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Abstract

The importance of medical imaging in the diagnosis and monitoring of cancer cannot be
overstated. As personalized cancer treatments are gaining popularity, a need for more advanced
imaging techniques has grown significantly. Nanoparticles are uniquely suited to fill this void, not
only as imaging contrast agents but also as companion diagnostics. This review provides an
overview of many ways nanoparticle imaging agents have contributed to cancer imaging, both
preclinically and in the clinic, as well as charting future directions in companion diagnostics. We
conclude that, while nanoparticle-based imaging agents are not without considerable scientific and
developmental challenges, they enable enhanced imaging in nearly every modality, hold potential
as /in vivo companion diagnostics, and offer precise cancer treatment and maximize intervention
efficacy.
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Medical imaging is an integral component of cancer care and is routinely used to detect and
assess tumor progression based on anatomical or functional evaluations. For example, 18F-
fluorodeoxyglucose (8F-FDG) positron emission tomography (PET) is an accepted
diagnostic and decision-making tool in oncology. TNM (tumor, nodes, metastases) staging
and the RECIST (response evaluation criteria in solid tumors) criteria are routinely
implemented in cancer patient management through magnetic resonance imaging (MRI) or
computed tomography (CT) scans. Since the early 1990s, the FDA has begun approving
imaging-based surrogate end points to expedite the passage of investigational drugs.
Although these imaging capabilities have contributed significantly to cancer research and
patient management, there is still a great need for targeted imaging techniques that can
evaluate changes at the molecular level in vivo, as such information is needed within the
context of precision medicine.

Small-molecule and antibody-based imaging probes have demonstrated potential for in vivo
molecular imaging. Recent developments in nanotechnology have suggested that
nanoparticle-based imaging probes may offer additional benefits over traditional imaging
techniques. In general, nanoparticle-based delivery vehicles provide enhanced stability,
tumor accumulation, and circulation times as compared to small molecules delivered alone.
The strengths of a nanoparticle-based system are well-known and documented (/.e., large
surface area to volume ratio, high tunability, and the possibility of a multimodal nature),
such that their application in cancer medicine (as well as many other diseases)? is only
natural. To date, the clinical applications of nanoparticles (hereafter, NPs) in imaging
settings have been limited, although a few NPs for drug delivery have been FDA-approved
(for example, Doxil® and Abraxane).® In the past, NPs as imaging agents have suffered
several setbacks in the FDA approval pipelines due to health and scientific challenges.
Nevertheless, NPs offer significant advantages in the design of not just contrast agents but
also companion diagnostic platforms, such that persistent continuation of their development
is warranted. This review is not intended to provide a comprehensive review of all NP-based
contrast agents; instead, it will focus on their unique applications in cancer detection and
management. As most NP-based imaging contrast agents remain preclinical, interested
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readers should refer to specific reviews cited throughout this paper concerning individual
NPs and their specific applications.

NANOPARTICLES AS IMAGING AGENTS

While NPs as imaging agents offer additional information on conventional imaging
techniques, they also enable new capabilities such as /7 vivo Raman imaging,” magnetic
particle imaging (MPI), or multimodality imaging with the use of a single agent. NPs can be
coated with a so-called “stealth” layer of polymer or carbohydrates8 to enhance their
stability, biocompatibility, and safety, and they can also be customized for patient-specific
imaging applications. Many preclinical studies were reported throughout the literature in the
development of NP-based contrast agents for various imaging modalities: quantum dots for
optical imaging, gold NPs and iodinated liposomes for CT, gold nanorods and dye-
containing NPs for photoacoustic imaging, gold nanostars and silver nanoclusters for
surface-enhanced Raman spectroscopy, iron oxide NPs for MRI, chelator-based or
intrinsically radiolabeled NPs for PET/SPECT, and gas-filled nanobubbles for ultrasound
imaging (among others). Within oncological studies, NPs may be functionalized with
targeting moieties or coated to avoid immune recognition and improve circulation, such as
through polymer or carbohydrate stealth layers. This section provides an overview of current
NP-enabled imaging modalities and techniques, as well as their status in clinical translation.

Magnetic Resonance Imaging

Magnetic resonance imaging has leveraged NPs as contrast agents. These NPs can provide
positive contrast in 7;-weighted (spin-lattice relaxation) images or negative contrast in 7,-
weighted (transverse relaxation) images by changing the corresponding relaxivities of
nearby water protons. Notably, superparamagnetic iron oxide NPs (SPIONSs) have been used
in animal studies since the 1990s; extensive studies also have been conducted in the past
decade to make them suitable for biomedical applications in patients.1® SPIONs are used
predominantly as 7, contrast agents for MRI, which create localized dark regions in MR
images. Some SPIONSs have undergone or are in the midst of clinical trials in cancer
patients, including ferumoxytol, 1 ferumoxtran (Figure 1B),1213 and ferucarbotran NPs.14
Ferumoxytol, the only FDA-approved drug for anemia treatment, is used as an “off-label”
MRI contrast agent in 20 ongoing clinical trials for different diseases and indications; at the
same time, ferumoxtran-10 is currently undergoing clinical trials in Europe (NCT02751606,
NCT03223064, NCT02549898, NCT02997046).1° Ferumoxytol has also been explored in
cardiovascular MRI as an alternative contrast agent for magnetic resonance angiography to
circumvent concerns of renal toxicity by conventional gadolinium-contrast MRI; however,
the progress has been slow.16:17 Nevertheless, preclinical studies have used different forms
of NPs for contrast-enhanced MR, including molecularly targeted SPIONSs to noninvasively
detect elevated mMRNA levels after chronic drug exposurel8 or track gene expression after
gene therapy in rodent brains,1® more complex magnetic iron oxides for theranostic
applications in cancer,20 gadolinium-doped NPs for locating radiosensitizers (Figure 2B),
21.22 manganese oxide NPs as alternatives to Gd-based agents,23 and other metals for cell
tracking.24
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Optical Imaging

