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Nanoparticles offer diagnostic and therapeutic capabilities impossible with small molecules or
micro-scale tools. As molecular biology merges with medical imaging to form the field of
molecular imaging, nanoparticle imaging is increasingly common with both therapeutic and
diagnostic applications. The term theranostic indicates technology with concurrent and
complementary diagnostic and therapeutic capabilities. When performed with sub-micron
materials, the field may be termed theranostic nanomedicine. Although nanoparticles have been
FDA-approved for clinical use as transport vehicles for nearly 15 years, full translation of their
theranostic potential is incomplete. Still, remarkable successes with nanoparticles have been
realized in the areas of drug delivery and magnetic resonance imaging. Emerging applications
include image-guided resection, optical/photoacoustic imaging in vivo, contrast-enhanced
ultrasound, and thermoablative therapy.

Diagnosis with nanoparticles in molecular imaging involves correlating signal to a phenotype. The
disease’s size, stage, and biochemical signature can be gleaned from the location and intensity of
nanoparticle signal emanating from a living subject. Therapy with NP uses the image for resection
or delivery of small molecule or RNA thererapeutic. Ablation of the affected area is also possible
via heat or radioactivity.

The ideal theranostic NP: (1) selectively and rapidly accumulates in diseased tissue, (2) reports
biochemical and morphological characteristics of the area, (3) delivers a non-invasive therapeutic,
and (4) is safe and biodegrades with non-toxic byproducts. Above is a schematic of such a system
which contains a central imaging core (yellow) surrounded by small molecule therapeutics (red).
The system targets via ligands such as 1gG (pink) and is protected from immune scavengers by a
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cloak of protective polymer (green). While no nanoparticle has achieved all of the above features,
many NPs do fulfill one or more. While the most clinically translatable nanoparticles have been
used in the field of magnetic resonance imaging, other types are quickly becoming more
biocompatible by overcoming toxicity and biodistribution concerns. The document details
diagnostic imaging and therapeutic uses of nanoparticles. We propose five main types of
nanoparticles with concurrent diagnostic and thereapeutic uses and offer examples of each.
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Introduction

Molecular imaging (MI) monitors and measures biological processes in living subjects via
spectral data. Traditional modalities such as X-Ray, computed tomography (CT), and
magnetic resonance imaging (MRI) produce an image of anatomy. MI modalities such as
positron emission tomography (PET), single photon emission CT (SPECT), optical
techniques, and contrast-enhanced CT or MRI produce an image with details on function.
Molecular imaging monitors and measures biological processes similar to a biopsy, but is
done non-invasively, in real time, and with potential for sequential, longitudinal monitoring.
Applications include early detection of disease, staging of disease, evaluating the response
to therapy, and studying biological processes in living subjects.l 2

Nanoparticles (NPs) are an emerging instrument in the toolkit of MI because of their intense
and stable output, large payload delivery, multimodal signaling capacity, strong target
binding via multiple ligands, and tunable biodistribution profiles (Table 1). These synthetic
materials (with dimensions from one to hundreds of nanometers) have a long history in drug
delivery and are increasingly popular in imaging because of the unique way in which they
interact with light, sound, and electromagnetic fields.3# Nanoparticles are particularly
intriguing when used for combination applications that are both therapeutic and diagnostic.
Such systems have recently been described as theranostic.®> Theranostic nanomedicine is an
emerging field that uses nanometer-scale materials to glean diagnostic insight for well-
informed treatment. The fundamental advantage of theranostic nanomedicine is the use of
patient-specific test results to tailor a treatment regimen producing improved outcomes,
reduced costs and fewer side effects.

While the definition of thernostics continues to evolve, we suggest the following: A
diagnostic improves the knowledge of a disease state. Diagnostics may be performed in vivo
or ex vivo and offer information about a disease’s metabolic/biochemical state, genotype,
size, location(s), morphology, chemical composition, rate of change, etc. A therapeutic
improves the outcome of a disease state. Small molecules, proteins, RNA interference,
gamma ablation, and surgical explanation are all examples of therapeutics. In the following
account, We recap the state-of-the-art in theranostic NPs and define such systems as synthetic,
nanometer-scale materials that simultaneously improve the knowledge and outcome of
aberrant biology. Although we focus on cancer biology and in vivo applications, theranostic
nanoparticles also have applications in diabetes, and regenerative medicine.
Complementary to imaging, theranostic in vitro diagnostic (IVD) approaches also utilize
nanoparticles and use an ex vivo test result to guide treatment. Helpful discussions of 1\VD
theranostics exist elsewhere.”
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Nanoparticles

