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Abstract
Gene therapy is the modification of gene expression to treat a disease. However, efficient
intracellular delivery and monitoring of gene therapeutic agents is an ongoing challenge. Use of
theranostic agents with suitable targeted, controlled delivery and imaging modalities has the
potential to greatly advance gene therapy. Inorganic nanoparticles including magnetic
nanoparticles, gold nanoparticles, and quantum dots have been shown to be effective theranostic
agents for the delivery and spatiotemporal tracking of oligonucleotides in vitro and even a few
cases in vivo. Major concerns remain to be addressed including cytotoxicity, particularly of
quantum dots; effective dosage of nanoparticles for optimal theranostic effect; development of
real-time in vivo imaging; and further improvement of gene therapy efficacy.
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1. Introduction
Gene therapy, or the modification of gene expression via nucleic acids to treat inherited or
acquired disease, has become a tremendous area of research over the past 20 years. It has
been demonstrated as a potential treatment for an extensive range of diseases including
cystic fibrosis, age-related macular degeneration, cardiovascular disease, and various
cancers, among many others. [1-3] Gene therapy necessitates delivery of nucleic acids, such
as DNA, antisense oligonucleotides (ASON), small interfering RNA (siRNA), micro RNA
(mRNA), or small hairpin RNA (shRNA), not only to the target tissue but also into the
cytosol of the cells.[4] This has proven to be no easy feat; nucleic acids are highly
susceptible to degradation by nucleases and harsh conditions found within the body, and
once entrapped within the endosome of a cell the cargo must escape to the cytosol to initiate
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gene therapy.[5-7] Therefore, copious research has focused on the development of gene
transfection vectors, which are designed to transport the nucleic acids to specific tissue and
facilitate intracellular delivery into the cytosol.

Gene transfection vectors are categorized as viral or nonviral, also known as synthetic,
vectors. While viral vectors have very high transfection efficiency, they also present
undesirable or even fatal side effects such as endogenous virus recombination, oncogenic
effects, and unanticipated immune response.[8] Synthetic vectors, such as lipids, peptides,
and polymers, avoid these deleterious responses and also have advantages such as ease of
use and scalable production.[8] Further, a synthetic vector which not only delivers the
genetic material but also possesses a targeting or imaging modality has monumental value.

Such theranostic agents are advantageous to polymer or liposome vectors alone because they
offer improved disease treatment by their ability to target delivery as well as monitor
therapeutic localization in a noninvasive manner.[9] Theranostic agents are generally
comprised of a nanoscale inorganic component, such as gold or iron oxide particles, that can
be modified with a lipid or polymeric coating, functional group, and/or targeting moiety, and
then loaded with a therapeutic agent. This review highlights recent advances in the use of
theranostic, inorganic-based particles for the delivery and spatiotemporal tracking of
oligonucleotide transfection and gene therapy, which are summarized in Table 1.

Inorganic particles, such as iron oxide, gold, and quantum dots, have gained significant
interest in the field of bioimaging due to their inherent optical and magnetic properties, as
well as their relative ease of processing and resistance to degradation under physiological
conditions compared to organic materials.[10] The optical, magnetic, and electrical
properties of inorganic particles can be manipulated by their size, composition, geometry,
and structure[10, 11], making them an enticing tunable detection modality. Specifically,
inorganic nanoparticles are being widely investigated for bioimaging applications such as
sensors to identify pathologic processes, diagnostic agents for early detection, and molecular
tracking to monitor therapy efficacy.[12, 13]

Particularly intriguing are inorganic particles in the nanometer diameter regime. Such
particle size allows for detection specificity and sensitivity on the molecular scale[14, 15] as
well as the ability for intracellular uptake.[15] Nanoparticles also provide a large surface
area for various modifications including bioconjugation with targeting modalities and
therapeutic agents, or functionalization to enhance solubility, biocompatibility, or reactivity.
[10, 15, 16] Bioconjugation using methods such as 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC)- N-hydroxysuccinimide (NHS) chemistry or avidin-biotin interaction
[17] has been successful and the use of various targeting modalities including proteins,
antibodies, and small molecule ligands has been documented.[18-21] Furthermore, given the
toxicity concerns associated with inorganic materials, a minimal effective dosage is
desirable. Inorganic nanoparticles offer superb detection properties with a small relative
dosage, as well as the potential for multi-modal imaging to further enhance dosage
efficiency. Some of the most widely used types of inorganic nanoparticles in theranostic
applications are magnetic nanoparticles, gold nanoparticles, and semiconductor
nanocrystals.

2. Magnetic Nanoparticles
Magnetic nanoparticles (MNPs) provide unique theranostic advantages for gene delivery.
Their use as contrast agents for magnetic resonance imaging (MRI) allows for improved
tracking inside the body without the limitations that tend to impede imaging methods that
depend on the transmission of visible or near infrared light. The susceptibility of MNPs to
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magnetic fields also allows for improved targeting and transfection via a method commonly
referred to as magnetofection.

2.1 Background and Advantages
MNPs used for gene delivery can be classified as either single domain ferromagnetic or
superparamagnetic. Single domain ferromagnetic nanoparticles are in a state where the
electron orbital spins are aligned in a single direction, which allows for a directional
response to a magnetic field. Superparamagnetism occurs when a single domain particle is
small enough (<~10nm) that the thermal energy in the environment is enough to cause a
switch in the orbital spins.

Magnetic nanoparticles have proven to be effective contrast agents for MRI. This is
advantageous as it allows for precise monitoring of particle delivery.[22] The accumulation
of MNP-gene vectors can be analyzed quantitatively by calculating translational relaxation
rates, R2 values, and comparing pre and post injection images, as seen in Figure 1.[23] MRI
also enables tissue differentiation, allowing the accumulation of MNPs to be compared
between different tissue types. This option enables non-invasive localization of MNP with
respect to different tissues and organs in the body. However, MRI is limited in that it only
provides information about the particles, while the presence of the genetic payload has to be
assumed. Another limitation is, due to equipment availability and cost, active imaging is not
possible. To overcome this disadvantage, MNPs are imaged both by MRI and another
fluorescent moiety.[24] The use of dual imaging techniques allows for both real time
tracking and precise imaging of gene loaded MNPs in vivo.

MNPs can be made from any number of magnetic materials, such as cobalt, nickel, iron, etc.
[25] However, for the purpose of gene delivery, research focuses around the use of iron
oxide particles due to their relatively low toxicity and high susceptibility to magnetic fields.
[22] There has been a small amount of research into other magnetic materials; however,
these materials show no improvement over the transfection efficiency of iron oxide MNPs
and can introduce known toxic metals into the body.[26]

The synthesis of magnetic iron oxide nanoparticle (MIONP) is fairly well established, and
has been reviewed in depth elsewhere.[27] Briefly, MIONPs can be produced by one of
three mechanisms, alkaline co-precipitation, thermal decomposition, or mini-emulsions. For
biological functions, alkaline co-precipitation is preferred, as it is simple, scalable, and does
not leave the particles coated in a harmful substance. Co-precipitation can create either
Fe3O4 or γ-Fe2O3 MNPs depending on which salts are used. [27] The other synthesis
methods can be used to impart desired surface coatings. In one instance, thermal
decomposition was used to provide an oleic acid coating for further conjugation.[28]

2.2 MNPs applied to oligonucleotide delivery
Naked MNPs are colloidally unstable and incapable of electrostatically binding
oligonucleotides on their own, meaning that they require some coating to be effective
vectors. The cationic polymer polyethylenimine (PEI) is often used for this purpose. Recent
work with PEI coated MNPs has been focused on optimizing gene loading and delivery
using these PEI-MNP-gene systems. One study looked into different methodologies of
combining these three components.[29] The combinations studied were:

1. Incubating DNA with PEI coated MNPs (MNP/PEI+DNA)

2. Coating DNA in PEI and incubating with a bare MNP (MNP+PEI/DNA)

3. Coating DNA in PEI and incubating with PEI coated MNP (MNP/PEI+PEI/DNA)
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4. Incubating DNA with PEI coated MNPs and then free PEI (MNP/PEI+DNA+PEI)

The eventual intracellular locations of these configurations were studied by fluorescent
labeling. DNA was labeled with TOTO3, MNPs with FITC, the nucleus with Hoechst
33342, and lysosomes with Lysotracker blue. The stained systems were incubated with a
fixed amount of DNA per well for 1 hour in a magnetic field.

