligonucleotides to nanoparticles.

Electrostatic interactions between the positively 
charged nanoparticles & oligonucleotides
Electrostatic interactions of oligonucleotides with 
nanoparticles can be achieved by using polymers such 
as poly(ethyleneimine) (PEI), poly-L-lysine, chitosan, 

poly(amidoamine), poly(propyleneimide) or newly 
synthesized cationic polymers [130]. PEI (molecular 
weight: 25 kDa) is the gold standard in gene delivery 
applications [131,132]. By coating gold nanoparticles 
with the charge-reversal polymer poly(allylamine)-
citraconic anhydride and PEI using the layer-by-layer 
technique, Guo et al. were able to induce charge 
reversal and release of siRNA in the acidic environ-
ment of the HeLa cells [132]. The researchers con-
cluded that this approach promotes the escape of gold 
nanoparticle/nucleic acid complexes from the endo-
some/lysosome and release of oligonucleotides into 
the cytoplasm. Combinatorial synthesis and parallel 
screening approaches can help identify candidate poly-
mers that have high gene delivery and gene silencing 
 efficacies [86,133].

Covalent binding of the oligonucleotides to 
nanoparticles
Oligonucleotides can be bound to nanoparticles either 
through functional groups on nanoparticles or using 
intermediary linkers. Giljohann et al. created densely 
siRNA-functionalized polyvalent gold nanoparticles 
by inducing covalent interaction of siRNAs with the 
nanoparticles through an oligo(ethylene glycol) thiol 
linker [134]. This functionalization resulted in a conju-
gate with distinctive properties that made it a potent 
material in terms of serum stability, cellular uptake and 
genetic regulation without any chemical  modification 
or the use of auxiliary transfection strategies.

Imaging agent
With theranostic nanoparticles imaging can be carried 
out by exploiting the intrinsic characteristic of inor-
ganic materials such as gold, magnetite, cadmium sel-
enide, etc. when they are precisely synthesized in nano-
meter size range. In this regard, the delivery vehicle 
can leverage the imaging by its intrinsic characteristic. 
Nevertheless, there are some pros and cons of using 
these nanoparticles that are mentioned in this review 
later on.

Also, other routinely used imaging agents such as 
organic fluorescent dyes and radioisotopes which are 
widely used in biological systems can be encapsulated 
or conjugated to nanoparticles which do not contain 
any imaging properties. However, low penetration 
capacity of visible or ultraviolet light, toxic effects and 
photobleaching have caused that organic dyes mainly 
be used as imaging cells in vitro. Radioisotopes also 
have some health issues that need careful attention 
before use. One of the important advances in imaging 
is the consideration of fluorescence resonance energy 
transfer by using metallic nanoparticles and fluorescent 
dyes like cyanine 5.5 (Cy5.5), fluorescein isothiocya-
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nate etc. in imaging modalities. It is very important to 
know that by linking organic dyes via a peptide linker 
to nanoparticles with fluorescence-quenching charac-
teristics, like gold nanoparticles, photobleaching can 
be avoided and longer visualization of the cells can be 
achieved (Figure 2) [26].

Targeting moiety
As discussed in ‘Receptor-Mediated Targeted Delivery 
of Theranostics’ another important moiety that can be 
included in theranostics is the targeting chain on the 
nanoparticle surface. For targeted delivery of nanopar-
ticles apart from passive targeting that facilitates the 
tumor accumulation of nanoparticles, highly specific 
ligands can be conjugated to the functional groups on 
the surface of nanoparticles and provide ‘magic bul-
lets’ capable of targeting the cells of interest. When we 
are talking about targeting mostly antibodies come to 
our mind, however, small molecules, which are low-
molecular-weight (<800 Da) organic compounds, can 
penetrate the cell membrane and interfere with signal-
ing pathways and they are typically used for targets 
inside the cell. In contrast, most monoclonal antibod-
ies cannot penetrate the plasma membrane and are 
commonly used for targets outside the cell or on the 
cell surface [135].

Bahmani et al. investigated the use of NIR fluores-
cence imaging for detecting HER2 overexpression as a 

biomarker of ovarian cancer cells and for inducing pho-
tothermal destruction of these cells [136]. Indocyanine 
green was encapsulated within poly(allylamine hydro-
chloride) chains cross-linked ionically with sodium 
phosphate, and monoclonal antibodies against HER2 
were conjugated to the surface through poly(ethylene 
glycol) (PEG) chains. The results showed that func-
tionalized nanoconstructs targeted HER2 more effec-
tively than the nonindocyanine green-carrying non-
functionalized constructs, and greater photothermal 
destruction of SKOV3 cells was observed with the 
former.

Oligonucleotide-based theranostic 
nanoparticles in cancer therapy
Many different types of nanoparticles such as inor-
ganic, organic and polymeric nanoparticles have been 
used as theranostics with the purpose of delivering 
oligonucleotides to cancer cells. Here is the review of 
the studies that have been performed in recent years 
(Table 1).