Optical imaging techniques display high spatial resolution but have limited detection depth
in tissue due to the inherent attenuation of signals in this wavelength range, limiting them to
superficial lesion detection. Many NPs are inherently fluorescent and are ideally suited for
optical or near-infrared (NIR) imaging.2> Photoluminescent NPs have versatile surface
functionalization and optical properties and are popular in preclinical imaging studies.
Several lanthanide-doped upconverting NPs (UCNPS) have also been designed to improve
depth penetration with minimal tissue damage, zero autofluorescence, and multicolor
capabilities for in vivoimaging and photothermal therapy (PTT)26:27 in preclinical settings.
Engineered photoluminescent NPs such as quantum dots (QDs) have been used for
fluorescent imaging of cells and tissues for the last 20 years because of their high quantum
yields and versatile spectra. Unfortunately, traditional QDs contain cadmium, which is
toxic28:2% and limits their clinical usage. Current developments of cadmium-free QDs have
gained some attention with their improved biocompatibility, but they still face significant
challenges. When depth penetration is not a limiting factor, fluorescent dye-loaded NPs can
be used for image-guided tumor surgery.39-32 For example, the first-inhuman trial of
fluorescent core—shell silica NPs (Cornell dots or C dots) received FDA Investigational New
Drug (IND) approval as a drug for targeted molecular imaging.33 NP-enabled optical
imaging detection techniques are expected to continue to be an important field in which NPs
can contribute to cancer management.

Nuclear Medicine Techniques

Nuclear medicine techniques, such as PET and single photon emission computed
tomography (SPECT), provide unparalleled detection sensitivity when compared to other
imaging approaches.34 NPs can be radiolabeled with or without the use of a chelator or
intrinsically radiolabeled with any number of radionuclides for /n vivo biodistribution and
tumor targeting studies.3> With all these possible design variations, the field of radiolabeled
NP contrast agents has made significant progress. Early applications of radiolabeled NPs in
oncology focused on the use of biomolecule-like NPs, such as RNAs,36:37 or cyclodextrin
polymer-based NPs containing camptothecin.38 Radiolabeled drug-delivering NPs have been
used to establish drug uptake profiles and to predict treatment responses.3? Radiolabeled
NPs have also been used for molecular imaging of atherosclerosis*° and many other
diseases. There are several 9°™Tc-labeled colloid-based SPECT imaging agents for cancer
diagnosis that are currently clinically approved, either in the U.S. or EU, including
Techneoll, Nanocoll, Hepatate, Nanocis, and Senti-Scint, primarily for lymphoscintigraphy
of different cancer indications.#! Figure 1D shows the potential advantage of SPECT/CT
with the injection of 9°™Tc-labeled sulfur colloid in providing surgeons with three-
dimensional anatomic landmarks.#2 In more recent years, nearly every type of NP has been
radiolabeled and tested with a wide range of radionuclides and disease models.

Computed Tomography and X-ray Imaging

Computed tomography is one of the most widely used imaging techniques for cancer
screening due to its wide availability, relatively low cost, and high-throughput capabilities.
The contrast of bone and lung tissues is readily visible on CT; however, imaging of soft
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tissues requires the use of high-Z contrast agents. Clinical CT contrast agents are often
iodine-containing small molecules, but these usually suffer from short circulation half-lives
and notable toxicity. The use of NPs alleviates these concerns, incorporating iodine or gold
(or other large atoms) into a NP structure that is more stable and circulates for a longer time,
often with active targeting to a tumor site to enhance specificity.#3 Nanostructures explored
for oncological imaging with CT include gold nanorods, shells, and dendrimers,** iodine-
containing liposomes,*® and lanthanide oxide NPs.#8 Also, micelle-based CT contrast agents
can be made to target highly expressed molecular signatures during disease progression
(e.g., atherosclerosis, inflammation, and cancer).#’ Although the field has seen rapid
advancement in recent years, NP-based CT imaging techniques are still in the preclinical
space.

Ultrasound Imaging

Ultrasound imaging (US), with its accessibility, low cost, and lack of ionizing radiation, is a
very common modality for detecting potential malignancies. However, up until recently, US
was limited in cancer applications due to its inability to distinguish tissue boundaries that
often do not exhibit the required differential scattering properties. The only contrast agents
that can be used in US are microbubbles and their variations. Due to their large size (1-8
4m), microbubbles are restricted to vasculature imaging and hence had limited usefulness in
oncology.*8 While most US contrast agents are applied in cardiac applications, the advent of
smaller-sized particles has enabled US to play an increasing role in cancer management.
While not necessarily on the nanoscale, Sonazoid US contrast agents have been
demonstrated to enhance the detection of malignant prostate lesions using transrectal US.4°
Similar clinical-grade, kinase insert domain receptor-targeted contrast microbubbles were
evaluated by another group and shown to be clinically feasible and safe based on results
from the first-in-human study in patients with breast and ovarian lesions (Figure 1C).%0
Within the nanoscale, generation and utilization of nanobubbles targeting cancer antigen 125
(CA-125) have also been demonstrated to offer an improved diagnosis of epithelial ovarian
cancer.48

Photoacoustic Imaging

Like US, photoacoustic (PA) imaging utilizes sound waves to produce an image. Unlike US,
however, PA imaging is enabled by irradiation of tissue with NIR (“light-in”") and detection
of the resulting pressure waves (“sound-out”) with an US transducer.?® In addition to
measurements from general US such as anatomy and flow rates, PA imaging can provide
additional information such as the optical, physiological, and mechanical properties of
tissues. Many tissues show inherent contrast in PA imaging, but the differences in this
contrast between healthy and diseased tissue are often not sufficient to be adequately
detected. To this end, contrast agents for PA imaging have been developed, many of which
are NPs.>2 Both organic and inorganic NPs have been used in this still relatively new
imaging technique. Inorganic NP frameworks of metals (in particular, gold),>3 QDs,> other
semiconductors,®> and UCNPs%6 have been successfully used to visualize cancer lesions
preclinically, taking advantage of the inherent NIR absorption of these structures. Carbon
NPs, particularly single-walled carbon nanotubes, have been used for molecular PA imaging
studies, although their biocompatibility is still a significant issue.>” Another strategy for
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developing PA contrast agents involves the incorporation of small molecules or dyes that
have high NIR absorbance into organic or inorganic NPs, such as loading indocyanine green
into perfluorocarbon (PFC) nanodroplets.>”:28 While this technique does rely on small
molecules, encapsulating them within an NP structure improves quantum yield, circulation
time, and stability, and allows the possibility of targeted delivery to cancer sites. Currently,
NP-enabled PA imaging techniques are still in the early stages of exploration.