The synthesis method appeared to affect the final destination of the DNA inside the cell. In
instances where DNA was coated by PEI, as in the MNP+PEI/DNA and MNP/PEI+DNA/
PEI, it managed to localize to the nucleus. When the DNA was attached to the surface of the
particle, the complex was entrapped in lysosomes. However, in cases where DNA alone was
the outermost layer (MNP/PEI+DNA), the vectors were relatively innocuous, while in
configurations where the system was coated with PEI, the particles were significantly
cytotoxic. These results indicate that the positively charged PEI, although necessary for
lysosomal rupture, can be detrimental to cell health at relatively lower concentrations.[30]

Instead of PEI coatings, another approach is attaching a gene layer directly to the MNP
surface by taking advantage of oleic acid coatings from unique synthesis methods. Two
methods for attaching genes to MNPs are CLICK chemistry and phosphate linkage to
positively charged MNPs. The use of CLICK chemistry requires MNPs functionalized with
azides to attach alkyne-modified oligonucleotides. Cellular uptake of oligonucleotide coated
MNPs was compared to that of MNPs coated with a negatively charged carboxyl group.[31]
MNP uptake was measured via inductively coupled plasma mass spectrometry. This study
proved that the gene coating did enhance the uptake compared to the negatively charged
counterpart without the use of a transfection agent. However, there is no comparison of this
transfection method to commercial standards or other MNP coatings. These gene coated
MNPs have limited transfection efficiency because they lack the cationic charge necessary
for endosomal escape.

The surface conjugation of MNPs with oligonucleotides has proven an effective method for
the delivery of decoy oligonucleotides (dODN). A dODN for the signal transducer and
activator of transcription 3 (STAT3) has been successfully adsorbed to the surface of a
MNP.[32] The gene coated particles were taken up by the cells, as measured by the response
of the cells to the application of magnetic fields, which can be linearly related to the MNP
content. MNP uptake was also monitored by the fluorescence of FITC labeled dODNs. This
showed that the dODN/MNP complexes were internalized by the cells. It was also shown
that the dODNs affected the localization of STAT3. Cells were treated with an anti-STAT3
antibody with red florescence. In control cells STAT3 was localized to the nucleus, while
the presence of the dODN/MNP complex localized STAT3 to the cytosol. There is still no
evidence that gene coated MNPs alone can effectively deliver genes to the nucleus for
transcription, yet it is still a viable option for gene delivery into the cell.

Another common MNP coating is cationic lipid layers. Recent research has looked at
coating MNPs with cationic lipids by way of CLICK chemistry. One group attached a
twelve-carbon chain liposome to a MNP coated with N,N-bis-(2-aminooxyethyl)-N,N-
dimethylammonium iodide.[33] These particles were then loaded with Luciferase pDNA at
a variety of MNP:pDNA weight ratios. Transfection efficiency was measured in relative
light units of fluorescence produced by the Luciferase gene. Initial results showed a slight
increase in transfection over Lipofectamine 2000, however nothing significant. Improved
transfection was achieved by incubation with N,N-dimethyl-bis(2-tetradecylideneaminooxy-
ethyl) ammonium iodide, which was the free equivalent of the lipid layer coating the MNP.
This double lipid layer left the positively charged end as the external coating of the complex
with a positive terminal end. These new lipid coated MNPs had transfection efficiencies
orders of magnitude over Lipofectamine 2000. These particles also outperformed
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Lipofectamine 2000 in terms of cytotoxicity; however, there is still an issue of cytotoxicity.
At the level of pDNA:MNPs necessary for optimal transfection significant cell death was
observed.

Dendrimers have also been investigated in more depth in recent years. Research examined
the effect of the number of dendrimer generations on transfection and cytotoxicity. MNPs
coated with polyamidoamine (PAMAM) dendrimers of 0-5 generations were used to deliver
an antisense survivin oligodeoxynucleotide (asODN) to human breast cancer cells. The
asODN was designed to inhibit growth of the cancer cells. This inhibition rate was
determined by MTT assays, determining the ratio of viable cells in the test case to that in the
control. This study showed that as the number of generations increased from 0-5 so did the
inhibition rate. Controls of dendrimer coated MNPs alone did not affect inhibition rate at all,
showing even a slight decrease compared to the naked MNPs, yet still showing an increase
in cell death compared to control cells.[34] Again, the issue is cytotoxicity as dendrimer
coated MNPs are still slightly cytotoxic on their own.

One method proposed for getting around these cytotoxic effects without substantially
modifying the surface of the MNPs is MNP clustering. MNP clusters were formed by
anchoring branched PEI to MNP surfaces with dihydroxy-L-phenylalanine and then
PEGylating the clusters with methoxy PEG succinimidyl-succinate. Gene silencing was
performed on GFP overexpressing PC-3 cells by anti-GFP siRNA. Anti-GFP siRNA was
conjugated to MNPs and MNP clusters (cMNPs) at varying weight ratios of MNP:siRNA.
After incubation, the amount of GFP produced was determined by a spectrofluorometer. The
cMNPs showed a significant increase in biocompatibility, having relatively no cytotoxic
effects at PEI concentrations that caused almost complete cell death by non-clustered PEG-
coated MNPs. cMNPs also proved more effective in terms of gene silencing. Relative GFP
expression was reduced to 50% of the control compared to the 85% achieved by the non-
clustered MNPs.[35]

2.2.1 Magnetofection—Magnetofection defines therapeutic delivery aided by a
permanent magnetic field. It has been proven as an effective method for gene delivery
without requiring a transfection agent such as the TAT peptide, particularly in vitro. Recent
research has started looking into the effectiveness of magnetofection in more complex
systems that can be related to in vivo conditions.

One such study looked at the effect a constant flow has on magnet driven transfection.
MNPs were coated with a cationic lipid, Metafectene, and a helper-lipid,
dioleolyphosphatidyl-ethanolamine. HeLa cells expressing firefly luciferase and NCI-H441
cells expressing eGFP were seeded onto the surface of a flow channel, individually. The
lipid coated MNPs (LCMNP) were loaded with Luci GL3 siRNA and GFP 22 siRNA and
used to silence their respective genes. For negative controls, GFP 22 siRNA and a control
siRNA (Dharmacon) were used for Luciferase and eGFP expressing cell lines respectively.
A reservoir containing cell media and siRNA loaded LCMNPs were attached to the flow
channel via a peristaltic pump, and passed over the cultured cells at a velocity of 16cm s-1. A
permanent magnet (NbFeB, field strength 1.3 T) was placed under a small section of the
flow channel. Images of the cells from over the magnet and random sections throughout the
channel were collected with a fluorescence microscope at 24 hour intervals. Cells near the
magnet had strong evidence of silencing, with a marked absence of fluorescence, while the
cells away from the magnet still had strong fluorescence. The cause of this fluorescent
decrease was confirmed to be silencing, as cytotoxicity studies showed no substantial
decrease in cell viability when cells were incubated with siRNA containing LCMNPs.[36]
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Magnetofection also provides for a potential solution to tissue infiltration. To examine how
effectively magnetofection can deliver genes in 3 dimensions, it was performed with a
variety of gene cargos into a 3D scaffold.[37] A 3D collagen matrix of NIH 3T3 cells was
produced and transferred into a tissue culture plate. A solution of PEI coated MNPs, loaded
with either GFP plasmid DNA, FAM-siRNA or a toxic shRNA was added to the collagen
matrix then an NdFeB magnet was placed at the bottom of the plate. Z stack images of a
profile of the matrix showed that transfection only took place 2.1-2.3mm from the surface.
However, when cell matrices were limited to a total depth of 1.9 mm, over 80% of the cells
in the matrix possessed fluorescence indicative of GFP expression or FAM-siRNA delivery.
The factors affecting this dimensional limitation are yet unknown and more studies are
needed. The combined studies into the effect of flow and the addition of a third dimension
give good ground to support that magnetofection could be used for gene delivery and
targeting.

