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            Introduction 
 The term “theranostics,” a portmanteau word of therapeutics 

and diagnostics, is a proposed methodology for increasing 

treatment effi cacy and safety and for monitoring the response 

to treatment at the same time. The integration of therapeutic 

and diagnostic functions within a single dose allows the devel-

opment of effective curing protocols by simultaneously moni-

toring the results of a new medication test (  Figure 1  ). In the 

last few years, an increasing number of articles on theranos-

tics have reported imaging agents that can predict or monitor 

therapy. This image-guided therapy allows for the tailoring of 

optimized treatment for individual patients and would be of 

great interest to the fi eld of personalized medicine.     

 Theranostics relies on emerging advances in nanotechnol-

ogy, wherein the detection of nanomaterials could occur before, 

during, or after the treatment regimen.  1   Molecular imaging per-

mits non-invasive monitoring of the distribution of theranostic 

nanocarriers. It can also provide very rapid feedback on specifi c 

targeting and delivery of therapeutic agents using real-time mon-

itoring. Nanoparticles have specifi c advantages for theranostics 

that are not found for small molecules. They possibly have a 

longer circulation half-life, and they are useful for applications 

such as cardiac blood pool imaging, tumor contrast, diagnosis of 

infl ammation, and sustained systemic drug delivery.  2 

 Gene therapy refers to an approach by which abnormal 

genes within an individual’s cells are supplemented or altered 

with normal ones to modulate the disease manifestation. 

Generally, two types of therapeutic strategies have been used 

in gene therapy: gain-of-function and loss-of-function.  3   For 

gain-of-function, complementary DNA (cDNA) or messenger 

RNA (mRNA) needs to be delivered to increase expression of 

a target protein, which is mostly done by viral vectors (viruses 

for gene delivery, such as retrovirus, adenovirus, lentivirus, 

etc.).  4   In contrast, for loss-of-function, the function or synthe-

sis of a target protein can be blocked when an antisense 

oligonucleotide (AS-ODN), a small interfering RNA (siRNA) 

or an aptamer, is delivered by non-viral vectors (for more 

information on AS-ODN, siRNA, and aptamer, see References 

5 and 6). 

 Since the fi rst conceptualization of gene therapy in 1972, 

a number of clinical trials have been conducted using various 

techniques.  7   Clinical approval of Gendicine by the Chinese 

State Food and Drug Administration was the world’s fi rst 

commercial gene therapy. Gendicine is a recombinant adeno-

virus engineered to express wild-type-p53, a tumor suppressor 

protein, for the treatment of cancer with mutated p53.  8   The 

landmark clinical trials included the delivery of RPE65 (reti-

nal pigment epithelium-specifi c 65 kDa protein) cDNA using 
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adeno-associated virus for the treatment of Leber’s congenital 

amaurosis, a rare inherited eye disease.  9 , 10   

 In recent years, it has been of interest and potential clinical 

value to combine the concept of a nanoscale delivery plat-

form with gene therapy. However, there are major hurdles in 

nanoparticle-mediated delivery of genes, including: (1) uptake 

by the reticuloendothelial system (RES), a part of the immune 

system composed of phagocytic cells, should be avoided 

when delivering nanocarriers into specifi c target tissue.  11   

(2) To locate therapeutic genes at the site-of-action, such as 

the cytoplasm or nucleus, nanoparticles need to cross the cell 

membranes through endocytosis, and then endocytosed genes 

must escape the endosome.  8   (3) In particular, the enhanced 

permeability and retention effect is considered as a tumor-

targeting strategy because nanoparticles can extravasate into the 

tumor interstitium through the leaky vasculature and accumu-

late in a solid tumor; however, the accumulation level of nano-

materials depends on nanoparticle size and vascular density of 

the tumor tissue. The ideal size of nanoparticles is considered in 

the range of 20–200 nm.  12   

 Physicochemical properties of nanocarriers, including sur-

face charge and size, are optimized to overcome the biologi-

cal barriers, as described previously. Surface modifi cation of 

poly(ethylene glycol) (PEG) reduces the opsonization, a pro-

cess by which foreign materials are coated with nonspecifi c 

proteins, thereby minimizing entrapment in RES. Positive 

surface charge of nanoparticles helps endocytosis by interac-

tion with anionic proteoglycans on the cell surface. Further, 

transfection effi cacy of nanoparticles can be increased by asso-

ciation with active targeting molecules, such as antibodies, 

ligands, and aptamers. 