Limitations of some MI techniques include poor multiplexing capabilities, poor spatial
resolution, low sensitivity, and poor signal penetration through tissues.2 For these reasons,
MI researchers have increasingly turned to NPs because of their large payloads, high signal
intensity/stability, avidity, and the capacity for multiple, simultaneous applications due to
their unique size and the high surface area to volume ratio.8 NPs are bigger than proteins,
yet smaller than cells, and thus behave differently in vivo than other therapies and imaging
agents. While both therapeutic nanostructures and imaging NPs have a long history, they
have only recently begun to coalesce into the theranostic NPs detailed below (Figure 1).
There are currently more than 35 FDA-approved NPs, with a larger number in pre-clinical
studies for both imaging and therapy.3: 913 Most FDA-approved NPs are used as
mechanisms of drug delivery with the exception of MRI contrast agents.

Diagnostic Capabilities

The diagnostic role of theranostic NPs reports the presence (location(s)) of disease, the
status of disease (sub-type), or a disease’s response to treatment (Figure 2). Through either
passive or active targeting, increased binding at the site of interest is achieved. The location
and intensity of NP signal after systemic (intra-venous) injection correlates to cell surface
receptors or molecular phenotype and measures the tumor’s size, border, stage, etc. NP
signaling utilizes radionuclides, fluorophores, or the NP itself may have an intrinsic property
for contrast (e.g. iron oxide for MRI.) NPs are often coated with ligands that target
angiogenesis markers. For example, the RGD peptide binds to a3 integrin and vascular
epidermal growth factor binds to the VEGF receptor (VEGF-R). Both identify angiogeneic
tumor. Once bound, the NP can help guide resection or monitor response to therapy.
Alternatively, passive targeting can be used for anatomic imaging rather than M.

Diagnostic NPs include superparamagnetic iron oxide (SPI10) and ultra-small SPIO (USPIO)
for MRI contrast and targeted SPIO NPs, which allow MI via MRI.14 Gold NPs are used for
CT and radiograph contrast and Ml via ligands.1® Silica nanoparticles have applications in
MRI as gadolinium containers or to protect inner imaging cores.18 Optical reporters include
quantum dots (QDs), fluorophore-doped silica NPs, and fluorophore-doped polymeric
NPs.17 Carbon nanotubes and gold nanorods produce photoacoustic contrast.1® Surface-
enhanced Raman scattering (SERS) NPs are used for multiplexed approaches.1® Some NPs
are multimodal—that is, they report signal through more than one method (e.g., fluorescence
and MRI) and are useful when the two modalities have complementary spatial resolution,
sensitivity, or depth penetration.20

Therapeutic Capabilities

The therapeutic role of the NP can take several forms as well (Figure 2). It may be a material
delivered or released to the diseased area. Traditionally, this has been small molecule
chemotherapeutics such as doxorubicin, paclitaxel, etc. Next-generation systems deliver or
miRNA for RNA interference with gene expression.13: 21-23 Mirkin’s group has
demonstrated that gold NPs not only facilitate cellular delivery of oligonucelotides, but also
stabilize them from nucleases.?* The release may be the ablative effect of radionuclides
loaded into NPs for destruction of the tumor, causing DNA damage and retarding cell
growth.2> Finally, the release may be in the form of heat or vibrational energy that disrupts
the structure of the cells and shrinks the tumor volume. Second, the therapeutic role may be
to guide surgery for tumor resection. NPs that contain an imaging agent can thus be both
diagnostic (determine tumor type, location, and borders) and therapeutic (use that image to
guide tumor removal). Intra-operative imaging is visualization of diseased areas exposed
during surgery and is especially important as the location of the tumor may change after pre-
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surgical imaging and during resection. Finally, the therapeutic role may be in disrupting a
cellular or metabolic pathway. This approach utilizes a ligand to target the NP and disrupt
cell regulation. An example of this is Herceptin-labeled NPs, which occupy the Her-2 cell
surface receptors.26