This has been proven in mouse models, where permanent magnets were used for successful
magnetically guided in vivo gene delivery. MNPs with a cationic lipid coating comprised of
O,O’-ditetradecanoyl-N-(atrimethylammonioacetyl)diethanolaminechloride and DOPE in a
1:0.4 ratio were used to deliver an Alexa Fluor 488-labled siRNA (AFsiRNA).[38] Initial
experiments were done with the delivery of AFsiRNA to compare the targeting effectiveness
of magnets implanted inside the tumor (internal), magnets placed on the mice over the tumor
site (external), and a control case with no magnet present. The weight ratio of AFsiRNA was
measured as a function of time for the tumor tissue and various other organs.

The results from this study showed a marked improvement in the concentration of siRNA at
the tumor site in the presence of magnetic targeting. However, there was no significant
difference between internal and external magnets. These studies also revealed an
accumulation of particles in the lung, spleen and liver, although the mice experienced no
detrimental effects of this undesired accumulation. This magnetofection technique was then
tested as a delivery mechanism for an anit-EGFR siRNA on cancer disease models. Mice
were inoculated with MKN-74 and NUGC-4 gastric adenocarcinomas, and treated with the
anti-EGFP loaded lipid coated MNPs. These studies were done with internal, external, and
no magnets. Two days after treatment, angiogenesis, proliferation and apoptosis were
measured by immunostaining of vWF, Ki-67 and ssDNA respectively to determine the
effectiveness of magnetofection. Significant improvement of these three measurements was
noted in the presence of the magnet, yet again, there was no difference between the internal
and external placement of the magnet. These studies prove that magnetofection can be used
to localize treatment and improve transfection efficiency to tumorous tissue without
requiring a targeting ligand. However, even though these studies showed no difference
between internal and external magnetic sources, these experiments focused on surface based
tumors. More work is needed to examine the impact of the depth of the tumor.

Magnetically guided gene delivery does prove an effective method for cancer models, yet
there is no proof that it will work for other diseases or cell lines. The enhanced permeability
and retention (EPR) effect is likely assisting in the localization of these particles to the
tumor, as shown in Figure 2. Studies still need to be done in order to determine if magnetic
guided gene delivery is a possibility for non-fenestrated tissue.

3. Gold Nanoparticles
Gold nanoparticles (AuNPs) are widely researched as theranostic agents due to their notable
chemical and optical properties, including well-established and robust synthesis techniques,
ease of conjugation, relatively low toxicity, and tunable absorption within the near-infrared
spectral range where tissue and bodily fluids are transparent (~700-1000 nm).[11, 13, 39]
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The useful optical properties result from localized surface plasmon resonance (LSPR) and
can be controlled by both the geometry and size of the gold particles; shapes such as
spheres, nanoshells and nanorods have different light scattering, absorbance, and light-
induced plasmonic heating properties, meaning the particles may be used as imaging and/or
photothermal agents.[11, 40]

3.1 Background and Advantages
Synthesis of AuNPs is well established and has been reviewed in detail elsewhere.[41-43]
Colloidal gold nanoparticles have been synthesized by reduction of chloroauric acid with
sodium citrate in boiling aqueous solution since the 1950s.[44] Particle size can be tuned by
varying the type or amount of reducing solution added.[45] Gold nanorods (AuNRs) can be
synthesized by a similar seed-mediated method, or by other methods such as a template
method or electrochemical methods.[42] Gold nanoshells (AuNS) can be synthesized by
functionalizing monodisperse silica nanoparticles with a terminal amine, then covalently
bonding small gold colloid particles to the surface via the amine group. These gold-
decorated silica particles were then used as seed particles during further reduction of
chloroauric acid, resulting in AuNS.[46]

Though colloidal gold is generally accepted as biocompatible, the cytotoxicity of gold
nanoparticles has been investigated at concentrations relevant to transfection and cellular
uptake; that is, ~1-100 nanoparticles per cell.[47] The toxicity of gold nanoparticles has
been reviewed, and results indicate that gold nanoparticles induce little to no toxicity;
however, there is correlation between toxicity and the size and shape of the particles as well
as the surface charge induced by cationic ligands.[47, 48]

As the toxic effect of AuNPs differs between in vivo and in vitro studies, some researchers
have investigated the difference in cytotoxicity of AuNPs between lineage-specific cells
types and primary immune cells; the gold nanoparticles (13 ±1 nm) with covalently attached
oligonucleotides were found to induce transcriptional activation of the innate immune
response in peripheral blood mononuclear cells.[49] This highlights the importance of
cytotoxic evaluation using a relevant biological system, as well as the necessity of in vivo
studies. Similarly, gold nanoparticles 20 nm in diameter were found to upregulate miRNA
expression within lung fibroblasts simply following exposure, without any oligonucleotide
cargo.[50] Before AuNPs will be widely accepted as theranostic agents, their effect on
cellular function, toxicity, and immune response must be thoroughly studied, particularly in
relevant cell models and in vivo.

The ability to absorb within the near-infrared (NIR) spectral region imparts external control
over the particles as theranostic agents, since a pulse laser can be used to excite the particles
through bodily fluid and into deep tissue.[51] Imaging techniques such as dark-field
microscopy, confocal microscopy, and surface-enhanced Raman scattering (SERS) enable
spatiotemporal tracking of the particles and their therapeutic payloads.[52, 53] In close
proximity, the scattering of the fluorescent dyes and Raman reporters is influenced by the
LSPR of the gold particles.[13] SERS is particularly advantageous, as the gold particles
enhance the signal of Raman reporter molecules adsorbed to their surface to the limit of
single molecule detection without spectral overlap or photobleaching and can be applied in
vitro using Raman microscopy or even in deep tissue in vivo.[52, 54]

For example, NIR fluorescent dyes and Raman reporters have been utilized to study the in
vivo fate of gold nanorods (AuNRs) in the deep tissues of mice.[55] The AuNRs were
coated with the Raman reporter 3,3’-diethylthiatricarbocyanine iodide (DTTC) as well as
PEG via Au-S interaction. DTTC alone gave no Raman signal at 785 nm, while the PEG-
DTTC-AuNRs gave intense Raman signal due to the SERS effect of the gold.
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Additionally, cell viability remained high 24 hours post-treatment with PEG-DTTC-AuNRs;
at the maximum dosage, average cell viability was 86%. Nude mice were then injected with
the particles and evaluated with a NIR optical imaging system as well as a Raman probe at
various time points post-injection, as shown in Figure 3. Strong NIR fluorescence signal was
observed in the liver of the mouse in as little as one hour, with lesser signal observed in the
tail. SERS spectra confirmed the presence of particles in the liver with a high signal to noise
ratio, and showed a decrease in intensity over time. The authors attribute this decrease to the
processing and excretion of the PEG-DDTC-AuNRs, but it could also be that the
fluorescence and SERS signals of the particles are not stable over time in biological media.
Additionally, NIR imaging and SERS were used to confirm the ability of the particles to
target a tumor on the mouse due to the EPR effect.

3.2 AuNPs applied to oligonucleotide delivery
Dark field microscopy and SERS have been used to track cellular uptake and localization of
gold nanoparticles capped with chitosan or branched PEI and loaded with shRNA.[52]
Transmission electron microscopy (TEM) showed what appeared to be internalization of the
chitosan-AuNPs, with clusters of the particles indicative of entrapment within an endosomal
compartment. Dark-field microscopy and SERS were then performed to prove
internalization rather than agglomeration of particles on the cell surface. The Raman reporter
4-aminobenzenethiol (ABT) was attached to the surface of the particles, and remained intact
throughout the 24-hour incubation period in cell medium as well as internalization within
the cell. By obtaining a z-stack of confocal Raman images through the height of the cell,
shown in Figure 4, the presence of chitosan/BPEI-AuNPs within the cells was confirmed by
the location specific Raman spectra. The particles were found to be located 3-7 μm inside
the cell surface, and their location was also correlated an image taken with dark field
microscopy. Additionally, both particle types demonstrated some reduction in the target
mRNA expression, but toxicity, primarily of the BPEI particles, was a concern. These
particles enable a technique which produces convincing evidence of internalization and
distribution within the cell, rather than potential misinterpretation of fluorescent microscopy
images alone. However, there is no indication that these particles outperform commercial
transfection vectors in terms of knockdown efficiency.