Inorganic nanoparticles
Due to their unique size and shape-dependent physical 
and chemical properties, inorganic nanoparticles pro-
vide great advantages for imaging and therapy. These 
nanoparticles offer a unique platform for multifunc-
tionality and multiple ligands such as targeting agents, 

Imaging agents:

Nanoparticles

Radioisotopes

Fluorescence dyes

Targeting moieties:

Antibodies

Aptamers

Transferin

Folic acid

Therapeutic oligonucleotides:

miRNA

siRNA

shRNA

Polmeric linkers:

Polyelectrolyte polymers

Polyethylene glycol



1294 Nanomedicine (Lond.) (2016) 11(10) future science group

Review    Shahbazi, Ozpolat & Ulubayram

drugs, oligonucleotides and radioisotopes can be 
attached onto or encapsulated inside the nanoparticles 
for the possibility of molecular targeting, therapeutic 
delivery and multimodal imaging [137].

In a study investigating the use of gold nanoparticles 
for codelivery of DNA and siRNA, Bishop et al. [138] used 
the layer-by-layer technique to coat the surface of the 
gold nanoparticles with different polymers, DNA and 
siRNA. Since regular citrate-stabilized gold nanoparti-
cles tend to aggregate upon the addition of polyelectro-
lyte and polymer solutions, 11-mercaptoundecanoic acid 
was used as the first layer to increase nanoparticle sta-
bility for subsequent steps. It is widely known that PEI 
is an efficient gene transfection agent, but Bishop et al. 
also tested the  poly(amido amine) N,N′-bis(acryloyl) 
cystamine-3-amino-1-propanol-1-(3-aminopropyl)-
4-methylpiperazine (BSS-S3-E7, or SS37) and the 
poly(beta-amino ester) 1-(3-aminopropyl)-4-methyl-

piperazine end-terminated poly(1,4-butanediol diacry-
late-co-4-amino-1-butanol) (B4-S4-E7, or 447) as lay-
ering polymers. The cationic polymer SS37 was used for 
its ability to promote nucleic acid complexation and for 
its degradation potential due to its disulfide linkages, 
which can break apart in a reducing environment like 
cytosol [139]. 447, a hydrolytically biodegradable poly-
mer with tertiary amines, was used to aid endosomal 
escape by producing the proton sponge effect [139,140].

PEI was more effective for nucleic acid binding 
than the degradable and less positively charged poly-
mer 447. However, two layers of PEI coating were less 
effective and more toxic than the combination of PEI 
and a degradable polymer. A gene knockdown experi-
ment using nanoparticles 200 nm in diameter in a 
green fluorescent protein (GFP)-positive human glio-
blastoma multiforme cell line (GBM319) showed that 
the knockdown of GFP achieved by a PEI-DNA-SS37-

Table 1. Classification of the oligonucleotide-based theranostic nanoparticles used in cancer therapy.

Type of nanoparticle Therapeutic 
oligonucleotide

Imaging agent Imaging modality Ref.

Gold nanoparticles DNA and siRNA 
codelivery for GFP

GFP expression or knock 
down

Fluorescence microscopy [137]

SPIO nanoparticles hTERT siRNA SPIO nanoparticles MRI [138]

Quantum dots (QDs) U6-enhanced-GFP (EGFP) 
siRNA, survivin siRNA

Quantum dots Fluorescence microscopy [139]

PEI-modified silica-coated magnetite 
nanoparticles

VEGF shRNA Magnetite nanoparticles MRI [140]

Manganese-doped magnetism-
engineered iron oxide nanoparticles 
coated with bovine serum albumin

Anti-GFP siRNA Iron oxide nanoparticles MRI [141]

CdSe/CdS/ZnS QDs EGFP siRNA Quantum dots Fluorescence microscopy [142]

1,4C-1,4Bis-gold nanorod 
poly(aminoether) nanoassemblies

Luc29 shRNA plasmid Gold nanorod Two-photon induced 
luminescence imaging

[86]

PEGylated liposome Survivin siRNA Gadolinium-containing 
lipids, Rhodamine-labeled 
cationic liposome, Alexa 
Fluor-labeled siRNA

MRI, fluorescence 
microscopy

[143]

Nanoparticles based on human serum 
albumin

GL3 siRNA macrocyclic gadolinium 
complexes

MRI [144]

QD-incorporated solid lipid 
nanoparticles

Bcl-2 siRNA Quantum dots Fluorescence imaging [145]

Liposome-gold nanorod hybrids PLK-1 siRNA Gold nanorods Multispectral 
optoacoustic tomography

[146]

Poly(lactic-co-glycolic acid) 
nanoparticles

Hmgcr siRNA Polymethine dyes Intravital epifluorescence 
microscopy

[147]

Chitosan-based hybrid nanocomplex Survivin siRNA Cy5.5 NIR fluorescence imaging [148]

PEI-PEG-cografted polymeric 
nanoparticles

Choline kinase siRNA [111In]1,4,7,10-
tetraazacyclododecane-
1,4,7,10-tetraacetic acid

Single-photon emission 
computed tomography

[85]
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siRNA-447 gold nanoparticle formulation coated with 
11-mercaptoundecanoic acid (300 ng DNA and 240 
ng of siRNA formulation) was higher than with any 
other formulation tested, including Lipofectamine 
2000. MTS assay for cytotoxicity showed that the rela-
tive metabolic activity was about 80%. The 11-mer-
captoundecanoic acid-coated PEI-DNA-447 gold 
nanoparticle formulation was the most efficacious for 
GFP expression. These findings indicate that PEI by 
itself is a very good polymer for nucleic acid binding, 
but it is not sufficient for efficient transfection, and 
an outer layer of the biodegradable polymer 447 can 
enhance the transfection rate. The authors of the study 
suggested that these layer-by-layer formulations can 
potentially be used for delivery of imaging and photo-
thermal therapy agents as well as for theranostic pur-
poses. Such formulations can also be used to increase 
uptake and decrease the concentration of administered 
siRNA in treatment of many cancers.