In delivery applications, the NP carriers stabilizes the payload (up to 10° copies per
nanoparticle)?’, allowing a metered release of drug, reducing toxicity and side effects.
Hydrophobic drugs are protected by the NP interior.28 Most therapeutic drug-carrying NPs
are in the form of liposomes or lipid-based complexes, as well as polymeric micelles or
biodegradable polymer/drug composites.2® The most common substrate is a blend of
poly(lactic-co-glycolic acid) (PLGA) and polyethylene glycol (PEG), (PLGA-PEG).
Metallic NPs used in tandem with infrared heating are thermoablative NPs; nanoshells and
nanorods are the most common examples.30 Sir-spheres™ are the trademarked name of
Yttrium-90 loaded nanoparticles used to treat liver cancers. These particles are injected into
the hepatic artery and accumulate in the tumor where they ablate the tumor in vivo.2®

Nanoparticle Types

In Figure 2, five common approaches to designing theranostic NPs are detailed. All have
one or more of the above therapeutic and diagnostic roles. While there are obviously many
variations on this theme and this list is not exclusive, many NPs do fall into one of these
categories. Type I and Il NPs are used in tandem with surgery for resection/removal of the
tumor/lesion. They either have an intrinsic (Type 1) signaling nature such as MRI or are
loaded with a reporter (Type 1) like a fluorophore. The diagnostic role is due to the site-
specific accumulation of the NP, caused by the NP’s size/shape, sensitivity to local
environment, or targeting ligand. Thus, imaging is used to radically treat the tumor and the
location of the NP causes both the diagnosis (tumor location/border/type) and therapy
(surgical resection).

Type | NPs include dextran-stabilized iron oxide (MRI), gold nanoshells (photoacoustic
imaging), nanobubbles (US), and PEG-coated quantum dots.3! Type 11 NPs include dye-
loaded silica, radiolabeled silica, and multimodal NPs. Resection using type I or Il NPs is
one of the best applications of multimodal NPs because the advantages of each modality can
be used at different points in the procedure. The mapping of a tumor’s sentinel lymph nodes
is a key application of these NPs. Limitations to type | and Il NPs include non-specific
accumulg;ion, inadequate circulation times/biodistribution, poor biodegradation profiles, and
toxicity.

Type Il and IV NPs are less invasive (no surgical intervention) and more sophisticated as
they carry an agent to the site of interest. Site-specific accumulation allows molecular
imaging of the tumor or specific delivery of therapeutic. Drug-carrying liposomes, micelles,
and other NPs are type 111. Examples include Doxil which is PEGylated, liposomal
doxorubicin and Abraxane which is a NP carrier of paclitaxel.? More than one type of
therapeutic can be loaded per NP. The diagnostic mechanism of type 111 NPs is their specific
accumulation in diseased area, which is an in vivo evaluation of tissue state. Type IV NPs
have the additional diagnostic capacity for imaging via a loaded or intrinsic reporter with
simultaneous release of a treatment mechanism to the site of interest. One challenge is
balancing the limited NP exterior or volume, especially for surface-functionalized NPs. A
high amount of therapeutics may reduce the number of bound ligands and vice versa. Still,
simultaneous imaging and delivery are illustrated in Table 2 and demonstrate the broad
range of deliverable products and targeting ligands.3334

Type V NPs are responsive to external stimulus; NPs with magnetic or thermoablative
capacities are of this class. In thermoablative therapy, nanoshells and nanorods are effective
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because they have absorption peaks in the near infra-red (IR; IR light passes more easily
through tissue) and are effective at converting light into heat energy. Bhatia and co-workers
report nanorods accumulation in tumor followed by laser treatment with heating to nearly
70° C in vivo (Figure 3.)%

Targeting Ligands

Theranostic NPs demonstrate specific accumulation at the site of interest, which can occur
through either active or passive targeting. Passive targeting takes advantage of the enhanced
extravasation, permeation, and retention (EPR) effect in which NPs escape from a tumor’s
leaky vasculature and accumulate non-specifically in the lesion. Passive targeting is
dependent on the size, shape, and charge of the NP. A key challenge is reducing non-
specific binding. NPs larger than 100 nm, with surface charges (zeta potential + > —20 mV),
or with solid cores are often rapidly (< 15 minutes) cleared from circulation by the liver and
spleen before accumulating at the tumor. Drug-containing liposomes are a classic example
of NPs (Type Il1) that target non-specifically.®