The plasmon resonance of gold nanoparticles also endows them with an externally
controlled delivery mechanism via laser pulse.[51] Two strategies are generally employed to
result in light-induced release of molecules from gold nanoparticles, and are illustrated in
Figure 5.[40] In the first method, molecules are attached directly to the surface of the gold
particle through an Au-thiol bond, and a femtosecond laser is pulsed to break the covalent
bond, shown in Figure 5.A. The drawbacks of this method include reshaping of the
nanoparticles with potentially toxic products, and incident energy at a level high enough to
potentially induce cell death. The second approach uses and intermediate molecule which is
attached covalently to the surface of the gold, and the cargo is then loaded onto this
molecule by noncovalent interactions. Upon irradiation, the interaction between the
intermediate molecule and cargo is disrupted, releasing the therapeutic cargo, shown in
Figure 5.B. This method is appealing because it requires relatively low power densities and
short irradiation times.

Demonstrating the latter approach, dsDNA was attached covalently to gold nanoshells
(AuNS) via a thiol bond on one strand of the DNA to act as the intermediate molecule.[56]
The fluorescent dye DAPI (4’,6-diamidino-2-phenylindole), which binds reversibly with
dsDNA, was then loaded onto the AuNS complex by intercalation with the dsDNA strands.
The AuNS-dsDNA-DAPI complexes were incubated in serum containing medium with
H1299 lung cancer cells and uptake of the particles was confirmed with dark-field and
bright-field microscopy, as the AuNS both absorb and scatter light. Plasmon resonant
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illumination at a wavelength of 800 nm was then used to trigger the dehybridization and
release of the unbound DNA strand and intercalated DAPI. Using fluorescence microscopy,
DAPI was observed diffusing throughout the cytoplasm and into the cell nucleus, where its
quantum yield and fluorescent intensity increased upon binding with DNA. The nuclei were
then isolated and flow cytometry was utilized to quantify the increase in fluorescent
intensity after light resonance with the laser; a 33% increase in fluorescent intensity was
calculated, indicating externally controlled release of the DNA and DAPI molecules from
the AuNS-dsDNA-DAPI complexes. A control comprised of dsDNA-DAPI was tested to
show that DAPI release by plasmon resonant illumination does not take place without the
incorporation of the AuNS. Following incubation of the AuNS-dsDNA-DAPI complexes for
12 hours, cytotoxicity assays using propidiium iodide showed no significant increase in cell
death. The AuNS demonstrated controlled intracellular delivery of DAPI and presumably
DNA without significant cytotoxicity, but further studies are needed to confirm DNA
delivery to the nucleus as well as demonstrate effective gene therapy.

Following up on a previous study in which gold nanoshells were found to have superior
properties to gold nanorods for light-induced release application[40], researchers
demonstrated light-induced release of ssDNA and siRNA from silica core/gold nanoshells
functionalized with positively charged poly-L-lysine, a schematic of which is shown in
Figure 6.[57] Anti-GFP antisense DNA and siRNA were loaded by electrostatic binding
onto the surface of the nanoshell-poly-L-lysine (NS-PLL) vector. Upon irradiation at 800 nm,
the ssDNA was released from the NS-PLL, possibly due to heating around the nanoshell,
photon-induced transfer of electrons that reduced electrostatic interaction, or a combination
of the two. It was shown that light-induced release of ssDNA results in efficient release
while maintaining relatively low ambient solution temperature, which is important for
prevention of cell death due to hyperthermia. It was also demonstrated that release was
dependent upon the length of the ssDNA, due to electrostatic interactions. The NS-PLL-
ssDNA were then incubated with H1299 lung cancer cells; cellular uptake was confirmed
using dark-field microscopy, fluorescent microscopy, and inductively coupled mass
spectrometry. Fluorescence microscopy was also used to visualize light-induced release of
the ssDNA from the NS-PLL using a fluorescent tag on the ssDNA; prior to laser treatment
the fluorescence of the tag was quenched due to the proximity of the AuNS and after laser
treatment the green fluorescence on the ssDNA was observed throughout the cell. Gene
silencing efficiency of the NS-PLL-anti-GFP was evaluated by measuring knockdown of
GFP; 6 hours after laser treatment, GFP was downregulated to ~47% by ssDNA and ~49%
by siRNA. Though some downregulation of gene expression was observed prior to
irradiation due to the release of loosely bound oligonucleotide, the delivery and gene
knockdown was largely controlled by external laser treatment. The loss of oligonucleotide
prior to light-induced release may present problems moving forward with the therapy, since
it is difficult to quantify and control the amount lost. Since both the NS-PLLs and laser
caused minimal cytotoxicity, the system does have therapeutic potential as an externally
triggered delivery mechanism, as long as the premature loss of oligonucleotide can be
controlled or eliminated. The ability to trigger release is a major advantage over polymeric
or liposomal carriers, but it would be beneficial to know how fast the release is in response
to the light, and how efficient the release is in an in vivo model.

Taking advantage of the ability to control gene delivery by laser-induced cleavage as well as
Tat peptide targeting, Cy3-labeled siRNA was conjugated to gold nanoshells and coated in a
Tat lipid bilayer via electrostatic interaction.[53] The release of the siRNA following a laser
pulse was confirmed by an increase in Cy3 fluorescence, since the gold quenches the
fluorescence in close proximity. This technique was used to determine that dosed release can
be triggered with a few pulses at high power, or with an increase in pulse rate at low power.
As in other studies, reduction in GFP expression was observed only in cells that had been
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irradiated to release siRNA; however, the cells transfected with NS-siRNA did not show a
reduction in GFP expression until 2 days post-transfection, whereas commercially available
Lipofectamine showed silencing in as little as 36 hours. While Lipofectamine enabled
endosomal escape of the siRNA, the NS-siRNA did not allow sufficient endosomal escape
to induce RNA interference (RNAi) without additional laser-induced endosomal rupture.
Endosomal rupture also required slightly higher laser power than the cleavage of siRNA,
imparting a second degree of control over delivery. The heat caused by the additional laser
pulse to the NS did not appear to cause cell death, though the effect of possible thermal
degradation of the siRNA is unknown. This study offers a possible alternative to
incorporation of potentially cytotoxic cationic materials to induce endosomal rupture. The
study also confirmed that decrease in fluorescent quenching by the gold nanoshell can be
used to quantify therapeutic release.

The quenching of fluorescent intensity by gold nanoparticles has also been used to study
additional aspects of gene delivery such as serum stability and Dicer recognition, essential
components of RNAi.[58] Mirkin et al. developed gold nanoparticles functionalized with
fluorescein-labeled siRNAs. The fluorescent intensity of the labeled siRNA will increase
upon degradation and cleavage of the siRNA from the gold nanoparticle. The siRNA-Au-
NP, with various commonly used types of siRNA, were incubated with either Dicer to test
specific cleavage or FBS to test nonspecific degradation. A greater increase in fluorescent
intensity demonstrated that Dicer has a preference for siRNA with a 3’ overhang, though
these siRNA were also 10-15-fold more susceptible to nonspecific degradation. The serum
stability of chemically modified siRNAs was then tested, and the results showed that these
modifications can decrease nonspecific degradation by ~40%, but Dicer recognition was
decreased by ~60%. Finally, the researchers found that serum stability depended upon the
orientation of the siRNA on the nanoparticle; siRNA with the more thermally stable base
pair distal to the nanoparticle experienced greatly reduced nonspecific degradation while
maintaining comparable Dicer recognition. As might be expected, increased serum stability
enhanced cellular uptake by 300% and resulted in ~85% GFP knockdown. This shows the
versatility of gold nanoparticles as a therapeutic carrier, but also as an analytic agent.