Li et al. studied the efficiency of DNA and siRNA 
transfection by SPIO nanoparticles coated with a 
disulfide-containing PEI (SSPEI) outer layer [141]. The 
nanoparticles were approximately 80 nm in diameter, 
and after being coated with SSPEI, had a zeta poten-
tial of about +26 mV. The researchers hypothesized that 
these nanoparticles can release DNA or siRNA due to 
the cleavage of the disulfide bond of SSPEI, thereby 
inducing high levels of gene expression or downregula-
tion [142,143]. For DNA transfection studies the expres-
sion level of GFP was evaluated in the MCF-7 breast 
cancer cell line. SSPEI-SPIO/DNA (1 μg DNA) at a 
mass ratio of 5:1 produced potent transfection, with an 
efficiency comparable to that observed with complexes 
of branched PEI. Although PEI is one of the most effec-
tive nonviral gene delivery vectors, it has toxic effects. 
After comparing the viabilities of cells transfected 
with branched PEI/DNA and cells transfected with 
SSPEI-SPIO/DNA (∼80 and ∼100%, respectively), the 
researchers concluded that SSPEI-SPIO/DNA was safer 
and more effective for gene transfection.

Li et al. also explored the ability of nanoparticles to 
deliver hTERT siRNA in human liver carcinoma cells 
(HepG2 cells). Compared with its levels in normal human 
somatic cells, hTERT mRNA is expressed at extremely 
high levels in the majority of human cancer cells, making 
hTERT a specific target for cancer therapy [144–147]. Gene 
downregulation studies showed efficient SSPEI-SPIO/
hTERT-siRNA (0.5 μg siRNA) uptake and concomitant 
downregulation of hTERT mRNA/protein expression 
and rapid apoptosis in HepG2 cells.

As a theranostic nanoparticle formulation, these 
nanoparticles provided the imaging ability by MRI. 
MRI is one of the most widely used imaging tech-
niques in cancer diagnosis. MR images are obtained 

using longitudinal (T1) and transverse (T2) relaxation. 
Paramagnetic T1-weighted contrast agents such as 
gadolinium (Gd3+) and manganese (Mn2+) chelates are 
used to increase the T1 relaxation time, and superpara-
magnetic T2-weighted contrast agents such as magne-
tite (Fe

3
O

4
) nanoparticles are used to reduce T2 relax-

ation times [148]. In vivo MR images of a nude mouse 
bearing an HepG2 tumor showed the accumulation of 
nanoparticles in the tumor at 1–3 h postintravenous 
injection of SSPEI-SPIO nanoparticles as the intensity 
of the signal on a T2-weighted fast spin echo image 
of the tumor decreased. These findings indicate that 
SSPEI-SPIO nanoparticles have promise for tumor 
gene therapy and imaging.

Cho et al. tested magnetic IONPs or QDs conju-
gated to the amino terminal fragment (ATF) of the 
urokinase plasminogen activator (uPA) for targeted 
delivery of siRNA-expressing DNA nanocassettes 
into tumors [149]. uPA receptor is highly expressed in 
tumor, angiogenic endothelial and stromal cells in 
various human cancers [150–153]. Transfection of U6–
enhanced-GFP (EGFP) siRNA with 56–nm QD/
uPA/nanocassettes silenced the expression of the trans-
duced EGFP gene in a GFP gene-stable MCF-7 cell 
line. The researchers suggested that a possible mech-
anism behind the release of DNA nanocassettes was 
cleavage of the amide bond between the nanoparticles 
and DNA nanocassettes. Gene transfection studies 
showed that U6-Luc siRNA nanocassettes conjugated 
to QDs with human ATF-targeting ligands (hATF–
QDs–Luc siRNA) were delivered into MCF-10DCIS 
human breast cancer cells more efficiently than those 
conjugated to nontargeted nanoparticles. A noticeable 
decrease in luciferase activity was observed after uPA 
receptor-targeted internalization of QD–Luc siRNA. 
As the number of Luc siRNA nanocassettes on QDs 
increased from 2 to 10 or 20, so did the inhibitory 
effect.