Surface-Enhanced Raman Spectroscopy

In addition to providing imaging contrast, NPs enable novel imaging techniques due to the
unique properties of nanoscale materials. One such emerging technology is surface-
enhanced Raman spectroscopy. While Raman spectroscopy has been utilized as an in vitro
technique for quite some time,>® recent developments in NP construction have demonstrated
its utility for in vivo detection.”.60 Raman spectroscopy takes advantage of inelastic
scattering of photons (known as Raman scattering) and compares the energy of incident and
emitted photons to generate molecular-level data. Very few incident photons are naturally
inelastically scattered, limiting the technique’s sensitivity. The addition of a noble metal
surface with high curvature can increase this percentage, enabling detection of measurable
signals. This phenomenon is known as surface-enhanced Raman scattering (SERS). Several
SERS contrast agents have recently been developed, primarily based on gold and silver NPs.
61 For example, gold nanostar structures were recently demonstrated by Kircher’s group to
allow microscopic detection of cancer lesions following administration of low amounts of
the NPs.52 Likewise, silver NPs have been incorporated into nanocluster structures and
demonstrated effective targeting and imaging of cancer cells.53 Without a NP-based contrast
agent, SERS imaging would not be a viable /n vivo technique.

Advanced NP-Enabled Imaging Techniques

NPs can be designed to offer unique imaging capabilities and applications which have the
potential for clinical translation. This section outlines the advances and benefits of these NP
designs in oncological imaging and treatment.

Multimodal Imaging—A primary benefit of utilizing a NP platform for imaging is the
relative ease of incorporating contrast agents for multiple imaging modalities (Figure 2).64.65
Some NPs inherently provide multimodal contrast, such as QDs for optical/PA,56 gold NPs
for CT/PA/SERS,%7 and SPIONSs for MRI/PA.58 NPs can also offer a simple platform for
surface modifications to incorporate additional contrast agents for multiple modalities,
through the addition of chelators for radiolabeling or encapsulation of small imaging
molecules. Figure 2 demonstrates several such platforms. For example, Gd-conjugated gold—
silica nanoshells allowed multimodal image-guided PTT using MRI/X-ray (Figure 2B)22
and chelator-free radio-arsenic-labeled SPIONs (*As-SPIONSs, * = 71, 72, 74, 76) allowed
quantification of *As-SPION uptake in lymph nodes using PET/MRI (Figure 2C).%9
Additionally, liposomes loaded with both near-infrared dyes and $4Cu-enabled dual-
modality (PET/fluorescence) imaging of orthotopic brain tumor models (Figure 2E).70
Clinically, C-dots incorporate Cy5 within the structure for fluorescent imaging, cRGD
peptides on the surface for tumor targeting of integrin a8, and 1241 (half-life: 4.2 days) for
PET imaging.33 Preliminary clinical safety studies indicated no toxicity to late-stage
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melanoma patients, renal clearance of the small NPs, and preferential accumulation of the
tracer in cancerous lesions, visualized by serial PET scans (Figure 1A). Tumors were
observed in organs ranging from the liver to the brain, indicating that the tracer may hold
promise in many disease sites. The successful initial translation of this multimodal NP has
undoubtedly provided hope that other NPs may be soon to follow.

Magnetic Particle Imaging—Magnetic particle imaging is a relatively new imaging
technique that uses SPIONs to construct three-dimensional images under both static and
dynamic magnetic fields like MRI.71 Different from the detection of SPIONs using MRI via
indirect measurement of proton signal changes, MPI directly detects signals from SPIONSs.
Because there are no susceptibility artifacts from these SPIONs as in MRI, MPI is well
suited for vascular imaging and intervention. MPI was first investigated as an alternative to
subtraction angiography with CT and iodine-containing agents.’? More recently, MPI has
been used to track iron oxide-labeled stem cells or macrophages implicated in injuries or
disease progression.”3 Design and development of tailored SPIONs, as well as the MPI
scanner systems, are both active areas of research.

“Smart” NPs for Improved Signal Specificity—"“Smart” NPs can be activated by
external triggers—they change their properties in some way in response to surrounding
environment and thus minimize background noise. Activatable (or switchable) NP sensors
have shown success in amplifying the sensitivity of clinical /n vitro assays below their
standard detection limits, reaching the femto- and picomolar levels.”* When applied in vivo,
these activatable NPs are expected to exhibit higher tumor-to-background imaging ratios as
their signal would only be turned on in response to a cancer-specific marker. Triggers to
activate these NPs could include pH changes,”® 76 glutathione reduction (Figure 2D),”778 or
enzymatic cleavage (Figure 2A).”9 The NPs themselves may provide contrast in any number
of modalities, mostly in fluorescent,80:81 photoacoustic,’>#2 and MR imaging,’9-3 or
combinations thereof.””:84:85 For example, using PA imaging, /n vivo assessment of the
tumor microenvironment was achieved by pH-responsive albumin-NIR self-assembled
NPs’® or ligand-targeted mesoporous silica NPs.”8 Using MRI, MnZ*-doped bioinspired
calcium phosphate NPs could be “turned on” in the tumor microenvironment, brightening
the tumor and identifying the hypoxic regions within tumors.86 Enhanced MRI signal was
achieved in response to elevated levels of caspase 3/7 in HeLa tumors with drug-induced
apoptosis by Ye and coworkers (Figure 2A).7® When tumors were treated with doxorubicin
to induce apoptosis, the caspase-responsive NPs accumulated over twice as much when
compared to treatment-naive tumors, evidenced through both nearly doubled MRI signals
and ex vivo analysis.