 Despite many advances, the fi eld of gene therapy is still 

facing many obstacles, such as the short-lived nature of gene 

therapy, immune response, and toxicity with 

viral vectors. Hence, most research has focused 

on the development of alternative nanocarriers 

for the effective delivery of genetic materials 

into desired tissues or cells.  13   Representative 

non-viral vectors for gene delivery include lipid-

based nanomaterials and polymeric nanoparti-

cles. In the last fi ve years, many scientists have 

also worked on gold nanomaterials, magnetic 

nanoparticles, and carbon-based nanomateri-

als. In parallel, there are increasing efforts to 

evaluate the effi cacy of gene therapy by moni-

toring delivered nanoplatforms and identifying 

therapeutic responses in living subjects. This 

article focuses on the design and development 

of such theranostic agents and their applications 

to gene therapy.   

 Gold-based nanotheranostics for 
gene therapy 
 In recent years, gold-based nanomaterials, 

including gold nanoparticles and gold nano-

rods, have gained increasing interest as multifunctional car-

riers for various diagnostic and therapeutic agents, owing 

to their biocompatibility and facile surface functionalization 

methods via gold-thiol chemistry.  14   They are attractive candi-

dates for gene delivery, because their surfaces can be easily 

grafted with thiolated nucleic acid strands for enhancing 

cellular delivery and gene silencing effi ciency. 

 Surface-functionalized gold nanostructures with cationic 

molecules also bind to nucleic acids and play a role in gene 

delivery. Han et al. reported functionalized gold nanoparticles 

with cationic quaternary ammonium groups associated with 

DNA through electrostatic interactions, which released DNA 

via reaction with intracellular glutathione (GSH), a tripeptide 

that controls the redox environment in cells. After unpackag-

ing DNA from the nanoparticles by GSH treatment, the DNA 

was effi ciently transcribed by T7 polymerase (  Figure 2  ).  15 , 16   

These non-covalent complexes of nanoparticles and DNA 

were also effi cient in transfection of human embryonic kid-

ney cells (293T).  17   Thomas and Klibanov covalently attached 

branched polyethylenimine (PEI, 2 kDa) to gold nanoparti-

cles as vectors for the delivery of plasmid DNA, resulting in 

ternary complexes.  18   Wang et al. synthesized a novel DNA-

binding vector by locating  β -cyclodextrin at the external sur-

face of oligo(ethylenediamino)-modifi ed gold nanoparticles.  19   

Accordingly, the surface functionalization of gold nanoparti-

cles allows the successful incorporation of therapeutic genes. 

It may also offer opportunities for other functional moieties, 

such as imaging agents or targeting molecules.     

 Combining the imaging agent with gold nanoparticles 

enables the development of multifunctional nanostructures. 

Lu et al. showed that  64 Cu-labeling of siRNA-conjugated 

gold nanoparticles allowed positron emission tomography 

(PET) imaging and gene therapy at the same time.  20   In the 

  

 Figure 1.      Schematic representation of the term “theranostics,” a portmanteau word 

of therapeutics and diagnostics. The combined process of therapeutics (anti-cancer 

drug, gene, antibody, etc.) and diagnostics (CT, computed tomography; PET, positron 

emission tomography; MRI, magnetic resonance imaging; ultrasound, etc.) methodology 

proposes to increase treatment effi cacy and safety, while monitoring the response to 

treatment at the same time.    
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study, siRNA was released from the nanostructures when 

near infrared (NIR) wavelengths were irradiated, because 

strong surface plasmon resonance (SPR) absorption at NIR 

wavelengths, the unique properties of gold nanomaterials, 

resulted in the cleavage of the gold nanoparticles-biomolecules 

linkage. The NIR irradiation-induced release of nucleic acid 

from gold nanomaterials could be used for the 

selective delivery of siRNA as well as plasmid 

DNA.  21−23   This photothermal transfection gen-

esis-RNA inhibited tumor growth only in the 

region irradiated by NIR, while circumventing 

undesired side effects.  20     

 Magnetic nanotheranostics for gene 
therapy 
 Magnetic nanoparticles (see the November 

2013 issue of  MRS Bulletin ), which can be 

manipulated by magnetic fi eld gradients, are 

advantageous for theranostic purposes because 

of their potential for biomedicine, magnetic 

resonance imaging (MRI), and magnetic particle 

imaging.  24   As they can be used as carriers for 

 in vivo  gene delivery, magnetic nanoparticles 

simultaneously conjugated with siRNA mol-

ecules, a near-infrared dye, and a membrane 

translocation peptide were constructed as mul-

tifunctional probes (  Figure 3  ).  25   Accumulation 

of nanoparticles in tumors was confi rmed by 

both high-resolution MRI and fl uorescence 

imaging, which were in good agreement with 

the effi ciency of gene silencing. siRNA against 

survivin, a member of the inhibitor of the apop-

tosis protein family, inhibited the expression of 

the target gene, thereby increasing cell death 

in nanoparticle-delivered tumor tissue.     