Alternatively, actively targeted NPs anneal a recognition element to the NP to bind to cell
surface markers for even greater accumulation in the diseased tissue. While passive targeting
can increase accumulation, only NPs with ligands that specifically bind to a receptor
indicative of a metabolic process are true M1 NPs. Ligand types include antibodies, small
peptides or molecules, lectins, aptamers, engineered proteins, and protein fragments.
Commonly targeted tissue biomarkers include vascular markers and markers of
angiogenesis. Folate receptor is over-expressed in many cancer types and folate-labeled NPs
are common.38 Some NPs are therapeutic by using the monoclonal antibody to occupy a cell
surface marker involved in signal transduction preventing tumor growth. In general,
expression levels 2-10 times higher at target than the non-targeted area is sufficient.3’

A key advantage of using NPs versus molecular scaffolds is the multiple copies of ligand
that can be loaded onto the NP. Small NPs like QDs may have tens of ligands, while larger
liposomal NPs may have thousands. This multivalent mode of attachment between the NP
and disease area is known as avidity. In addition to the number of ligands per NP, the many
different types of ligands attached to a NP is very advantageous. Because cancer cells often
rapidly develop resistance to one type of ligand, combination approaches that target/inhibit
through more than one mechanism can be especially useful.38

Magnetic NPs

Particles enhancing MRI signal are one of the most established Type | NPs and iron oxide
(stabilized with dextran, PEG, oleic or pluoronic acid) are routine and clinically approved
under many brand names including Resovist, Feridex, Ferumoxtran-10, or Gastromark. The
main benefits of these NPs are the depth insensitive nature of MRI detection, low toxicity,
and hours of circulation time. SPIO and USPIO decrease T1 and T2 relaxation times in a
dose-dependent manner. They are used as contrast for lymphography and angiography, bone
marrow contrast, or as a perfusion agent of the brain and kidney. Iron oxide particles can be
targeted through the addition of a therapeutic ligand such as Herceptin (tratuszamab.)28
There are approximately 20 current clinical trials of SPIO or USPI0.39 Approved clinical
applications of SP10 include imaging of liver metastasis.

Theranostic applications of SP10 include labeling cells with iron oxide NPs to be tracked in
vivo with potential applications in stem cell monitoring (Figure 4).40 Figdor and coworkers

have shown that cells labeled with magnetic nanoparticles can be monitored and tracked in

human patients.#? Loading of SPIO with NPs was done by co-culturing immature cells with
200 mg/ml SPIO. Patients were imaged with gradient echo transversal MRI before both
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before and after injection of 7.5 x 106 cells in 200 uL into a lymph node. Sequential imaging
showed migration of cells to sentinel lymph nodes. The limit of detection was 1.5 x 10°
cells.

Magnetic NPs have also been used to deliver drugs to a diseased area.*2 After systemic
injection, a high field magnet is positioned over the tumor to increase NP accumulation by
immobilizing circulating particles for cargo release. Plank’s group has used SP10O to deliver
gene therapy to Wister rat gut.3 Labhasetwar’s group has shown loading and delivery of
paclitaxel and doxorubicin with iron oxide NPs and concurrent MRI.44

Multimodal MRI NPs often use optical methods. MRI is a depth insensitive technique and
can be used for deep tissue imaging, yet suffers from poor sensitivity and cannot be used in
real time. Fluorescence imaging is highly sensitive (fM or pM detection limits), yet has poor
depth penetration. Thus, NPs dually functionalized employ the MRI modality for tumor
staging and localization and the fluorescent modality intra-operatively to find tumor margins
and insure complete removal of the lesion These particles have been validated in a green
fluorescent protein (GFP)-tagged 9L rat gliosarcoma model.2% Twenty-four hours after 15
mg/kg i.v. injection Cy5.5 fluorophore-labeled cross-linked iron oxide imaging both MRI
and fluorescence imaging clearly showed tumor margins.