The researchers also investigated the transfec-
tion efficiency of hATF–Luc siRNA–IONPs in MIA 
PaCa-2 pancreatic cancer cells in comparison with that 
of double-stranded RNA–Luc siRNAs by using the 
Xenogen IVIS imaging system. A 65% reduction in 
luciferase activity was achieved by incubating cells for 
48 h with hATF–Luc siRNA–IONPs (20 pmol DNA 
nanocassettes). The same concentration of Luc siR-
NAs decreased luciferase activity by 39% (Figure 3A). 
In an in vivo experiment, 72 h after a tail vein injec-
tion of hATF–QD–Luc siRNA nanocassettes (2 nmol 
of DNA cassettes), luciferase activity was reduced 
by 90% (Figure 3B). Another experiment was aimed 
at investigating the use of nanoparticles for survivin 
gene knockdown. Survivin is highly expressed in many 
human cancers and plays a major role in the blocking of 
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apoptosis [154]. Several hATF-QD-conjugated survivin 
siRNA-expressing DNA nanocassettes produced sur-
vivin gene knockdown in MD-MB-231 breast cancer 
cells along with activation of the apoptotic cell death 
mediated by high levels of active caspase 3. Although 
pancreatic cancer cells are not sensitive to free gem-
citabine, the combination of hATF-QD-conjugated 
survivin siRNA-expressing DNA nanocassettes with 
1 μM gemcitabine decreased the percentage of viable 
MIA PaCa-2 cells tremendously, from 94% in the free-
drug-treated cells to 18%. Taken together, the findings 
indicate that the strategy of using siRNA-expressing 
DNA nanocassettes with QDs or IONPs can be an 
effective approach in theranostic applications.

Li et al. designed PEI-modified silica-coated mag-
netite (Fe

3
O

4
@SiO

2
) nanoparticles capable of car-

rying a high load of VEGF shRNA for VEGF gene 
silencing and MRI [155]. The Fe

3
O

4
@SiO

2
/PEI/VEGF 

shRNA nanoparticle formulation silenced VEGF 
mRNA expression and enhanced gene silencing more 
efficiently than the control formulation (Fe

3
O

4
@SiO

2
/

PEI/Sc shRNA). MRI findings showed that these 
nanoparticles can act as a T2-weighted contrast agent 
for cancer MRI.

Lee et al. developed all-in-one nanoparticle probes 
for simultaneous delivery and multimodal imag-
ing [156]. The probes consisted of 15–nm-diameter 
manganese-doped magnetism-engineered IONPs 
coated with bovine serum albumin. These nanopar-
ticles can enhance MRI signals because their mag-
netic moment is higher than that of conventional 
magnetic IONPs. The nanoparticles were functional-
ized with an RGD peptide using PEG. RGD peptides 
have the ability to specifically bind to αvβ3 integrin, 
which is expressed abundantly in metastatic tumor 
cells and tumor endothelial cells and plays a critical 
role in receptor-mediated endocytosis [157]. Cy5 dye-
labeled thiolated siRNAs (HS-siGFP-Cy5) (4 pmol) 
attached to the surface of nanoparticles through 
disulfide bonds inhibited the expression of GFP. The 
cell-targeting ability of the nanoparticles was then 
examined in breast cancer cells (MDA-MB-435 cells) 
expressing αvβ3 integrin and lung carcinoma cells 
(A549 cells) deficient in αvβ3 integrin. In contrast to 
the images of A549 cells, which showed no change in 
MR contrast, T2-weighted gradient echo MR images 
of MDA-MB-435 cells at 3.0 T had strong contrast, 
which became more intense with increasing amounts 
of the nanoparticles. Analogous results were obtained 
in gene silencing experiments. A significant reduction 
in the intensity of green fluorescence was observed in 
MDA-MB-435–GFP cells, whereas no notable reduc-
tion in fluorescence was observed in A549-GFP cells. 
These findings demonstrated the effectiveness of 

RGD-mediated targeting in both MR imaging and 
gene silencing.

Jung et al. prepared 7–nm-diameter core-shell 
CdSe/CdS/ZnS QDs coated with trioctylphosphine 
oxide or hexadecylamine [158]. Dihydrolipoic acid 
derivatized with an amine-terminated PEG spacer was 
added to the formulation to make the QD constructs 
water-soluble and suitable for conjugation with siRNA 
(0.12 μM). Additionally, two targeting peptides, a 
thiol-modified RGD peptide and a thiol-modified 
human immunodeficiency virus Tat-derived peptide, 
were attached to the siRNA-QDs. Gene silencing effi-
ciency was measured as suppression of EGFP expressed 
in U87 cells that were genetically modified to express 
EGFP. Very high levels of siRNA-QDs were observed 
within U87-EGFP cells due to the synergistic effects of 
the two transfection peptides, as confirmed by fluores-
cence microscopy. Toxicity tests showed that prepared 
nanoparticles in 10–50 nM concentrations were not 
toxic and cell viability was above 90%.

Ramos and Rege generated 1,4C-1,4Bis-gold 
nanorod poly(aminoether)-based nanoassemblies 
using a layer-by-layer deposition approach to investi-
gate the silencing of expressed luciferase protein with 
shRNA plasmids in 22Rv1-Luc human prostate cancer 
cells [86]. Up to 55% silencing of the original lucifer-
ase signal was achieved by nanoassemblies delivered by 
the Luc29 shRNA plasmid. Given that gold nanorods 
provide highly efficient two-photon induced lumines-
cence both in vitro and in vivo and can absorb excita-
tion wavelengths in the NIR region of the absorption 
spectrum with minimal tissue scattering and photo-
toxic effects, two-photon luminescence was success-
fully used to image these nanoassemblies [159–161]. 
Gold nanorod-based nanoassemblies are also useful 
for hyperthermic ablation of cancer cells using NIR 
lasers [162,163].