Mirkin et al. have also demonstrated the gene silencing efficacy of gold nanoparticle
conjugates with microRNA via thiol bonds.[59] The miRNA-AuNPs downregulated a
specific protein by 52%, silenced a reporter gene by 38% relative to a nonspecific miRNA
sequence, and even outperformed the commercial transfection agent DharmaFECT. As no
change in mRNA levels were observed, it is likely that the miRNA- AuNPs block translation
of the mRNA target rather than cleave mRNA strands. The miRNA-AuNPs apparently
maintain miRNA-induced apoptosis for least 5 days post-transfection, but it would be
interesting to find the maximum duration of therapeutic efficacy. Though these knockdown
results were quite promising, maybe it is possible to increase these numbers even more by
conjugating a greater number of miRNA to the gold nanoparticle; there is room for
optimization of this system.

Research has also been done in the area of targeted intracellular delivery of siRNA using
hyaluronic acid (HA) to induce HA-mediated endocytosis.[21] Cysteamine-modified gold
nanoparticles (AuCM) were coated with siRNA, PEI, and HA by layer-by-layer assembly.
Addition of each layer was confirmed by TEM, atomic force microscopy (AFM), UV-Vis,
and zeta-potential measurements. The AuCM/siRNA/PEI/HA complexes were stable in
serum-containing media up to 24 hours, presenting no aggregation or precipitation. Cellular
uptake of the complexes was visualized by TEM after 24 hours of incubation with B16F1
cells; the complexes were distributed throughout the cytoplasm with no large aggregates
present. An MTS cell viability assay showed cell viability of at least 90% for the AuCM/
siRNA/PEI/HA complexes as well as the various controls, which is surprisingly given the
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incorporation of PEI. Anti-luciferase siRNA was used to determine a gene silencing
efficiency of ~50% for AuCM/siRNA/PEI/HA complexes in 10 vol% serum. In 50 vol%
serum, silencing efficiency of the AuCM/siRNA/PEI/HA complexes improved to 70-80%,
which may be a function of the stability of this formulation in serum. This highlights the
large effect protein adsorption and serum stability may have on intracellular uptake, and
indicates that researchers should investigate this possibility. Anti-VEGF siRNA was also
tested, and RT-PCR showed ~70% reduction in gene expression, which outperformed the
20% reduction by siVEGF/Lipofectamine 2000. Dark field microscopy confirmed that cells
with HA receptors did uptake AuCM/siRNA/PEI/HA complexes, but the same cells
pretreated with HA did not, demonstrating effective targeting of the HA receptors by the
complexes. Gene knockdown results corresponded with cellular uptake; gene silencing in
the presence of free HA was significantly lower than that without free HA. Finally, the
target-specific systemic delivery of the AuCM/siRNA/PEI/HA complex with anti-ApoB
siRNA to the liver was tested. Following injection into the tail-vein of Balb/c mice, most of
the complexes accumulated in the liver and spleen, as determined by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES). The ApoB mRNA in the liver was
reduced to ~20%, demonstrating effective target-delivery and gene downregulation. This
study employed imaging techniques enabled by the optical properties of gold to confirm the
intracellular uptake of these particles as well as preliminary biodistribution, but what
remains to be determined is the clearance of particles from the RES, which is a challenge for
such theranostic systems.

Gold nanorods have also been used to transfect human macrophage cells and deliver siRNA
targeted to galectin-1, a gene which is upregulated by methamphetamine and facilitates
HIV-1 infection.[60] If effective, the treatment could be used to reduce galectin-1
expression and thus reduce the occurrence of HIV-1 in methamphetamine users. siRNA with
a conjugated fluorophore was electrostatically bound to AuNRs coated with polyelectrolytes
and used to transfect human monocyte derived macrophages for 72 hours. Intracellular
fluorescence was detected at 4 hours post-transfection in the cells incubated with the AuNR/
siRNA nanoplexes, as observed with dark-field microscopy. The nanoplexes were able to
significantly decrease galectin-1 expression compared to the control at 24, 48, and 72 hours
post-transfection. Methamphetamine potentiation of galectin-1 was also reversed by the
nanoplexes. The study did not provide cytotoxicity data, which could account for part of the
decrease in galectin-1 expression, though a scrambled siRNA sequence did not significantly
reduce expression indicating that the coated AuNRs themselves are not cytotoxic.

In summary, gold nanoparticles have been demonstrated as an effective theranostic agent for
gene therapy. Especially important is their absorbance and scattering within the NIR region
where tissue is transparent, potentiating in vivo imaging of the particles and their nucleic
acid cargo, though efficient real-time in vivo imaging has not yet come to fruition. The
LSPR of AuNPs allows the delivery of tagged oligonucleotides to be monitored by SERS,
dark-field, and confocal microscopy. Biocompatibility of AuNPs is generally accepted as
high, though studies in primary cell models at relevant cellular concentrations as well as in
vivo would solidify this notion. Additionally, the polycationic coatings often used with
AuNP to facilitate endosomal escape present cytotoxicity concerns. The light-induced
cytosol delivery of oligonucleotide cargo from AuNS or AuNR may eventually circumvent
the need to incorporate inherently toxic polycationic coatings, thereby eliminating the
cytotoxic component.

4. Quantum Dots
Semiconductor nanocrystals, also known as quantum dots (QDs), possess fascinating size
and shape dependent electronic and optical properties that in recent years have found useful
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application in imaging and diagnostics. Current research interests include surface
modification, intracellular delivery of therapeutic agents, spatiotemporal imaging, and
evaluation of toxicity. They have optical properties superior to that of organic dyes and
luminescent proteins, including up to 100 times greater brightness and 1000 times better
stability against photobleaching.[18] Additionally, QDs are poised to make an impact as an
experimental tool, since fluorescent imaging is a widely accessible technique to evaluate
cellular and animal studies.

4.1 Background and Advantages
QDs are unique imaging modalities because their fluorescent emission can be tuned by the
size of the particle, which is known as the quantum size effect.[61] Additionally, QDs of a
small polydispersity possess a wide absorbance range and narrow, highly symmetric
emission spectra. In terms of application to bioimaging, these qualities are important
because they enable excitation of variously sized QDs with a single wavelength, resulting in
distinct emission spectra with little overlapping.[15, 62] This greatly reduces cross-talk
between channels and allows improved multicolor detection, thereby enhancing detection
efficiency and capability.

The method developed by Bawendi et al. in 1993[63] and slight variations thereof are still
used widely today to synthesize QDs. Some made changes to the cadmium species and
coordinating ligand[64], and reports of successful synthesis of monodisperse QD in an
aqueous phase using milder reaction conditions have started to become more common.[65]
It is also worthwhile to note that while size is the predominant mechanism used to tune
optical properties, core composition of the crystal will also affect the emission wavelength.
[66, 67] For example, CdSe QDs may emit in the 450-650 nm range, while CdTe QDs may
emit in the slightly higher range of 500-750 nm.[18]

A QD obtains a “core-shell” structure, shown in Figure 7, following the addition of a
passivating layer that serves to preserve the photoluminescent (PL) quantum yield.[18]
Typical passivating compounds include CdS, CdSe, and ZnS, with ZnS being the most
common passivating compound.[68],[69] The ZnS layer is added to the QD core in a
manner similar to QD synthesis, and has been shown to increase the PL quantum yield to
30-50% from 5-15% for unmodified dots.[68] ZnS shell growth is improved by the addition
of a small amount of Cd to promote even coating across the QD surface, achieving particles
with a quantum yield of up to 95%.[70] A ZnS shell also prevents oxidation and enhances
colloidal stability of the particles.[18]

Post synthesis and passivation, QDs may be dried and reconstituted in organic, nonpolar
solvents such as hexane, toluene, or chloroform, but they are not inherently water-soluble.
This is a fundamental problem, as QDs must be water-soluble for use in in vivo or in vitro
bioimaging applications. To resolve this issue QDs can either be encapsulated in a
hydrophilic material, often polymeric, or ligand exchange can be used to replace the
hydrophobic ligands with water-soluble counterparts. Mattoussi et al. have compiled a
comprehensive list of surface capping strategies reported in literature.[69]

4.2 QDs applied to oligonucleotide delivery
Quantum dots have enabled imaging of individual molecules within the cell environment,
which can be particularly useful in gene silencing therapies. QDs have been considered as
potential gene delivery devices due to their convenient size and inherent stability against
photobleaching while imaging, making them an effective theranostic agent. One of the
earliest reports using QDs to monitor siRNA transfection appeared in 2005.[71] A
conventional transfection agent, Lipofectamine 2000 (Invitrogen), was loaded with both
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CdSe-core ZnS-shell QDs and siRNA targeting the Lamin A/C gene. Fibroblast cells were
then transfected with the loaded liposomes for 5 hours. Following transfection, siRNA
uptake and silencing efficacy was measured by flow cytometry, western blotting, and
immunofluorescence staining. Cells transfected with QDs and siRNA showed a strong
correlation between gene silencing and fluorescence. Additionally, cells transfected with
QDs and siRNA underwent ~90% gene knockdown, while cells transfected with siRNA
alone experienced only ~20-30% gene knockdown.[71] This study not only demonstrated
that QDs are a suitable probe to track siRNA delivery, but also indicated that they may
increase gene silencing efficiency, though the authors did not offer an explanation. This
study became a springboard for further investigation of QD-mediated siRNA delivery.