Quantum Dots

QD NPs have broad applications both in vivo and ex vivo.4>: 46 Their theranostic
applications as Type Il NPs have been to identify disease via targeting ligands. Gambhir and
Cai used PEGylated QDs with the RGD peptide to image o3 integrins of a U87 glioma
model in vivo and observed tumor to background ratios of 4.42 + 1.88 at six hours versus
0.84 % 0.21 for untargeted QDs.#’ Bhatia has illustrated homing of QDs in cell culture via
the nucelolin-binding F3 peptide. These same QDs were also coated with SiRNA to inhibit
GFP. The authors demonstrated delivery of this sSiRNA to the nucleus via 50 nM QD
incubation and subsequent inhibition by 80% of GFP gene expression.33 This work has yet
to be translated in vivo. Bawendi and colleagues have used QDs in porcine models (Figure
5A). 200 pmol of near IR QDs imaged the sentinel lymph nodes in swine in less than five
minutes.48: 49

QD toxicity is the primary barrier to clinical use and two different approaches are under
development to reduce this concern. Encapsulation of the CdSe core with a silica coat
prevents leaching of the heavy metal and decreased liver uptake from 57.2 to 16.2 %ID/g
and splenic uptake from 46.1 to 3.7 %ID/g.%° This decreases leaching of the heavy metal
core, but increases the size of the NP such that renal clearance is modulated. The second
approach removes heavy metals, i.e. Cd, for ZnSe or ZnS QDs.%! Self-illuminating QDs
combine a bioluminescent protein with QD core remove the need for an excitation source
and improve signal to noise because of the low background (Fig. 5B).52

Activatable TNPs

Activatable or “smart” NPs respond to a change in local environment to instigate the
therapeutic/diagnostic mechanism. The key advantage is site-selective therapy for a
reduction in side effects; challenges include effective delivery and leaky carriers. The most
common triggers for activatable NPs are pH, proteases, and light. First, hypoxia in the tumor
microenvironment results in lactic acid production and hence acidic conditions. The
diagnostic modality of these NPs is selectivity for tumor environment to release the therapy
payload. Liposomes between 100 and 200 nm were constructed from pH-sensitive
poly(ethylene oxide)-modified poly(beta-amino ester) carrying paclitaxel and treat a murine
model of ovarian cancer (Figure 6.)°3 One hour after injection there was a 3.0-fold greater
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accumulation of drug in tumor treated with smart liposome versus non-pH-responsive
carrier.

A second class uses the proteases up-regulated by tumor for a cleavage event. The family of
matrix metalloproteases (MMP) are commonly used. Bhatia and coworkers demonstrated
that upon cleavage of protective PEG chains by protease, SPIO NPs aggregate at the site of
interest.>4 A final class of NPs uses light for activation. One example incorporates the
chlorine meso-tetraphenylporpholactol into PLGA nanoparticles, which is quenched in NP
formulation, but regains fluorescence in the presence of cellular lipids, producing singlet
oxygen for photodynamic therapy. These NPs were injected in vivo and irradiated with 650
nm light at 191 mW/cm2, causing a significant reduction in tumor volumes.®®

Challenges

Some fundamental challenges hamper NP deployment to the clinic. The first among these
are delivery obstacles, especially uptake by the reticuloendothelial system (RES) in which
NPs are rapidly shuttled out of the circulation to the liver, spleen, and bone marrow. Coating
the NP with polyethylene glycol can reduce recognition of the NP by the RES and increase
circulation times 2-10 times.>® Nanoparticles are often limited to vascular applications
because their size prevents easy extravasation. NPs below 100 nm are often used to increase
extravasation (for solid particles)®®, although extravasation of 400 nm liposomes is
reported.>” NP toxicity concerns often arise because of this RES accumulation. Aggregation
can lead to a loss of function or NP entrapment in the liver, lungs or elsewhere due to
capillary occlusion.?8 Toxicity can also result from the composition of the NP itself, e.g. Cd
in QDs.

The dose of NP required for a therapeutic effect may be markedly higher than that required
for a diagnostic effect. For example, a drug may need to be present at milligrams/kg of body
weight where a radioactive tracer agent needs much less than 1 pug/kg. A final problem
specific to theranostic NPs is circulation time. Imaging requires the area of interest to have
higher signal than surrounding tissue for contrast. Thus, most imaging agents are designed to
clear from the blood quickly (e.g, in a few minutes to hours). A therapeutic strategy needs to
have NPs with longer circulation times for adequate exposure to the tumor and for drug
release. A final challenge is oral bioavailability. Current NP design requires I.V. injection;
transitioning to a less invasive approach is key.