NPs for Image-Guided Surgery—Accurate tumor margin delineation is a significant
concern for surgical cancer interventions, since untreated residual disease can lead to tumor
recurrence. The use of image-guided surgery has enabled the delineation of tumor margins,
thereby resulting in more positive outcomes for patients.8” These techniques employ optical,
NIR, or radioactive probes that ideally are specific for cancerous tissues, so that surgeons
can remove all tissues that are marked by the probe. NPs have been demonstrated
preclinically to have numerous advantages over their counterpart small-molecule dyes for
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this application, such as enhanced accumulation and retention in the tumor, and the ability to
be actively targeted to malignant tissues.88 Carbon NPs were evaluated in clinical trials to
detect small central neck metastatic lymph nodes and subsequently resect them
(NCT02724176).89 Previously mentioned C-dots also allowed for mapping of cancerous
sentinel lymph nodes, tested in a clinical trial (NCT02106598).33.90 |mage-guided surgery
stands to be one of the areas in which NPs can find their way into everyday clinical practice.

Theranostic NPs for Monitoring and Controlling Localized Treatment—The use
of a NP-based platform enables the use of novel imaging techniques, as well as several
imaging modalities simultaneously. However, imaging is not the only area to benefit from
incorporation of NP technologies. Many therapeutic options become available thanks to NPs
and the phenomena that can only occur at the nanoscale. Such options include PTT,%2
photodynamic therapy (PDT),%2 targeted drug delivery,®3 radiosensitization, 94
immunotherapies,®® and other novel treatment techniques.?¢:97 NP-enabled drug delivery is
by far the most widely used application of NPs: there are more than 40 ongoing clinical
trials involving NP-based chemo-therapeutics or combination therapies in addition to
photothermal therapies and radiosensitization in cancer treatment. The use of NPs as
sensitization agents has the benefit that these treatments (e.g., lasers and radiation
treatments) can be physically targeted to diseased tissue, and normal tissue toxicity can be
limited.

The combination of therapeutic and diagnostic entities into a single unit has been termed
“theranostics”,% and due to their versatile nature, NPs can be designed and customized for
theranostic applications. By incorporating an imaging moiety into the same structure as a
therapeutic entity, these theranostic NPs can help visualize drug distribution and monitor
treatment response in real-time. Recent years have seen a high number of reports on
theranostic NPs, which were summarized in several reviews.?8-103 These theranostic NPs
may serve a similar purpose to companion diagnostics—patients can be stratified based upon
the uptake of the NPs (as evidenced through imaging), which may correlate to therapeutic
success. The main difference here, however, is that the imaging and therapeutic entities are
coupled to a single agent, rather than being administered sequentially.

To date, the application of theranostic NPs in the clinic is limited, likely due to the increased
complexity that comes along with combining both imaging and therapy moieties,?° which
makes the regulatory review of these agents more challenging. Each component of these
theranostic NPs, including the core materials, targeting or therapeutic moieties, surface
coatings, as well as the imaging labels, needs to be evaluated and deemed safe for /n vivo
applications. However, in preclinical studies, nearly every imaging modality has been
combined with a therapy mechanism and demonstrated significant promise for cancer
diagnosis and treatment.

MATERIAL DESIGNS OF DIFFERENT PARTICLE FAMILIES USED IN
IMAGING AND THERANOSTICS

Several materials or their combinations have been used in the design of NPs to support the
applications described above. Below, we present a brief discussion of these different material
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groups and show their best matches when it comes to potential applications in cancer
interventions.

Capable of encapsulating nearly any small molecule, liposomes hold enormous potential for
drug delivery and theranostics.101104 Since liposomal formulations of small-molecule drugs
have already received FDA approval, it has been suggested that these biocompatible particles
may experience expedited clinical translation.19% A wide range of theranostic liposomal NPs
has been reported. For example, ultrasound-active liposomes were loaded with cisplatin,
and, upon administration of high-frequency ultrasound pulses, the cisplatin was released,
and tumor growth was slowed.196 Similarly, heating of liposomes containing both Gd-DTPA
chelates and doxorubicin enabled visualization of MRI contrast enhancement, which was
found to correlate to the drug concentration in the tumor environment as the liposomal
contents were released.17 Additionally, the T; relaxation enhancement within tumors was
predictive of response to heat-induced doxorubicin therapy, with a change in R of greater
than 3 x 107> ms™1 corresponding to complete tumor remission. Highly complex theranostic
liposome systems have also been developed, with one such platform incorporating IR-dyes,
Gd-DOTA chelates, and 84Cu-DOTA chelates for NIR, MR, and PET imaging, respectively,
along with loading of doxorubicin for therapy (Figure 2E).70

Carbon-Based NPs

Many NP platforms have been designed using carbon for medical applications, including
carbon nanotubes (CNTSs), dots, and graphene oxides.1%8 Clinically, carbon NPs have been
utilized for identifying sentinel lymph nodes for surgical removal in several cancers,
including thyroid, 109 breast,110 and gastricl1! cancers. When carbon NPs were injected
around the primary tumor site 6-12 h before surgery in gastric cancer patients, the
sensitivity, specificity, and accuracy of positive-stained lymph nodes as determined during
laparoscopy were 90, 100, and 98.9%, respectively.111 Similar results were found in other
cancers, wherein the use of preoperative carbon NP sentinel lymph node mapping increased
the number of metastatic lymph nodes detected and minimized unnecessary surgery.