Expanding upon their findings, the same researchers sought to reduce the size of the
particles and employ targeting moieties with the ultimate goal of improving systemic
delivery of siRNA-decorated QDs.[72] To do this, a targeting peptide, F3, was conjugated to
the surface of NIR emitting QD cores to enhance internalization of the particles and siRNA
was conjugated to the QDs using a disulfide crosslinker which can be cleaved in the
reductive environment inside the cell, thereby releasing the siRNA to induce RNAi. Cellular
uptake was measured using flow cytometry. The number of F3 peptides and siRNA that
could be conjugated was limited by the number of functional groups present on the surface
of the QD; consequently, the ratio of F3:siRNA on the QD surface could optimized to
maximize uptake and gene knockdown. Moving forward with a formulation of 20 F3
peptides and a single double stranded siRNA per QD, cellular internalization took place but
gene knockdown was still not realized 48 hours after transfection.[72] However, upon
adding the traditional cationic transfection agent Lipofectamine 2000 to aid in endosomal
escape, gene knockdown was observed. The study not only used QDs to image cellular
uptake, but also showed that the incorporation of targeting moieties on the QDs could
improve gene knockdown by siRNA. Additionally, the study demonstrated that a
mechanism for endosomal escape must supplement the QDs to promote effective delivery to
the cytoplasm.

In a separate study, thiol-modifed RGD and HIV-Tat peptides were conjugated to CdSe/
CdS/ZnS QDs with the goal of inducing brain tumor-specific targeting.[73] Attached to the
surface of the QDs via a disulfide linkage, siRNA was selected to specifically suppress
epidermal growth factor receptor variant III (EGFRvIII), which is expressed exclusively by
tumor cells. Optimal internalization within genetically modified human glioblastoma cells
was obtained at a ratio of siRNA/RGD/HIV-Tat of 1:10:10.[73] It was shown that uptake of
the targeted siRNA-QDs was higher in tumor cells overexpressing EGFR than in cell lines
with less expression of the integrin receptors, confirming effective targeting of the tumor
cells. Additionally, significant cell death was observed only in cells treated with siRNA-
QDs. This demonstrates that the QDs alone are not significantly cytotoxic and the cell death
is a result of siRNA-mediated therapeutic gene knockdown, which was confirmed by
Western immunoblotting of downstream proteins. Like the aforementioned QD-mediated
siRNA delivery scheme, though, cationic lipid carriers were required to obtain significant
gene knockdown. It would be more desirable to incorporate a mechanism for endosomal
escape into the structure of the QDs itself, reducing the complexity of the system.

QDs have also been conjugated to ASON to determine cellular uptake mechanisms and the
site of ASON activity within the cell.[74] Anti-survivin ASON, a 20-mer single stranded
DNA, was conjugated to CdTe QDs via an amide bond. A 9-mer tether was included at one
end of the ASON to limit any effect from the QD, and the reaction resulted in about 18
ASON per particle. HeLa cells were transfected with the conjugated QDs at 4°C and 37°C to
determine uptake mechanism. It was shown that uptake was greatly reduced at 4°C,
indicating uptake by an endocytic pathway. Further studies revealed that these conjugated
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particles, with an overall anionic charge, were likely endocytosed via macropinocytosis. At a
transfection concentration of 50 nM, the CdTe-ASON29 were able to downregulate the
surviving mRNA by approximately 70% while inducing moderate cellular toxicity from the
CdTe core alone, as demonstrated by the controls. Time-lapse imaging of the QD-conjugates
revealed cellular uptake starting at 20 minutes after transfection, with CdTe-ASON29
localizing within the cytoplasm around the nucleus around 40 minutes post-transfection.
While cellular uptake of the negatively charged particles and resultant reduction in mRNA
expression was demonstrated, the moderate levels of cell toxicity at the QD concentrations
is cause for concern when evaluating these particles as a gene delivery vehicle, though they
were used successfully to characterize cellular uptake mechanisms.

Other research groups have terminated QDs with a positively charged molecule or coating
such as chitosan[75] or other cationic polymers[16, 76] in an effort to achieve effective
cellular transfection and gene knockdown with low cytotoxic effect from the particles. One
report utilized the endosome-disrupting polymer polyethylenimine (PEI) (Mn= 10 kDa),
grafted with polyethylene glycol (PEG) to mitigate the cytotoxic effects associated with PEI.
[76] (PEI-g-PEG) was attached to CdSe/CdS/ZnS QDs by a ligand exchange reaction,
resulting in a hydrodynamic size of 21-22 nm. It was noted that the PEG grafted
nanoparticles were quite stable in acidic conditions as well as biological media, which is
often a concern with QDs and is especially relevant to intracellular delivery applications.
Confocal microscopy was used to image the modified QDs, and it was observed that cellular
uptake via endocytosis or macropinocytosis began as early as 1-2 hours into incubation. It
was also noted that the amount of grafted PEG greatly influenced cellular uptake and
intracellular distribution. QDs with four grafted PEG chains per PEI chain were apparently
trapped in organelles, while QDs with only two grafted PEG chains per PEI chain had
apparently escaped endosomal compartments and were released into the cytoplasm, as is
necessary for effective siRNA delivery. However, QDs with four PEG chains per PEI
molecule displayed less cytotoxicity, as determined by a standard MTT assay. The ability to
tune endosomal escape and cytotoxicity by grafted PEG chains gives a greater degree of
control over the properties of the QD nanoparticle, but an optimal formulation for
intracellular delivery was not reported. Additionally, increasing the number of grafted PEG
chains would likely decrease the amount of nucleic acid able to complex with the PEI,
resulting in lower therapeutic efficacy, though this has not yet been studied with these
particles.

Exploiting of the proven biological advantages of PEG incorporation, CdSe/ZnS QDs were
conjugated to a PEG amine, giving the particles a net positive surface charge.[77] siRNAs
targeting BACE1 gene were then electrostatically bound to the surface of the QD-PEG. One
hour post-transfection, over 90% of the cells showed signal in the emission channel of the
QD-PEG as determined by flow cytometry, indicating effective localization on the cell
membrane or within the cell. Fluorescent imaging was used to track the QD-PEG and
siRNA up to 10 days post-transfection. The QD-PEG/siRNAs achieved about 50%
knockdown of the BACE1 gene while maintaining high biocompatibility relative to the
controls. However, the performance of the QD-PEG/siRNAs was not compared to
traditional transfection agents such as Lipofectamine 2000. It is possible, though, that the
amount of PEG amine conjugated to the QDs could be optimized to improve transfection,
while maintaining high biocompatibility.