 Another magnetic-nanoparticle platform was 

also developed with siRNA, fl uorescent dye, 

and arginine-glycine-aspartic acid (RGD)-

peptide conjugated to the surface of MnFe 2 O 4  

nanoparticles.  26   The formulation consisting of 

an oleic acid-coated magnetic nanocrystal core 

and cationic lipid shell was used to deliver 

siRNA targeting the epidermal growth factor 

receptor in a mouse tumor model.  27   Applying a 

magnetic fi eld elevated the transfection effi cacy, 

followed by target gene silencing and tumor 

suppression.  27     

 Polymeric nanotheranostics for 
gene delivery 
 Polymeric nanomaterials have been exten-

sively used as nanotheranostics for imaging 

and drug delivery. Their physicochemical 

properties are dependent on the chain length 

of the polymer backbone and the morphol-

ogy and mechanical properties of the nanomaterials. Their 

surface was chemically modifi ed with targeting mole-

cules.  28   Nanomaterials were integrated with cationic poly-

mers loaded with genetic materials through electrostatic 

interactions and could be further modifi ed into theranostic 

nanomaterials.  29 , 30   

  

 Figure 2.      (a) Schematic representation of DNA release from gold nanoparticle complexes 

after glutathione (GSH) treatment, and the structures of MMPC, GSH, and peptide 3 

(control peptide). (b) Transcription level in the presence of GSH at various concentrations. 

GSH-mediated release of DNA enables effi cient transcription of DNA by T7 polymerase. 

Reprinted with permission from Reference 14. © 2005 American Chemical Society. 

Note: T7 pol, T7 polymerase; MMPC, mixed monolayer-protected gold cluster.    
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 Plasmids were also integrated with lipids or polymers to 

form nanoparticles. Negatively charged nucleic acids were easily 

complexed with cationic polymers (e.g., PEI, biodegradable 

cationic polysaccharides, and cationic polypeptides), result-

ing in condensed nucleic acid complexes. The transfection 

effi ciency of the resulting condensates was tuned by changing 

the effective size and charge of the nucleic acid.  31   Positively 

charged complexes enhanced gene transfection effi ciency. 

However, they also showed rapid capture by the RES and 

dose-dependent toxicity after systemic injection.  32   

 There is a consensus that nanoparticles in circulation 

bind with plasma proteins. Then, the nanoparticles can be 

recognized by the RES, thus resulting in rapid clearance of 

the nanoparticles by RES organs, including the liver, spleen, 

and bone marrow. One way to improve the pharmacokinet-

ics is to modify the surface of the nanoparticles with PEG.  33   

PEG forms a shielding layer on the surface of the nano-

carriers and protects the carriers from degradation by ste-

ric hindrance.  34   Furthermore, the increased hydrophilicity 

and hydrodynamic radius of nanomaterials 

after PEGylation enhance their solubility and 

reduce their clearance by the kidney, respec-

tively. Polyion complexes of DNA with a block 

copolymer consisting of hydrophilic PEG and 

polycationic poly-L-lysine (PLL) form self-

assembling nanoparticles with a core–shell 

structure through electrostatic interaction.  35   

The polyion complex micelles are soluble in 

water and resistant to nuclease and show extend-

ed stability in the blood stream. 

 Incorporation of imaging agents into the 

nucleic acid/polymer complexes allowed the 

monitoring of gene therapy. For example, para-

magnetic gadolinium (Gd 3+ ) labeling enabled 

the visualization of delivery vehicles via MRI. 

Polymer beacons consisting of oligoethylenea-

mines and Gd 3+  effi ciently delivered plasmid 

DNA into cells  in vitro , and the transfected 

cells exhibited higher T 1 -weighted MR image 

contrast.  29   Li et al. developed PEI nanocom-

plexes containing both therapeutic agents 

(siRNA and prodrug enzyme) and an MRI 

reporter (Gd 3+ ) (  Figure 4  ).  36   The accumulation 

of nanocomplexes into tumor sites was detect-

ed by MRI, and the combination of siRNA and 

a prodrug enzyme resulted in the suppression 

of tumor growth.     