Many carbon NPs can load large amounts of cargo such as drugs or smaller NPs for
theranostic applications, and intrinsically possess theranostic characteristics, as well. For
instance, CNTs are both NIR and Raman-active, and this strong NIR absorbance allows
them to be effective photothermal therapy agents.112 Zhao er a/. developed polydopamine
and PEG-coated CNTs, which were then labeled with 1311 and MnZ* ions.111 These CNTs
were visualized in vivo using both MRI (using Mn2*) and gamma (using 1311) imaging and
could treat tumors through radionuclide therapy and photothermal therapy, demonstrating
the versatility of this platform. Graphene oxide NPs have also been utilized as photoacoustic
and photothermal therapy agents, the effects of which were amplified through the loading of
indocyanine green.113 In this study, 4T1 tumor growth was completely halted after
photothermal therapy, without systemic toxicity. The versatility and biocompatibility of
carbon NPs indicates that they have yet to reach their full potential in cancer theranostics.
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Silica-based NPs are used as biocompatible, inorganic platforms for cancer theranostics. In
particular, mesoporous silica has been demonstrated to be easily modified and loaded with
any number of imaging or therapeutic entities for many theranostic options, in a comparable
manner to liposomes.114 While the silica NP itself does not possess theranostic capabilities,
the use of this NP enables successful administration of other, possibly less biocompatible,
entities /n vivo. These mesoporous silica NPs (MSNs) can incorporate small metal NPs,
such as gold, for enhanced PTT and NIR imaging.115 Likewise, tungsten sulfide and iron
oxide NPs were coated with silica, then loaded with doxorubicin, for CT/MRI/NIR/PTT/
chemo theranostics of tumor models.116 Easy surface modification of the MSNs allows for
directing of the NPs to any number of targets, including neovasculature,117:118 or antigens
on the cancer cell surface,”6:119 to increase the specific uptake of the NPs. When targeted to
neovasculature, mesoporous silica—coated copper sulfide NPs accumulated in preclinical
breast cancer models at about 6%I1D/g at 24 h postinjection, evidenced through PET images
using attached 84Cu (Figure 3A).117 While this is only a small portion of the intravenously
injected NP dose, effective photothermal therapy was still achieved through almost complete
tumor destruction after a single (15 min, 980 nm) laser irradiation. In this study, the silica
did not contribute to the PTT; rather, it enabled targeted administration of CusS, optimization
of the NP biodistribution, and facile surface modifications.

Noble Metal NPs

Gold, silver, and platinum NPs provide inherent contrast in CT, fluorescence, PA, and SERS
imaging and have PTT capabilities, making them a natural fit for cancer theranostics.
44,120-123 jyst as in imaging applications, they may be surface-functionalized to target any
number of cancer antigens (with peptides or antibodies), making precise imaging and
therapy viable. The gold NP platform has also been combined with other moieties to enable
further multimodality theranostics, such as coating with Gd-chelates for CT/MRI/PTT124 or
encapsulation of gold nanoshells with iron oxide and indocyanine green for CT/MRI/NIR/
PTT.125 /n vivo studies of the latter NP showed successful visualization of pancreatic tumor
burden using both NIR and 7,-weighted MRI, while photothermal treatments were
extremely effective /n vitro.

Likewise, silver NPs have been widely used as antibacterial agents in the clinic;126 however,
their applications in cancer theranostics are just beginning to be explored preclinically.
Silver NPs have demonstrated inherent anticancer effects, as well as contrast in many
imaging modalities.127128 Most of these studies with silver NPs to date have been
performed /n vitro; however, a few early stage preclinical /n vivo studies have been
conducted. One such investigation by Tan et a/. utilized silver NPs coated with polyaniline,
PEG, and indocyanine green (ICG) to enable PA and fluorescence imaging, as well as
photothermal and photodynamic therapies.12° Tumors were clearly visualized by
fluorescence imaging as soon as 8 h postinjection and the contrast remained until the end of
the imaging study (48 h). While the use of the silver NPs and NIR irradiation for PTT
inhibited tumor growth in comparison to controls, the addition of ICG and subsequent PDT
resulted in almost complete tumor eradication.
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Platinum NPs are the least explored of these three for imaging; however, elemental Pt
inherently demonstrates anticancer effects which are currently used for treating many
cancers (e.g., carboplatin).130 Many platinum prodrugs can be loaded into other NP
platforms for delivery of the cargo,3L or platinum itself can be directly incorporated into the
NP structure. One such study by Hariri et a/. utilized FePt NPs for targeting of irradiated
tumors using a peptide specific for radiation-induced vascular damage.132 /n vivo
fluorescence imaging demonstrated the irradiated tumors to be the organs with highest
uptake of the NPs, verified by ex vivo platinum content analysis of tissues. FePt NPs have
great potential as stable contrast agents for both MRI and CT.133.134

Magnetic NPs

Iron oxide NPs, especially SPIONS, inherently provide theranostic capabilities due to their
magnetic nature.13% While they provide contrast in MRI, their interaction with an alternating
magnetic field can also enable magnetic hyperthermia of tumor tissues.?6 One such study
employed SPIONSs loaded with curcumin, and the combination of the anticancer effects of
the drug, along with magnetic hyperthermia enabled by the SPIONS, resulted in an increased
therapeutic effect in preclinical models.138 While these NPs may be functionalized with
targeting ligands to monitor doxorubicin delivery (Figure 3B),137 magnetic NPs can also be
guided to a superficial site of interest /n vivo through the application of a localized external
magnetic field138 leading to increased tumor accumulation of the NPs. Limited early stage
clinical trials have explored this technique, including the use of intraoperative monitoring of
magnetically active, doxorubicin-containing iron NPs.139 In this study, a 5-kG magnet was
placed on the skin of patients near liver tumor sites while the NPs were injected intra-
arterially, essentially pulling the NP and attached drugs out of the blood pool and into the
diseased tissue. After up to three doses of the NPs, at least 60% of the tumor volume was
covered by the NPs, compared to a maximum of 30% of the normal liver. SPIONSs also find
application in lymph node mapping to determine the extent of metastatic disease through
direct injection into tumor sites and imaging of the NP movement from that area (Figure
2C).69

Semiconducting NPs

QDs and UCNPs also demonstrate inherent theranostic capabilities.249-142 Their NIR range
absorbance makes them an ideal candidate for not only fluorescent imaging but also for
PDT. While the use of longer-wavelength light enables deeper tissue penetration, it also
limits background autofluorescence. Indeed, this area has experienced increased research
efforts in recent years, with several new UCNP-143 or QD-based44.145 agents in preclinical
trials. Of course, in addition to the intrinsic theranostics achieved with these NPs, they have
been loaded with other agents to enable further multimodality imaging and therapy, such as
through radiolabeling for PET or therapy, doping with metal ions for MRI, and loading with
high-Zatoms for CT contrast.142.146 For example, tungsten sulfide QDs were used by Yong
et al. for multifunctional theranostics of tumors, with imaging contrast in both CT and PA
imaging allowing localization of tumors, and enhanced therapeutic efficacy achieved in both
radiotherapy and photothermal therapy.144 Following injection of the NPs and localized
combination treatment (radiotherapy + photothermal), tumors were completely eradicated; at
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the same time, single treatments with either PTT or radiotherapy also shrunk tumors, but to a
lesser extent. QDs are thus certainly “all-in-one” platforms for nanotheranostics.