Another approach used silicon QDs functionalized with 2-vinylpyridine, giving the surface a
net positive charge to which negatively charged siRNA targeting P-glycoprotein (P-gp)
could be electrostatically bound.[78] The functionalized QDs resulted in intracellular
delivery of the siRNA, gene knockdown, and reduced efficiency of the P-gp mediated
transport pathway across the cell membrane. However, the QDs did not outperform the
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cationic lipid Lipofectamine 2000, which reduced the protein expression by 71% while
siRNA-QDs reduced protein expression by only 50%.[78]

In a more recent report, L-arginine (L-Arg)-modified CdSe/ZnSe quantum dots, with or
without β-cyclodextrin (β-CD), were used as siRNA delivery devices to silence the gene
HPV18 E6.[79] L-Arg provided a positive surface charge onto which negatively charged
siRNA could be electrostatically bound, and β-CD had been shown to induce greater
biocompatibility and lower cytotoxicity. HeLa cells were transfected with the QD/siRNA
complexes for 24 hours, and cell viability remained >70% for QD concentrations less than
70 μg/mL over this period of time. Confocal microscopy was used to track the QD/siRNA
location in real time, shown in Figure 8. Fluorescence intensity measured by flow cytometry
was used to quantify cellular uptake. A gene silencing efficiency of nearly 80%, as well as
80% protein suppression was achieved using the QD/siRNA complexes, as determined by
RT-PCR and western blotting, respectively. These values were greater than that of
commercial transfection agents also tested.[79] This study highlights the utility of QDs to
track and quantify cellular uptake in real time, with the additional potential to outperform
traditional transfection agents.

Further expanding the dexterity and significance of quantum dots, fluorescent resonance
energy transfer (FRET) may be utilized to gather information regarding spatial conformation
of QDs and siRNA within the cell. FRET is the transfer of energy from a donor fluorophore
to an acceptor fluorophore across nanometer-scale distances, resulting in a lower
fluorescence intensity for the donor and a higher fluorescence intensity for the acceptor.[80]
FRET has been employed with QDs to observe the intracellular delivery of siRNA[81, 82]
and DNA[83-85], though most studies utilize QDs as an imaging modality combined with a
polymeric or lipid-based transfection agent[86, 87].

In one study, electrostatic binding of FITC-labeled siRNA to amphiphilic polymer-
encapsulated QDs was perceived by the quenching of the FITC signal by excited QDs.[82]
Time-lapse confocal microscopy was used to monitor the QD-siRNA intracellular
interaction; at approximately 1.5 hours after transfection, the particles were present inside
the cell and decomplexation between the QD and siRNA was indicated by the appearance of
a signal in the FITC channel. At 5 hours post-transfection, siRNA was dispersed throughout
the cell. Increased death in cells transfected with HER2 siRNA compared to those
transfected with random or no siRNA was indicative of endosomal escape and gene
knockdown by RNAi, but was not conclusive. The amphiphilic polymer coating
outperformed a conventional polymer, PEI, and was comparable to the commercial
transfection agent Lipofectamine in terms of gene silencing efficiency. The nanocomplex
carrier has the added benefit of less cytotoxic effect than these other carriers.[82] The
authors consider interaction between the QDs and FITC to be FRET, but it could simply be
quenching of the signal rather than resonance transfer. However, the quenching was shown
to be a function of proximity between the QDs and FITC-siRNA, making this a valid
evaluation of siRNA release. Similarly, Lee et al. employed FRET to track the release of
cyanine-labeled siRNAs electrostatically bound to the QD-PEI complexes.[81] The QD-PEI
complexes displayed knockdown of the VEGF gene comparable to that of commercially
available Lipofactamine.

Recently, FRET was used to not only to track delivery of plasmid DNA (pDNA) into the
nucleus, but to actually determine the sub-region of the nucleus in which the pDNA was
delivered and decondensed.[83] QD-labeled pDNA served as the FRET donor, while
rhodamine-labeled polycation was the acceptor onto which the pDNA was condensed. The
condensed pDNA complex was delivered via a lipid vector, and the cells were imaged at 3
hours post-transfection. As the pDNA were decondensed, the emission wavelength shifted
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from that of rhodamine to that of the QD. It was noted that pDNA in the cytoplasm existed
in the condensed form, while both condensed and decondensed pDNA were present in the
nucleus, as expected due to the protection of the lipid vector outside the nucleus. Two
separate regions of the nucleus were identified by an additional fluorescent stain, and the
condensation/decondensation of the pDNA in each region of the nucleus was correlated to
the number of cationic moieties per molecule of the polycation. Such knowledge is useful in
designing DNA therapies targeting a region of the nucleus for higher gene knockdown
efficiency. The use of QDs and FRET can produce meaningful insights on particle and
therapeutic localization within the cell, but it certainly necessitates careful orchestration of
fluorophores that may complicate experimentation.

4.3 Challenges facing QDs as theranostic agents
The circulation, clearance, and accumulation of QDs have been observed using small animal
fluorescent imaging in more studies than can be cited here[88-91], and the quantitative
biodistribution of CdSe[92] and InAs[93] QDs in various organs of mice has also been
reported. The results indicated that there was rapid uptake of a large amount of particles by
the liver and spleen, and all QD formulations were cleared from circulation within 10-20
minutes of injection. The studies show that PEGylation and peptide coating both slow RES
uptake of QDs, and that the smaller InAs QDs are able to be renally excreted to some
extent[93], which is an encouraging finding since other studies suggest that In-containing
QDs may be less toxic than Cd-containing QDs.[94] Looking forward, mechanisms for
extending the half-life and improving renal clearance while maintaining therapeutic efficacy
of the particles are challenges facing in vivo drug delivery and imaging using QDs.

Since QDs have been shown to accumulate and reside in the liver and spleen of living mice,
the long-term toxicity of QDs is another major concern for their use as theranostic agents.
The greatest risk of toxic effect is due to the release of Cd2+ ions from the nanocrystals,
which can be somewhat controlled by encapsulation of the QD in a passivating ZnS shell or
crosslinked polymer coating.[94, 95] A report was recently published on the short-term
toxicological effects of phospholipid-coated CdSe/CdS/ZnS QDs intravenously injected into
monkeys.[96] Levels of metal ions in the blood and various tissues were measured over
time, as were biomarkers indicative of organ function and inflammation. It was found that
the QDs likely accumulate and degrade over time in the liver and spleen, and the free metal
ions accumulate mostly in the kidneys. The biomarkers were all found to be within the
normal range. The study concluded that the QD formulation tested had little to no toxic
effect in the primates for up to one year, but recommended studies of longer duration. Such
studies are especially important to evaluate the effect of repeated doses, as would be
necessary for therapeutic effect.

However, adequate long-term in vivo studies have not yet been performed and toxicity of
traditional QD formulations remains a concern. Consequently, there has been movement
toward Cd-free NIR QDs composed of III-V or I-III-VI2 semiconducting metals such as
CuInS2[94] and CuInSe[97]. Both QDs have promising physical characteristics and
biocompatibility, but have not yet been used as theranostic agents.

Preliminary studies indicate favorable toxicity over traditional cadmium QDs, but synthesis,
quantum yield, and stability of cadmium-free QDs could use improvement. To that end,
work has recently been done to develop a high-throughput, facile synthesis method for
ZnxS/AgyIn1-yS2 QDs.[67] The sonochemical decomposition of precursors at ambient
reaction conditions resulted in a library of QDs with uniform shape, narrow size distribution,
high purity, and tunable PL properties relative to composition. Additionally, absorption and
PL remained unchanged over two months of storage at ambient conditions. The ZnxS/
AgyIn1-yS2 QDs showed marked improvement in cytotoxicity over CdSe/ZnS QDs; cell
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viability remained greater than 90% up to a concentration of 100 μg/mL. The QDs were
then coated with PEI and conjugated to siRNA and used to transfect tumor cells against
EGFP; confocal microscopy showed internalization of QDs as well as a decrease in green
fluorescence over 3 days, proving their potential to create a theranostic agent with low
toxicity as well as therapeutic efficacy in vitro.

Quantum dots present a powerful and versatile theranostic tool. Particularly advantageous is
the ability to conjugate QDs with biological and therapeutic agents such as oligonucleotides
and targeting ligands to produce a single particle with optical and biological dual-
functionality. Various modification and functionalization techniques have produced QDs
with characteristics that make them promising instruments for intracellular oligonucleotide
delivery and tracking, especially the ability to use QDs with FRET to image spatiotemporal
gene delivery. However, biodistribution of current QD compositions show inadequate
clearance from live mice, and the long-term effects of QDs are largely unknown. The
development of QDs for biological applications has come a long way in a little over a
decade, but techniques for better long-term stability in biological buffers, higher quantum
yield following bioconjugation, and reduced toxicity and improved clearance from the body
are needed for the potential of quantum dots to be fully realized in the field of siRNA
delivery and imaging.