Organic nanoparticles
Kenny et al. designed PEGylated liposome-encapsu-
lated siRNA (LEsiRNA) theranostic nanoparticles 
with the ability to reduce survivin expression and 
tumor growth and demonstrated real-time monitoring 
of delivery by MRI with fluorescence [164]. The average 
diameter of the LEsiRNA nanoparticles was 88 ± 1.6 
nm. In vivo MRI showed that 24 h after tail vein injec-
tion of the nanoparticles in mice, signal intensity on 
the T1-weighted fast spin echo images was increased 
due to the presence of gadolinium-containing lip-
ids from the nanoparticles. The MR relaxivity of the 
LEsiRNA nanoparticles was higher than that of clini-
cal MRI contrast agents like gadoterate meglumine. In 
addition to their effectiveness for imaging, LEsiRNA 
nanoparticles also caused a significant reduction in 
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Figure 3. Transfection efficiency of hATF–Luc siRNA–IONPs and hATF–QD–Luc siRNA nanocassettes. (A) Comparison of gene 
silencing induced by unconjugated RNA-based siRNAs and that induced by targeted nanoparticles carrying siRNA-expressing DNA 
nanocassettes. (B) Luciferase activity in nude mice bearing MCF-10DCIS human breast tumor xenografts that received hATF–QD–Luc 
siRNA nanocassettes or nontargeted QD–Luc siRNA nanocassettes (upper panels) and validation of the specific gene silencing effect 
after systemic delivery of hATF–QD–Luc siRNA or control scrambled-siRNA-carrying nanocassettes (lower panels).  
Reprinted with permission from [139] © 2013 Wiley-VCH.
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OVCAR-3 (human ovarian cancer cell line) xenograft 
tumor growth at 48 and 72 h postadministration (2.5 
mg/kg of siRNA). Western blot analysis showed that 
the expression of survivin was reduced after nanopar-
ticle administration. Fluorescence microscopy of tissue 
slices showed colocalization of the PEGylated bimodal 
rhodamine-labeled cationic liposome and the Alexa 
Fluor-labeled siRNA in the tumor. Thus, in addition 
to the delivery of siRNA, simultaneous monitoring of 
delivery was also made possible.

Mertz et al. designed theranostic nanoparticles 
based on human serum albumin for simultane-
ous gene silencing and MRI applications [165]. The 
researchers described an effective method based on 
the use of isobutyramide grafts and their derivatives 
to assemble different biomacromolecules, composing 
proteins, at interfaces or in freestanding form [165,166]. 
Nanoparticles were covalently grafted with macro-

cyclic gadolinium complexes (1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraacetic acid-Gd) as an MRI 
contrast agent. The gene silencing efficacy of the 
nanoparticles was examined in A549luc lung carci-
noma cells stably transfected with the pGL3 gene, 
expressing the firefly luciferase. After 72-h incubation 
with siRNA/nanoparticles, high levels of inhibition of 
gene reporter expression were observed in the cells: up 
to 80% for non-Gd-grafted nanoparticles and up to 
50% for Gd-grafted nanoparticles. MRI showed that 
Gd-grafted albumin nanoparticles enhanced MRI 
contrast over that observed with the control (saline 
buffer).

Bae et al. developed QD-incorporated solid lipid 
nanoparticles for anticancer theranostics with the 
synergistic paclitaxel-siRNA therapeutic combina-
tion [167]. Both paclitaxel and Bcl-2 siRNA (1 μg/ml) 
were delivered successfully into human lung carcinoma 
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cells, and the treatment produced synergistic antican-
cer activities by triggering caspase-mediated apoptosis. 
Prepared complexe effectively suppressed the Bcl-2 
expression down to 52.5 ± 15.0%. QDs with strong 
fluorescence intensity within the nanoparticles were 
visualized in situ, and intracellular translocation of the 
nanoparticles was observed.

Taruttis et al. prepared liposome–gold nanorod 
hybrids with optimized-length gold nanorods (29 nm-
AuNR700, 38 nm-AuNR780 and 45 nm-AuNR850) 
for delivery of PLK-1 siRNA and multispectral opto-
acoustic tomography [168]. Due to the fact that, higher 
absorption intensity will lead to the better MSOT 
resolution the liposomes with AuNR

780
 were selected 

for the experiments. Liposomes were labeled with the 
NIR-797 fluorescent tag to allow validation by fluores-
cence cryoslicing imaging. In vivo multispectral opto-
acoustic tomography of liposome vectors using the 4T1 
and HT29 tumor cell models showed that the injected 
dose remained stable at the site of injection after 24 h, 
protecting the siRNA from being cleared from the 
tumor and thereby enabling apoptosis (Figure 4).

Polymeric nanoparticles
Polymeric nanoparticles with their ability to encapsu-
late therapeutics have shown to be potential nanocar-
riers for oligonucleotide delivery. These nanoparticles 
can protect their payload from serum endonucleases 
and release the entrapped therapeutic timely. Also, oli-
gonucleotides can be introduced during the prepara-
tion of nanoparticles and form a nanocomplex capable 
of gene delivery [169].