NANOPARTICLES AS COMPANION DIAGNOSTICS

The use of companion and complementary diagnostic tests along with current and future
cancer treatments has the potential to improve the outcomes of cancer treatment
significantly. Such diagnostic tools give physicians the ability to accurately predict which
patients may or may not respond to a given therapy, or are susceptible to toxicities from that
therapy. The current state of companion diagnostics, which are unique to an individual
treatment option, has been thoroughly reviewed by Agarwal 147

Companion diagnostics have gained momentum in recent years, demonstrating clear benefits
not only for patients through smarter treatment decisions, but for drug companies, as well.
The use of a companion diagnostic during clinical trials has been indicated to provide an
expedited process in addition to reduced costs through a guided selection of eligible patients.
148 Most of these tests have traditionally been performed /n vitro through testing of genetic
or protein markers from biopsy samples, such as Her2/Neu expression in breast cancer, 149
ALK rearrangements in nonsmall cell lung cancer,150 and KRAS mutations in colorectal
cancer.2®1 The information gained from these tests has proven its utility, as patients who
undergo a treatment that has a companion diagnostic have been demonstrated to have fewer
grade 3 or 4 adverse reactions and a decreased rate of treatment discontinuation.152

Imaging-Based Companion Diagnostics

When compared to the increasing number of /in vitro companion diagnostics, the list of
imaging-based companion diagnostics is short. As the only FDA-approved imaging
companion diagnostic, Ferriscanis an MRI measurement to evaluate liver iron
concentrations in patients receiving deferasirox to prevent chronic iron overload.153 This test
uses a proprietary algorithm to analyze /R, images of liver tissue, producing color maps of
iron concentration. Based on this information, physicians can monitor the thalassemia status
of patients and make further treatment decisions. One other imaging test received the initial
European Medicines Agency (EMA) approval as a companion diagnostic-the use of 9MTc-
etarfolatide as a SPECT evaluation of folate receptor presence in ovarian cancer patients
who are candidates for Vintafolide therapy.8! The final approval of this diagnostic-drug
combination hinged on the results of the phase 111 Vintafolide PROCEED trial, which,
unfortunately, yielded negative results (NCT01170650).

While the preclinical examples of immunoPET for determining tumors’ biomarker status are
numerous, only a handful of imaging-based companion diagnostics have gotten into early
stages of clinical development, mostly through the use of radiolabeled antibodies.154:155
Patients are being imaged with radiolabeled therapeutics to determine their HER2 status for
predicting treatment response in patients with metastatic breast cancer. For example,
PET/CT of 89Zr-labeled trastuzumab or 84Cu-DOTA-trastuzumab were included as
techniques to identify patients who were unlikely to benefit from an expensive anti-HER2
agent (NCT01565200, NCT02827877).156 Similarly, °™Tc-EC0652 is in a phase | trial for
determining PSMA levels in prostate cancer patients during the simultaneous evaluation of
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the therapeutic efficacy of EC1169 in patients with recurrent metastatic, castration-resistant
prostate cancer (NCT02202447). Although all in Phase I, these clinical trials demonstrate
the continuing interest in developing imaging-based companion diagnostics for patient
stratification and improved outcomes.

It is not expected that these imaging-based diagnostics would replace traditional biopsy-
based analysis; instead, they could serve as a natural complement, providing whole-body
information rather than localized detailed information. Imaging-based companion
diagnostics may also provide a more realistic representation of /n vivo biomarker status, as
ex vivotissue staining may overestimate bioavailability of many markers. However, just as
with biopsy-based methods, standardized analysis protocols need to be established for
imaging companion diagnostics, to differentiate specific and background uptake.

NP Imaging To Determine Strength of the EPR Effect

One area in which NP-based companion diagnostics are a natural fit is the exploration of the
enhanced permeability and retention (EPR) effect which plays a significant role in the
release of NPs from blood circulation to tumor tissue and as such is a determinant of the
effectiveness of NP-based therapeutics. While this property of cancers’ vasculature has been
recognized for over 30 years, there are still many questions surrounding it. Most importantly,
the strength of the EPR effect varies considerably across tumor types, across patient cohorts
within the same type, and even within different tumor sites for a single patient.1>” Indeed, an
increased understanding of this phenomenon would enable the more rational design of
nanotherapeutics and allow nanotechnology to reach its full potential in oncology. Most NP-
formulated drugs that have been clinically translated to date utilize the EPR effect for
passive targeting of tumors (or accumulation of NPs within the tumor), making this
understanding critically important.158 Preclinically, most initial studies utilize subcutaneous
xenograft models which often display a high level of EPR and may lead to an overestimation
of the effectiveness of a drug. Thus, both clinically and preclinically, a greater understanding
of this phenomenon is warranted.

Traditional imaging techniques may be able to predict the biodistribution of NP therapeutics
by evaluating the strength of the EPR effect. Such approaches have been employed using
dynamic contrast-enhanced CT tumor perfusion imaging to predict liposomal distributions,
159 or diffusion-weighted MRI to estimate diffusibility of NPs into a tumor.160 A significant
correlation was found between measures of tumor perfusion such as Kiyans and AUC;jqx and
the uptake of CT-active liposomes in tumors (AUC|iposome and Cpeak), as evidenced through
serial CT studies by Stapleton et a/15% Another study utilized both dynamic contrast-
enhanced MRI and vessel size index MRI to evaluate the EPR status of tumors.161 Within
the eight preclinical tumor models studied, both subcutaneous and orthotopic, it was
determined that a combination of the permeability and blood volume fraction as measured
by MRI could aid in classifying tumors as either EPR-positive or negative. These studies
indicate that well-established imaging techniques hold great potential for application to
novel NP imaging and therapeutic entities.