 In addition, NIR optical imaging of gene 

nanocarriers was conducted by conjugating 

NIR fl uorescent dye to polymers. For example, 

FPR675 labeling of thiolated glycol chitosan/

poly(siRNA) complexes allowed real-time 

monitoring of nanoparticle biodistribution in 

tumor-bearing mice.  37   The developed nanopar-

ticles selectively accumulated in tumor tissue, 

and siRNA against vascular endothelial growth factor silenced 

the expression of target genes. PET was also used to track 

tumor localization of nanoparticles.  64 Cu labeled polymer/siRNA 

nanocomplexes enabled non-invasive monitoring of pharma-

cokinetics of complexes using PET coupled with computed 

tomography (CT).  38 , 39     

 Silica-based nanotheranostics for gene therapy 
 Silica-based nanomaterials have high surface area and can 

be readily suspended in an aqueous media. For effective 

theranostic application, silica-based nanomaterials were 

fabricated with anchoring groups or charge transferring 

functional groups using simple silane chemistry. Silica 

nanoparticles (SiNPs) modifi ed with the cationic PLL were 

capable of binding to anionic AS-ODN via electrostatic 

interactions and enhancing the endocytotic cellular uptake 

of genetic materials.  40   Fluorescently labeled SiNPs modi-

fi ed with sodium chloride also showed high  in vitro  trans-

fection effi ciency. They passed through the blood-brain, 

  

 Figure 3.      (a) Schematic illustration of dextran-coated magnetic nanoparticles linked 

with near-infrared Cy5.5, transmembrane translocation peptides, and small interfering 

RNA (siRNA). (b) Application of magnetic nanoparticles in a therapeutic tumor model. 

The accumulation of nanoparticles was detected by  in vivo  magnetic resonance imaging 

(MRI) and near-infrared fl uorescent (NIRF) imaging (b). Arrows indicate tumor tissue. 

Suppression of gene expression was analyzed via RT-PCR (analysis of transcription level) 

(c), TUNEL assay (detection of apoptosis) (d), and H&E staining (histology analysis) (e). The 

expression of survivin was signifi cantly inhibited, thereby increasing tumor apoptosis and 

necrosis. Reprinted with permission from Reference 23. © 2007 Nature Publishing Group. 

Note: MN, magnetic nanoparticle; siSurvivin, siRNA against survivin; N, tumor necrosis; 

V, viable tumor tissue;  p , probability value.    
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blood-prostate, and blood-testis barriers.  41   In order to optical-

ly track the delivery of DNA into cells, hydrophilic or hydro-

phobic dyes as well as various biomolecules were loaded into 

the core of the silica nanoparticles.  42   Using this approach, the 

adsorption of calf-thymus DNA onto the surface of nanoparti-

cle was examined with fl uorescence resonance energy transfer 

(FRET) occurring between the dye (energy donor) intercalat-

ed DNA and a second dye (energy acceptor) encapsulated in 

the nanoparticles.  43   

 Silica nanotubes are being increasingly studied because 

of their unique structure with an inner void that can load drug 

molecules and an outer surface that can present differential 

functional motifs, including imaging probes.  44   Mesoporous 

silica nanoparticles (MSNs), exhibiting uniform pore sizes 

of 2–2.5 nm, also exhibit superb potential for applications in 

gene delivery and imaging. The large pore surface area in MSNs 

facilitates loading of drug molecules and various functional 

moieties that improve cellular uptake through endocytosis. 

Meng et al. confi rmed that PEI-modifi ed MSNs loaded with 

both siRNA, silencing the expression of P-glycoprotein, and 

doxorubicin, an anticancer drug, were effective in overcoming 

multidrug resistance in cancer cells and the tumor-bearing 

animal model.  45 , 46   Furthermore, labeling of MSNs with NIR 

dye enabled monitoring of the location of therapeutic agent-

loaded nanomaterials  in vivo.   46     

 Carbon nanotheranostics for gene therapy 
 The unusual properties of carbon nanoscale materials have 

attracted increasing attention for medical and biological 

applications. Based on the interatomic carbon–carbon bonds, 

carbon nanomaterials can be primarily classifi ed into gra-

phene, diamond, graphite, carbon nanotubes, and fullerenes. 

Graphene, a one-atom-thick layer of graphite, interacts with 

various biomolecules for applications in biosensors, drug 

delivery, and gene therapy.  47 – 49   Graphene oxide (GO) possess-

es chemically reactive oxygen groups such as carboxyl groups. 