Press et al. used poly(lactic-co-glycolic acid) 
nanoparticles covalently conjugated with fluorescent 
polymethine dyes for organ-selective imaging and 
siRNA delivery in mice [170]. Dyes with four sulfonic 
residues underwent preferential renal elimination, and 
dyes with only one sulfonic residue underwent hepato-
biliary excretion. DY-780 and DY-635 were excreted 
preferentially via the biliary route. The use of DY-635 
facilitated the monitoring of uptake and hepatobili-
ary clearance by intravital epifluorescence microscopy 
(Figure 5). Uptake of DY-635 by mouse hepatocytes 
was rapid, temperature sensitive and sensitive to dose-
dependent inhibition by cyclosporin A. More than 
90% of DY-635–nanoparticles were cleared by the 
hepatobiliary system within 1 h. While DY-635 func-
tionalized nanoparticles showed significant uptake by 
the liver, all the other nanoparticles showed uptake by 
spleen which indicated the phagocytic clearance.

The researchers theorized that a possible uptake route 
was immobilization of nanoparticles on the cell surface 
by the interaction of DY-635 with organic anion-trans-
porting polypeptides and clathrin-mediated endocyto-

sis. Because the nanoparticles were 170 nm in diameter, 
the researchers conjectured that the nanoparticles could 
not be transported directly by organic anion-transport-
ing polypeptides [171] and suggested that transporters on 
the basolateral membrane may have played an active role 
in nanoparticle uptake. A gene knockdown experiment 
with Hmgcr mRNA in Hepa1–6 cells demonstrated 
targeted delivery of DY-635–nanoparticle siRNA, with 
75 and 60% decreases in mRNA levels after 16 and 24 
h, respectively. In vivo targeting showed that, following 
two injections (7 μg NP per g body weight) via a venous 
port, a 70% decrease in Hmgcr mRNA and a substan-
tial decrease in plasma cholesterol were achieved. DY-
635-carrying nanoparticles increased plasma choles-
terol with no other side effects, and this increase was 
substantially reduced by DY-635-functionalized deliv-
ery of siRNA in poly(lactic-co-glycolic acid) nanoparti-
cles. The researchers suggested that this targeted deliv-
ery strategy can potentially be used for imaging and 
therapy of hepatic cancer.

Ki et al. developed a chitosan-based hybrid nano-
complex with high physical stability in the blood-
stream. Hybrid nanocomplexes with a mean diameter 
of <200 nm were prepared by combining survivin 
siRNA, protamine, lecithin, chitosan and tripolyphos-
phate (GP-L-CT) for systemic delivery of survivin 
siRNA [172]. The tumor targetability and antitumor 
efficacy of siRNA/nanoparticles were tested in a pros-
tate cancer (PC-3 cells) xenograft mouse model by 
NIR fluorescence imaging and tumor growth monitor-
ing. Chitosan-based nanoparticles have low cytotoxic 
effects, high biocompatibility, high mucoadhesiveness 
and high cell permeability, but they also have some 
weaknesses, such as low gene delivery efficiency in vivo.

To develop a more stable and efficient hybrid nano-
complex, the researchers generated a precomplex com-
posed of siRNA and protamine and added lecithin, 
chitosan and tripolyphosphate to stabilize the formula-
tion. Protamine binds to the lipophilic moiety in a phos-
pholipid and improves nanoparticle stability [173,174]. 
Lecithin was added in culture medium with 50% fetal 
bovine serum. The results of a gel retardation assay 
showed that chitosan-HCl with a molecular weight of 
150–400 kDa and 95% deacetylation produced higher 
siRNA levels and lower survivin expression. The rate 
of cellular uptake (mean population percentages in 
P1 regions) for GP-L-CT complexes in PC-3 cells 
was 83.9%, compared with 40.0% for Lipofectamine 
2000. NIR fluorescence imaging at 2 and 5 h after 
intravenous injection (80 μg siRNA per mouse) in a 
PC-3 tumor xenograft mouse model showed that the 
fluorescence intensity of Cy5.5-siRNA-carrying GP-L-
CT nanoparticles in the tumor region was higher than 
that of naked Cy5.5-siRNA or Cy5.5-siRNA-carrying 
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Figure 4. In vivo multispectral optoacoustic tomography transverse images showing multispectrally resolved NIR-
liposome-gold nanorod780/PLK-1 siRNA complexes (green overlay) in 4T1 and HT29 cell tumors at the indicated 
time points.  
Reprinted with permission from [146]. © 2014 Royal Society of Chemistry.
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Lipofectamine 2000. The nanoparticles were accumu-
lated in the tumor region due to the enhanced perme-
ability and retention effect [175]. In contrast to pore size 
in normal vasculature, which is <10 nm, tumor regions 
have wide fenestrations in neovasculature, with a pore 
size of 100–700 nm and defective lymphatic drain-
age [176]. After i.v. injection (40 μg siRNA per mouse) 
the GP-L-CT nanoparticles inhibited tumor growth 
by 75.5% by day 18.