Another natural means of exploring the EPR effect is through using a companion NP
capable of noninvasive visualization. One preclinical study thoroughly compared the
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biodistribution of magnetic NPs and therapeutic NPs, finding that they matched quite well
(Figure 4A).162 Not only did the localization of magnetic NPs mirror that of their
therapeutic counterparts, but MRI-based assessment of the diagnostic NPs could predict
treatment outcomes based on the uptake of ferumoxytol. Similar strategies have been used
clinically as well, using dextran-coated iron oxide NPs for the elucidation of EPR effects.163

PET has also been used preclinically to evaluate differences in the EPR effect in large
animal models, using 84Cu-labeled liposomes in spontaneous cancers in dogs.164 This study
showed that the EPR effect varies widely across cancer types and patients—seven of eight
carcinomas displayed high tracer uptake (indicating strong EPR), while only one of four
sarcomas displayed the same. The metal-chelating ability of certain drugs (7.e.,
bisphosphonates and anthracyclines) was also exploited to efficiently label and track drug-
loaded liposomes with positron-emitting radionuclides in a study by Edmonds et al.,
providing a means to track the exact therapeutic entities 77 vivo using PET.16° The authors
demonstrated efficient (80-100%) radiolabeling of several types of drug-loaded liposomes
with 52Mn, 64Cu, and 89Zr, with >80% stability over the course of several days. /n vivo
studies with 89Zr-PLA liposomes provided clear tumor contrast, with total tumor uptake
greater than 8%ID/g a week after injection.

The EPR state of cancer before therapy may have a significant impact on the efficacy of NP-
based treatments, and imaging with NP companion diagnostics may be the best way to
evaluate this variable. For example, $4Cu-labeled HER2-targeted doxorubicin NPs (64Cu-
MM-302) and PET/CT were included as a part of a clinical trial to identify breast cancer
patients who were suited for treatment with therapeutic NPs based on their tumor EPR level
(NCT01304797).166 Tumor uptake of the radiolabeled NPs varied from 0.52 to 18.5%ID/g at
24 to 48 h across patients, as well as across primary and metastatic sites, allowing the
researchers to retrospectively define a level of uptake at which successful therapy could be
predicted (hazard ratio = 0.42).

Liposomes containing high concentrations of iodine for CT contrast have been used to study
tumor uptake preclinically as well as in the clinic167 and may serve to predict uptake of
liposomal formulations of many drugs, such as in the preclinical mammography study by
Karathanasis et al. (Figure 4B).168 Mice were stratified in this study based upon uptake of
the iodinated NP, as uptake of the contrast agent predicted response to liposomes loaded
with chemotherapy drugs.

As the level of EPR may change during cancer treatment, longitudinal evaluation of the EPR
effect is warranted. Interventions such as photothermal therapy,169 induction of high blood
pressure, and administration of TGF-g inhibitors1®® have been employed to artificially
increase the EPR-mediated accumulation of NPs, with varying levels of success. In-depth
exploration of these treatments and their impact on the EPR status of a tumor may be
facilitated through imaging with NP contrast agents. One such study evaluated the
distribution of radiolabeled, PEGylated, doxorubicin-loaded gold NPs in rabbit liver tumors
following several treatment options.1’ While NP accumulation in tumors was observed for
all the treatment groups when combined with nanoembolization (radiofrequency ablation,
irreversible electroporation, and laser-induced thermal therapy), the timing of this
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accumulation varied and the subtissue localization of the NPs was also different across
groups. Intracellular localization was only observed for the embolization+electroporation
group, drug release was only observed following thermal therapy, and a faster uptake of NPs
in the tumor was observed after radiofrequency ablation. Thus, depending on the purpose of
a NP therapeutic, different combinations of therapy should be applied for maximum effects
and optimization of the EPR effect.

Targeted NPs for Companion Diagnostics

As more targeted NP treatments beyond leveraging of the EPR effect become available, the
need for companion diagnostics for these treatments will also increase.1”! For this reason,
targeted NPs for companion diagnostics are beginning to be explored preclinically, through
the use of many modalities and platforms. Nearly every type of previously described NP has
been conjugated with a targeting ligand to determine a tumor’s biomarker expression
through imaging, but not yet necessarily correlated with a therapeutic outcome.172 For
example, HER2 targeting has been employed for gold NPs that preferentially accumulated in
antigen-positive breast cancer models, evidenced through CT imaging,173 or iron oxide NPs
through PA imaging.174 Iron oxide NPs provide very strong PA contrast; however, they are
often not strongly retained in tumors. Thus, the addition of a HER2-targeting antibody
fragment was found to increase the uptake of 20 nm iron oxide NPs, providing clear contrast
in HER2-expressing xenografts.1”# Similarly, the use of tumor vasculature targeting
enhanced the uptake of silica NPs in murine breast cancer models, visualized by PET,175 and
also of iron oxide NPs in MRI scans.178 Compared to nontargeted silica NPs, targeting to
CD105 (a marker of angiogenesis) allowed the same NPs to accumulate at twice as high a
level (6%ID/g vs 3%ID/g) in 4T1 tumors.130

The logical next step for these platforms is to determine whether the response to therapeutic
versions of the same NPs corresponds to the uptake of the imaging NP. One consideration
for these targeted NPs is whether they can accumulate above background levels, which are
dictated by the inherent EPR effect; thus, in-depth studies are necessary to determine
whether the extra complication of targeting ligands provides a clear benefit, both for
diagnostic and therapeutic NPs.171

The ability to longitudinally image NPs /in vivo provides cancer researchers with an
invaluable tool to gain insight into the dynamic interaction of NPs in a biological system.
Such potential is already being realized, as the knowledge gained from the noninvasive
imaging of NP biodistribution can inform the rational design of next-generation NP-based
platforms. It is expected that NP-enabled, imaging-based companion diagnostics will also be
moving to clinical space in the near future as NP therapeutic formulations also continue to
make an impact.