Theranostic Nanoparticles in the Clinic

Although most NPs are used in pre-clinical models, some have entered human use (Table 2).
The first class are liposomes or micelles for drug delivery. While their diagnostic content is
limited to tumor accumulation, nearly 20 are currently commercially available and offer
reduced systemic cytotoxicy and drug stability.® For example, Abraxane as a NP
formulation of paclitaxel demonstrated significantly higher response rates versus free
paclitaxel (33% v 19%, respectively; P = 0.001), longer time to progression (23.0 v 16.9
weeks.) The side effect of neutropenia was lower for Abraxane versus paclitaxel (P<0.001)
despite a 49% higher paclitaxel dose.?® Ongoing work creates liposomes with active
targeting and longer circulation times.50

Gold nanoshells under the brand name Aurolase evolved from work by Halas and West.
Work in canine models used 1.25 x 10° nanoshells/gram body weight. Patients with neck
and throat cancers are injected with 120 nm gold nanoshells. These circulate and accumulate
in the tumor by EPR. After immobilization of the NPs, laser irradiation at 808 nm causes a
temperature increase of ~ 20 degrees which has been shown to ablate tumor in a wide
variety of small animal studies.3% 81 Advantages to photoablative treatment include the
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ability to customize the treatment with the location and duration of the light pulse. One
limitation is that deeper tissue may not receive the same thermal dose as superficial tissue
and that location of the tumor is needed prior to the initiation of treatment.

Recent work by Davis and colleagues described a cyclodextrin NP stabilized with PEG and
adamantane and targeted to melanoma cells via human transferrin protein.13 When injected
into human melanoma patients, site-selective tumor accumulation was monitored by a Cy3
tag on the siRNA and ribonucleotide reductase-M2 subunit (RRM2) mRNA decreased by
40-70% and protein transcript decreased by ~ 30% versus pre-dose tissue.?! Finally, work in
the Gambhir and Contag labs has shown that SERS NPs can label markers of colon cancer
via either affibodies or small peptides.1® Work is underway to deploy this imaging modality
to molecular imaging guided colonosocopy.

Theranostic nanomedicine beyond imaging includes IVD in which an in vivo treatment
decision is based on an ex vivo test result. The Mirkin group has developed a bio-barcode
assay with excellent sensitivity via gold NPs.52 Others utilize QDs and magnetic particles.
Here, “companion diagnostics” stratify a disease, e.g. breast cancer, into subtypes via
measurement of a biomarker, e.g. circulating Her-2.7 In general, IVD tests have a shorter
time course to gain approval for use in humans than in vivo imaging/diagnostics.’

Future Directions

Observing the progression of theranostic NPs in the past decades shows a trend toward less
invasive approaches. We suggest NP invasiveness may be staged in the following
categories. The current design of NPs can be divided into the following categories of
invasiveness:

» Stage A NP —The NP is injected for diagnostic imaging with surgery for therapy
» Stage B NP — NP is injected and gives information for necessary oral therapy

» Stage C NP — NP is injected and identifies disease state and selectively treats
affected area

» Stage D NP — NP is constantly circulating and activates theranostics when disease
begins

Stage D NPs have yet to be reported. These systems could be considered synthetic cells and
are often describe as “nanobots” in the popular scientific press.

Work with theranostic NPs will continue to solve the above challenges. Alternatives to
metallic or liposome NPs will allow for tailored circulation times unique to application.
Time-sensitive coatings that shed over time could be used for custom circulation profiles.
Especially intriguing are the use of bacteria, viruses, or other naturally occurring NP
scaffolds.53 These materials are similar to naturally occurring systems and thus may
penetrate the cell membrane much more efficiently than synthetic nanoparticles.
Biodegradable nanoparticles are an important nanoparticle type and overcome many of the
toxicity and accumulation concerns of other NPs.64
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[Early 1990s — Iron oxide NPs used for MRI contrast