Chen et al. developed a prostate-specific membrane 
antigen-targeted nanoplex platform for theranostic 
imaging of prostate cancer [85]. PSMA has been widely 
used as a specific target for prostate cancer treatment, 
and its expression is correlated with androgen insensi-
tivity and tumor invasiveness [177–179]. The nanoplexes 
had a longitudinal size of 65 nm and a zeta potential 
of 1.6 mV. A Cy5.5-labeled poly-L-lysine (PLL) probe 
was used for multimodal imaging because of its emis-
sion in the NIR region (680–900 nm). Since auto-
fluorescence and absorption by intrinsic chromophores 
are relatively low in this spectral region, Cy5.5 can be 
used effectively for in vivo optical imaging. The pro-
drug-activating bacterial cytosine deaminase (bCD) 
was cross-linked to a PEI-PLL copolymer to produce 
bCD-PLL-PEI. bCD converts the nontoxic prodrug 
5-fluorocytosine into the toxic 5-fluorouracil, which is 
detectable by 19F MR spectroscopy [180,181]. PLL was 
chosen as the linker between PEI and bCD to avoid the 
loss of activity by PEI and thus maintain bCD activity. 
bCD was active up to 48 h postinjection.

The researchers also tested the therapeutic function-
ality of this theranostic system by using the nanoplexes 
to downregulate choline kinase (Chk). Chk converts 
choline to phosphocholine, which is significantly 
upregulated in aggressive breast cancer cells and plays 
a critical role in tumor growth, invasion and metas-
tasis [182,183]. MR spectroscopy or positron emission 
tomography can be used to track changes in choline 
metabolism. The siRNA was conjugated to the PEI-
PEG-cografted polymer through electrostatic interac-
tions. To track the intracellular and in vivo distribution 
of the siRNA microscopically, the researchers conju-
gated rhodamine to PEI. For the targeting function, 
a urea-based PSMA-targeting moiety (2-(3- [1-car-
boxy-5- [7-(2,5-dioxopyrrolidin-1-yloxycarbonyl)hep-
tanoylamino]pentyl]-ureido)pentanedioic acid) was 
used to conjugate maleimide-PEG-NH

2
 to PEI [184,185]. 

For in vivo tracking of the nanoplexes, [111In]1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid was 
conjugated to the PEI-PEG-cografted polymer to 
enable single-photon emission computed tomogra-
phy. The images confirmed that PSMA increased 
the uptake rate, as evidenced by a significant differ-
ence between mice bearing PC3-PIP (PSMA-positive) 
tumors and mice bearing PC3-Flu (PSMA-negative) 
tumors (Figure 6). In vivo 1H MR spectroscopy of 
PC3-PIP tumors 48 h after nanoplex injection (150 
mg/kg) showed that total choline (free choline, phos-
phocholine and glycerophosphocholine) decreased to 
about 30% of pretreatment values. It had been previ-
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Figure 5. Intravital epifluorescence microscopy of acinar distribution of DY-635-labeled nanoparticles. The upper 
panels show background fluorescence in the liver (blue). The middle panels are heat maps (blue: low intensity, 
red: high intensity) of signal distribution, which is concentrated in the pericentral region of the liver lobule soon 
after injection of the nanoparticles and spreads toward the midzonal region and even the periportal region over 
time. The lower panels are corresponding false-color images of the association of DY-635 fluorescence (red) with 
liver parenchyma (green). Fluorescence is restricted to the vascular compartment 5 min after injection, and the 
yellow signal indicating colocalization of the dye with liver parenchyma increases over time. Scale bars: 100 mm.  
Reprinted with permission from [147]. © 2014 Nature Publishing Group.
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ously reported that tumor doubling time was reduced 
threefold with bCD only and sixfold with siRNA- and 
bCD-containing nanoplexes together with a single 
dose of 5-fluorocytosine [186].

To evaluate the toxicity of the nanoplex, alanine 
aminotransferase (ALT), aspartate aminotransferase 
(AST), creatinine and blood urea nitrogen measure-
ments were performed to assess the hepatic and renal 
toxicity and no significant difference was observed in 
comparison to control group.

Pros & cons of oligonucleotide-based 
theranostic nanoparticles
As with many other nanoparticle formulations, there 
are some important pros and cons related with oligo-
nucleotide-based theranostic nanoparticles that are 
mentioned below.

Pros

•	 Oligonucleotides target the malfunctioning gene of 
interest or upregulated oncogenes inside the tumor 
directly, so they are more specific than conven-
tional therapeutics.

•	 Using highly specific oligonucleotides eliminates 
the very common side effects and toxicities that are 
associated with conventional therapeutics.

•	 Using oligonucleotides facilitates and expedites the 
development of therapeutics for different therapeu-
tic targets.

•	 Oligonucleotides are very small structures that can be 
easily functionalized and conjugated to theranostic 
nanoparticles.

•	 Theranostic nanoparticles can provide passive target-
ing to the tumor site and at the same time be tracked 
for their eventual destination and monitoring of the 
therapy.

•	 If they are finely designed they can provide research-
ers with highly specific imaging and therapeutic 
vehicles.

•	 They can assure the doctor or the patient that the 
therapy that is being applied worth continuing or 
should be aborted.

•	 Delivery of the therapeutics to the target site 
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Figure 6.   Effect of PSMA targeting on the uptake 
of nanoparticles. (A) Representative single-photon 
emission computed tomography images of an SCID 
mouse bearing PC3-PIP and PC3-Flu cell tumors, 
showing accumulation of radioactivity in the PC3-PIP 
tumor at 48 h. (B) Region-of-interest analysis of tumors 
and muscle, showing significant accumulation of 
radioactivity in PC3-PIP tumors 48 h postinjection.  
Reprinted with permission from [60]. © 2012 American 
Chemical Society.
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and their accumulation in the tumor site can be 
 visualized temporally.