Therefore, many hydrophilic macromolecules have been used 

for covalent functionalization of GO.  50   For instance, GO func-

tionalized with PEI, chitosan, or 1-pyrenemethylamine was 

applied to load and deliver plasmid DNA or siRNA.  51   

 Owing to their unique optical properties, graphene and its 

derivatives can be used not only for photothermal ablation of 

tumors, but also for applications in biomedical imaging.  52 , 53   

However, since visible fl uorescence of GO has limited applica-

tion in  in vivo  animal imaging due to autofl uorescence interfer-

ence from biological tissues, external fl uorescent dyes should 

be coupled to the GO for imaging.  54 , 55   

 The biocompatibility of GO is a critical issue for its biomedi-

cal applications. GO at low concentrations (approx. 0–40 µg/ml) 

did not show obvious toxicity, but a high dose of GO caused 

oxidative stress in A549 cells or induced apoptosis of human 

  

 Figure 4.      (a) Schematic structure of polymeric nanocomplexes containing both therapeutic agents (small interfering RNA [siRNA] 

and prodrug enzyme) and an image reporter (MR contrast agent and NIR fl uorescence dye). (b)  In vivo  T 1 -weighted MR images and 

T 1  maps of a tumor before and after nanocomplex injection. The accumulation of nanocomplex in tumor tissue was visualized by MR 

imaging due to Gd 3+ . (c) Suppression of tumor growth after treatment with nanocomplexes. siRNA treatment or enzyme/prodrug 

strategy alone inhibited tumor growth; however, the combined strategy exhibited synergic therapeutic effects. Reprinted with permission 

from Reference 35. © 2010 American Chemical Society. Note: PEI, polyethylenimine; siRNA-chk, siRNA against choline kinase- α  (chk); 

MR, magnetic resonance; NIR, near infrared;  p , probability value; PBS, phosphate buffered saline; 5FC, 5-fl uorcytosin; Cy5.5, NIR 

fl uorescence agent.    
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fi broblasts.  56 , 57   This dose-dependent toxicity can be attenuated 

by functionalization with PEG or dextran.  58 , 59   An  in vivo  dis-

tribution study of PEGylated nano-GO exhibited accumulation 

in RES after intravenous administration. A dose of 20 mg/kg 

did not induce any toxicity, as indicated by blood biochemis-

try, hematological analysis, and histological examinations.  60   

Although several studies reported biocompatibility of GO, 

a systematic investigation of the long-term health risks is 

required before its clinical application.   

 Exosomes in nanotheranostic gene delivery 
 Exosomes are cell-derived nanoparticles that are present in 

most biological fl uids  61   and may have functions in intercellular 

signaling, waste management, and coagulation.  62   Furthermore, 

previous studies reported that exosomes transfer mRNA or 

microRNA (miRNA) to other cells, termed “exosomal shuttle 

RNA.”  63   The transferred mRNA or miRNA modify recipient cell 

protein production and gene expression, respectively. Thus, 

there is growing interest in the potential of exosomes as a gene 

delivery carrier. Kosaka et al. showed that intercellular trans-

fer of tumor-suppressive miRNA by exosomes was effective 

in silencing genes in recipient cells, leading to inhibition of 

cancer cell growth.  64   Recently, Alhasan et al. demonstrated 

that exosomes encaged with gold nanoparticles and antisense 

DNA could assess the intracellular miRNA levels with fl uo-

rescent quenching by gold nanoparticles. Gold nanoparticles, 

which were hybridized with antisense DNA and fl uorophore-

labeled DNA, quenched the near fl uorescence through energy 

transfer; the recognition of antisense DNA by target miRNA 

allowed the release of fl uorophore-labeled DNA, thereby the 

recovery of fl uorescence.  65   Accordingly, exosomes will be a 

potential candidate for nanotheranostics when integrated with 

imaging contrast agents and therapeutic genes.   

 Summary 
 In this review, we have highlighted recent advances in 

theranostic nanoplatforms for gene therapy, including gold 

nanomaterials, magnetic nanoparticles, polyemeric complex-

es, silica nanoparticles, graphene derivatives, and exosomes. 

Nanotheranostic platforms exhibit great potential as therapeu-

tic or diagnostic agents or as multifunctional agents. Recently, 

the use of gene therapy along with nanotechnology has allowed 

for the design and development of new theranostic tools. The 

detection modality, simultaneously with gene delivery, shows 

promise for monitoring the results of a new medication test 

before, throughout, or after the treatment regimen. However, 

it is important to investigate the long-term characteristics 

of nanotheranostic materials with respect to system com-

plexity and stability. In addition, the toxicity of nanocarriers 

(e.g., cyto-, geno-, and immunotoxicity) should be evalu-

ated, and cost-effectiveness and available testing systems 

need to be established. Nevertheless, the application of 

nanotheranostics to gene therapy is plausible and likely will 

be widely used in the fi eld of personalized and predictive 

medicine.     
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