[Early 1990s — Radioimmunotherapy

[Mid-19905— First FDA-approved therapeuticNPs

[1998 — Targeted MRI NPs for angiogenesis measurement

[2002 — “Theranostics” first mentioned in primary literature

[2004 —in vivoimaging of prostate cancer via QDs

[20005 — pH-sensitive drug delivery

[IVIid 2000s — Drug-carrying, targeted, iron oxide NP

[Mid 2000s — Iron oxide NP with therapeuticligand

D o g o A e g e o f o

[2009 — Gold nanorod for photothermal therapy with CT contrast

[2010 — Site-selective RNAi in humansvia NPs

Figure 1. Evolution of Theranostic NPs

Initial NPs were active in either a therapeutic (delivery) or a diagnostic (imaging) mode. As
homing capabilities and multimodal approaches advanced, systems capable of simultaneous
therapy and molecular imaging (theranostic) were realized.
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Figure 2. Types of NPs

The therapeutic (indicated by red circles) and diagnostic (imaging agent indicated by green
flash) roles of nanoparticles (grey scaffold) combine in different fashions. Type | and Il are
self-contained NPs, while types 11l and IV involve release of an agent. These NPs may target
disease area non-specifically or specifically via homing ligands (indicated by purple
wedges). Type V NPs may include various elements of the following four types, however
they are only activated in the presence of an external stimulus.
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Figure 3. Gold Nanorods

Nanorods have both imaging and therapeutic capabilities as illustrated in a murine model of
breast cancer. (A) Gold absorbs X-Rays during CT more strongly than iodine. (B) Nanorods
can be used to create a CT map of the tumor. When irradiated with NIR light, the nanorods
increase in temperature, which can be mapped via thermal imaging (C). The heating causes
tumor death and shrinkage of the tumor (D) resulting in increased survival of treated animals
(E). Adapted and reprinted by permission from the American Association for Cancer
Research: Reference 35.
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Figure 4. Tracking Injected Cells via Magnetic NPs

Human lymph nodes before (A) and after (B) intranodal injection of iron oxide-labeled cells.
Cells could be tracked for 2 days after injection as they traveled through lymphatic system.
(C) Magnetic NPs can also be loaded with small molecule therapeutics and immobilized at
the disease site via external magnetic field to increase dose. Adapted from reference 40 and
42.
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Figure 5. Quantum Dots

QDs deployed to theranostic applications include the mapping of sentinel lymph nodes (A).
400 pmol of QDs were injected 1 cm deep into living swine tissue. In less than 5 minutes,
the QDs have begun to accumulate in the nearest lymph node for image-guided resection.
Surgery is continued until all fluorescence (tumor) is removed. (B) Self-illuminating QDs
containing a bioluminescent protein and a QD core use coelenterazine substrate to generate
signal. Reproduced courtesy of references 49 and 52.
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Figure 6. pH-sentivive NPs

NPs that selectively release paclitaxel in the presence of acidic tumor environment (PbAE-
PTX) show statistically (*p<0.05) greater reduction in tumor volume than control NPs or
free paclitaxel. Reproduced courtesy reference 53.
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Table 1
NP Applications to Diagnosis and Therapy

Mechanisms of diagnosis via imaging (pink) and treatment of disease (blue) are aided by nanoparticles. NPs
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are also critical to next-generation in vitro diagnostics (IVD; brown).

Technique Limitation NP Solution NPType(s)
CT Sensitivity Contrast Gold, Silver, lodine NPs
Optical gignal Penetration Intense Signal Quantum Dots
oor multiplexing Fingerprint Spectra | Raman nanoparticles
MRI Anatomic Technique Contrast Iron Oxide, Gd3+/Silica
PET/SPECT Spatial Resolution Multimodal Radiolabeled NP
Ultrasound Anatomic Technique Contrast Silica, Manobubble
Resection Tumor Location Border Delineation | MRI and/or Fluorescent

Radiation Therapy

Site-specific Delivery

Radio-NPs

Sir-Spheres (microparticles)

Chemotherapy Delivery/Stability /Toxicity | Drug carriers Liposome, Micelles
Ablation Low Efficiency NP Enhancer Nanoshell, Nanorod, CuS NPs
RIMAI Delivery siRNA carrier Liposome, Polymeric NPs

In Vitroi Diagnostics

Detection Limit
Multiplexing

Intense Signal
Spectral Resolution

Quantum Dots
Raman/Magnetic NPs
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