Cons

•	 Toxicity of nanoparticles such as QDs, magnetic 
nanoparticles, polymeric nanoparticles, etc. is one 
of the problems and if they are not modified they 
cannot enter to the clinic.

•	 Oligonucleotides have some off target effects and 
chemical modifications are needed to reduce the 
toxic effects associated with them.

•	 In order to deliver negatively charged oligonucle-
otides surface modifications of nanoparticles such 
as coating with cationic polymers or lipids are 
 necessary which can cause major toxicity issues.

•	 Radioisotopes or fluorescent dyes which are used 
as imaging agents have some concerning toxicities 
that should be noticed.

•	 Nanoparticle size, targeting moiety and surface 
properties are some important factors that if not 
designed properly, can lead to the accumulation in 
wrong sites.

•	 Aggregation of nanoparticles or the stability 
problems of some nanoparticle formulations can 
decrease the efficiency of the therapy.

Future perspective
Each targeting strategy has advantages and disadvan-
tages, and many have clinical applications. Combina-
tion strategies may improve the precision of drug deliv-
ery and pave the way for more effective personalized 
therapy. The definition of theranostics may need to be 
expanded to include targeting functionality in addi-
tion to imaging and therapy. Aptamers have shown 
great potential as targeting agents, and future research 
will need to identify new highly specific targets.

As new gene targets continue to emerge, incorpo-
ration of oligonucleotides in theranostic nanoparticles 
will facilitate more specific imaging and therapy. These 
systems need to maintain their stability and the stabil-
ity of their oligonucleotide payload. Nanoparticle sys-
tems behave differently in vivo and in vitro, and formu-
lations that show high stability in vitro may lose that 
stability or get eliminated by the reticuloendothelial 
system in vivo. Before a theranostic approach can be 
implemented in clinical practice, it needs to undergo 
comprehensive testing in animal models. In addition, 
in cases of tumor heterogeneity (distinct morphologi-
cal and phenotypic profiles in a tumor), simultaneous 
targeting of different pathways may be necessary.

In order for oligonucleotide-based theranostics to 
enter to the clinic they should be able to be visualized 
with imaging modalities with high tissue penetration. 
Furthermore, there should be more focus on the toxic-
ity of nanoparticles or imaging agents. Conventionally 
used imaging agents have some toxicity issues associ-
ated with them and safer alternatives should be used 
during theranostic approaches. Also, if theranostic 
nanoparticles such as magnetic nanoparticles, QDs 
etc. are going to be used, they should be designed in a 
way to minimize their toxicity. For instance, although 
magnetic nanoparticles can be used for imaging with 
MRI but there are some critical toxicity issues that need 
to be addressed before they could enter to the clinic.

Conclusion
The recent developments in theranostic applications 
using nanoparticles carrying highly specific oligonu-
cleotides have aided early detection of malignancies 
and targeted therapy. Oligonucleotide-based thera-
peutics can target different cancer cell pathways, and 
the use of oligonucleotides in theranostic systems has 
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facilitated precise assessment of tumors before and 
after therapy. Newly discovered targeting moieties can 
act as magic bullets for targeted delivery of therapeu-
tic agents. Perhaps in the near future, the radioactive 
or toxic chemicals currently used in cancer imaging 
and therapy will be replaced by magic-bullet theranos-
tics, offering cancer cell-specific imaging and therapy 
and thus furthering the advancement of personalized 
 medicine.
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Executive summary

Theranostic nanoparticles
•	 Theranostic approach which is based on combined therapy and diagnosis can provide the early detection and 

targeted treatment of different cancer types, monitoring of the treatment progress, personalized cancer 
treatment.

•	 Nanoparticle-based theranostics avoid the disadvantages of conventional contrast agents and facilitate the 
detection of tumors smaller than 0.5 cm and discrimination between benign and cancerous tissues.

Oligonucleotides-based theranostics
•	 Oligonucleotide-based therapeutics such as small interfering RNA, microRNA and small hairpin RNA are 

highly specific targeted approaches that can be easily delivered by theranostic nanoparticulate systems and 
overcome their long lasting delivery problem.

•	 Targeted delivery of oligonucleotide-based theranostic nanoparticles can be achieved either by passive 
targeting or active targeting via ligands, antibodies, antibody fragments and aptamers.

Designing of the theranostic nanoparticles
•	 Imaging moieties and therapeutic oligonucleotides can be encapsulated inside the nanoparticles or 

conjugated on the nanoparticle surface. Targeting moieties are generally conjugated to the surface of 
nanoparticle.

•	 Inorganic nanoparticles such as superparamagnetic nanoparticles, quantum dots and gold nanoparticles are 
one of great candidates in theranostic approaches as they do not need any imaging moiety and can be easily 
imaged.

•	 As oligonucleotides are conjugated to the surface of inorganic nanoparticles so the surface of nanoparticles 
needs to be modified by cationic structures for electrostatic interaction. Polyvalent oligonucleotide/gold 
nanoparticle conjugates are one of promising approaches that do not contain any cationic structure and are 
robust gene delivery and imaging vehicles.
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