5. Conclusions and Future Perspectives
Theranostic inorganic nanoparticles are effective vectors for gene delivery, even
outperforming standard transfection vectors in some instances, while providing mechanisms
for targeting, imaging and tracking of gene delivery. In recent years, gold, magnetic, and
quantum dot nanoparticles have proven themselves superior in their ability to execute
controlled and targeted delivery. Advances in imaging technology have established the
capability to image spatiotemporal gene transfection at the single-molecule level with the
aid of these theranostic particles. These small successes have opened up new doors for the
development of gene therapy options, yet the goal for highly efficient, specific in vivo
delivery and tracking of oligonucleotides has still not been fully recognized.

Recent research has focused on increasing transfection efficiency in vitro while minimizing
cytotoxicity. In order to successfully administer genetic therapies, the coatings that were
successful in vitro need to be combined with common in vivo targeting mechanisms. Some
work has looked to combining these areas of research; however, the success has been limited
to unique disease models, such as cancer. Disease models without unique anatomies need to
be pursed in order to test the limits of nanoparticle-mediated gene delivery.

The success of nanoparticle theranostics will depend on the target diseases and the genes
used to treat them. The correct combination of nanoparticle, coating, and targeting
mechanism will need to be tailored to each disease/gene combination. Substantial progress
has been made toward improving cytotoxicity and transfection efficiency, and future work
needs to focus on treatment of specific disease models in vivo, as well as the development of
real-time in vivo imaging capability. Further, specific targeting mechanisms and minimum
dosage levels must be determined in order for theranostic gene delivery to become a
treatment standard.
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Abbreviations

ASON antisense oligonucleotide

siRNA small interfering RNA

miRNA micro RNA

shRNA small hairpin RNA

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide)

NHS N-hydroxysuccinimide

MNP magnetic nanoparticles

MRI magnetic resonance imaging

MIONP magnetic iron oxide particles

PEI polyethylenimine

PEI max deacylated polyethylenimine

PEG polyethylene glycol

dODN decoy oligonucleotide

STAT 3 signa transducer activator of transcription 3
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PAMAM polyamidoamine

asODN antisense surviving oligodeoxynucleotide

cMNP magnetic nanoparticle clusters

LCMNP lipid coated magnetic nanoparticle

AFsiRNA Alexa Fluor 488-labled siRNA (AFsiRNA)

EPR enhanced permeability and retention effect

AuNP gold nanoparticle

LSPR localized surface plasmon resonance

AuNR gold nanorod

AuNS gold nanoshell

NIR near-infrared

SERS surface-enhanced Raman spectroscopy

DTTC 3,3’-diethylthiatricarbocyanine iodide

TEM transmission electron microscopy

ABT 4-aminobenzenethiol

BPEI branched polyethylenimine

dsDNA double-stranded DNA

DAPI 4’,6-diamidino-2-phenylindole

ssDNA single-stranded DNA

GFP green fluorescent protein

PLL poly-L-lysine

RNAi RNA interference

HA hyaluronic acid

AFM atomic force microscopy

QD quantum dot

TOP trioctylphosphine

TOPO trioctylphosphine oxide

CdSe cadmium selenide

CdTe cadmium telluride

PL photoluminescent

CdS cadmium sulfide

ZnS zinc sulfide

EGFRvIII epidermal growth factor receptor variant III

P-gp P-glycoprotein

L-Arg L-arginine

β-CD β-cyclodextrin
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FRET fluorescence resonance energy transfer

HER2 human epidermal growth factor 2

pDNA plasmid DNA

RES reticuloendothelial system

InAs indium arsenide
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Highlights

Inorganic nanoparticles are effective theranostic agents for gene transfection.

The response to light or magnetic field imparts noninvasive delivery control and/or
spatiotemporal tracking capabilities.

Further development of in vitro and in vivo testing and increased gene therapy efficacy is
necessary for clinical success.
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Figure 1.
Nanovector delivery to C6 xenograft tumors monitored by MRI. a) T2-weighted images of
C6 xenograft tumorbearing mice with an agarose mold standard (Std) and with colorized R2
expanded views of the tumor regions for both NP:DNA (left) and NP:DNA_CTX (right)
treatments. Both nontargeted (NP:DNA) and targeted (NP:DNA_CTX) nanovector
treatedtumors showed similar enhancement of R2 contrast. (b) Quantitative R2 values for
the tumor region in NP:DNA and NP: DNA_CTX treated mice. (c) Quantitative R2 values
for muscle in NP:DNA and NP:DNA_CTX treated mice. Reprinted with permission from
F.M. Kievit, O. Veiseh, C. Fang, N. Bhattarai, D. Lee, R.G. Ellenbogen, M. Zhang, ACS
Nano, 4 (2010). Copyright 2010 American Chemical Society.
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Figure 2.
Schematic for nanoparticle accumulation in tumor cells mediated by magnetically guided
gene delivery, or magnetofection.
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Figure 3.
(A) NIR fluorescence imaging over time of the distribution of PEG-DTTC-AuNRs
following injection into a nude mouse. NIR fluorescence signal is colored red,
autofluorescence is green. (B) NIR SERS spectra from the liver of the mouse at time points
post-injection. (C) NIR SERS spectra from the intestine of the same mouse over time.
Figure with permission from J. Qian, L. Jiang, F. Cai, D. Wang, S. He, Biomaterials, 32
(2011) 1601-1610.
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Figure 4.
(A) Hyperspectral image of chitosan AuNPs and (B) ABT only (C) chitosan AuNPs only.
(D) z-stack confocal Raman spectra of chitosan AuNPs with shRNA. A and B indicate the
location of the AuNPs and the corresponding Raman spectra. The insert legends are the
relative z-depth positions in micrometers from the surface of the cell.
Figure with permission from S. Jeong, S.Y. Choi, J. Park, J.-H. Seo, J. Park, K. Cho, S.-W.
Joo, S.Y. Lee, Journal of Materials Chemistry, 21 (2011) 13853.
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Figure 5.
Schematic depicting light-induced release of nucleic acids from AuNS. At close proximity,
the fluorescent tag on the oligonucleotide is quenched by the LSRP of the gold particle; after
release, the distribution of the oligonucleotide can be tracked by the fluorescent tag. (A)
dsRNA is covalently attached to the gold particle via thiol bonds; after a laser pulse, the
bond is broken and dsRNA is released. (B) The sense strand of the oligonucleotide is bound
to the surface of the gold particle; after a laser pulse, the antisense strand of the
oligonucleotide is freed.

Knipe et al. Page 30

Nano Today. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Schematic depicting light-induced release of siRNA by interruption of the electrostatic
binding between the siRNA and AuNS surface.
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Figure 7.
Schematic depicting the composition of a “core-shell” QD and two common strategies for
phase transfer into aqueous solution, functionalization, and electrostatic loading of siRNA.
Typical reagents reported in current literature are shown. A. Coating of the QD with an
amphiphilic polymer. B. Exchange of the TOP/TOPO coordinating ligands with a
hydrophilic ligand. QDs are then modified to have a positive surface charge so negatively
charged siRNA may be electrostatically bound.
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Figure 8.
Real-time confocal microscopy images of HeLa cells transfected with CdSe/ZnSe QD/
siRNA complexes. Soon after transfection, the QD/siRNA was observed on the cell
membrane. At 5 h, QD/siRNA had migrated into the cell cytoplasm. Green fluorescence
represents siRNA and red fluorescence represents QDs.
Figure with permission from Li, J.-M., M.-X. Zhao, H. Su, Y.-Y. Wang, C.-P. Tan, L.-N. Ji,
and Z.-W. Mao, Multifunctional quantum-dot-based siRNA delivery for hpv18 e6 gene
silence and intracellular imaging. Biomaterials, 2011. 32(31): p. 7978-7987.
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