CONCLUDING REMARKS

NPs have been providing a growing level of utility in cancer imaging and improved
therapeutic strategies. However, while their small size is what endows them with a great deal
of this promise, the nanoscale properties of these materials lead to many scientific
challenges for clinical translation.
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NP Manufacturing, Characterization, and Large-Scale Production

A critical component of successful translation of NPs is the ability to manufacture them
consistently for clinical usel’” and maintain their structural uniformity (size and shape),
surface charge and consistent loading of any drug or imaging payloads. The issue of
reproducibility, among other reasons, has come into play with the revoking of approval of
some NP-based agents such as iron oxides.1”® Additionally, while the theranostic
capabilities of NPs have shown promise, it should be noted that, with the addition of every
new moiety, the NP’s complexity increases.

Throughout the literature, a wide variety of methods have been used to characterize NPs.179
For example, particle size and size distributions of the NPs have been reported using X-ray
diffraction, small-angle X-ray scattering, dynamic light scattering, scanning electron
microscopy, or transmission electron microscopy, which each offer diverse information.
Another example is zeta-potential which provides information about the surface charge and
stabilities of NPs. Because such measurements are sensitive to the pH or ionic strength of
the solution, reports on the zeta-potential of NPs without information about the method used
and condition of the solution are not sufficient. The lack of standardized physicochemical
characterizations and reporting of NP parameters can lead to a lack of reproducibility and
difficulty in comparing across synthesis methodologies. To overcome this challenge, the
Nanotechnology Characterization Laboratory, a part of the NCI’s Alliance for
Nanotechnology in Cancer Program, provides standardized protocols and performs
physicochemical characterization of NPs to support the translation of NP development.
180,181 standardized characterization methods and reporting that are agreed upon by the
nanotechnology field are needed to further mature the NP biomedical field.

There have been some large-scale, reproducible manufacturing methods for NPs used for
producing NPs in early clinical trials.182-184 While most large-scale NP productions are
based on chemical and physical approaches, biological-based methods are gaining interest in
recent years due to their relatively low cost and eco-friendly natures.18

Biodistribution and Toxicity Considerations of NPs

Among the barriers to the widespread application of NPs in medicine are their potential
toxicity and unique biodistribution patterns.186 Indeed, it is well-known that the behaviors of
materials in bulk cannot be generalized to their nanoscale properties. Therefore, the
complete evaluation of NPs’ biocompatibility is critical for successful application in vivo.
This should take the form of /n vitro testing and multiple preclinical studies. For /n vitro
assessment, tests such as MTT87 and Ames188 assays, while simple, provide basic
biocompatibility information. Advanced cell culture models, such as 3D culture and flow
models, better mimic the /7 vivo situation and should also be employed.18% When moving
into /n vivo experiments, clinically relevant situations need to be evaluated. This would
include considerations such as dosing and injection regimens, excretion and accumulation
profiles, metabolic byproducts, and both acute and long-term effects of the administered
agents, all of which require longitudinal monitoring strategies. Importantly, patients will
ideally be living many years after the administration of an imaging NP; thus, preclinical
testing needs to take place on a time scale that is proportionally appropriate. As discussed
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below, the preclinical models also matter a great deal for fully understanding a NP’s
biodistribution. Several strategies have been developed to increase the biocompatibility of
NPs, outlined elsewhere.190

Choice of Proper Preclinical Models

Proper preclinical models need to be chosen and validated for both imaging and therapeutic
NPs, including the use of positive and negative cell lines, clinically relevant tumor models,
and representative treatment strategies. Often, as previously mentioned, the xenograft
models in preclinical studies may demonstrate unrealistic levels of the EPR effect, providing
false hope. Thus, many different types of tumors (with different growth rates, vasculature
properties, efc.) need to be utilized. Simply using the tumor which provides the best NP
uptake will certainly bias the results; thus, a critical evaluation of all NP agents (and imaging
agents in general) is essential. Additionally, more advanced tumor models, such as
orthotopic xenografts,191 may provide clinically relevant information that will provide
insight into potential translational application. It is noteworthy that the choice of preclinical
model matters greatly when determining the biodistribution of a NP. It has been shown that
the clearance of NPs varies across different animal species. Like humans, mice, rats,
monkeys, chickens, and rabbits show primary uptake of larger NPs in the liver; at the same
time, sheep, pigs, goats, and cats have high levels of the same NPs in the lungs, trapped in
pulmonary vasculature.192 Proper preclinical models should thus be carefully chosen.

Selection of Imaging Biomarkers, Imaging Protocols, and Correlation of Image Signals to
Concentration of NPs

Recognizing the importance of quantitative imaging, the Radiological Society of North
America (RSNA) established the Quantitative Imaging Biomarkers Alliance (QIBA) in 2007
to advance quantitative imaging tools and interpretation in clinical trials and clinical
practice. However, NP-based quantitative imaging tools and methods for clinical
applications currently do not exist. Attempts have been made to correlate /n7 vivo NP signals
with NP concentration in preclinical studies through establishing calibration curves;
however, these calibrations may not necessarily represent the observations in larger animals
and humans. Although several molecular markers are robust for detecting cancer cells /n
vitro, in vivo imaging NPs targeting these molecular markers have not been sufficiently
validated for clinical decisions. There is a need to validate NP-based imaging biomarkers
and establish consensus in imaging protocols and calibration curves for human applications.

Commercial Incentive for Developing Imaging NPs as Companion Diagnostics

A few unique challenges are present for the development and approval of NP-based
companion diagnostics and theranostics. The most prominent barrier to commercialization
of NP imaging agents is their development costs. Specifically, NPs for the sole use as
imaging agents have a much lower return on investment than drug delivery systems.193
Hence, pharmaceutical companies are reluctant to invest in the development of NP imaging
agents. Further preclinical development of these agents and demonstration of their
increasing utility could change that situation.
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The FDA issued “Guidance for Industry: /n Vitro Companion Diagnostic Devices” in 2014
to recommend the codevelopment of drug and companion diagnostic tests at an earlier stage
of the drug development process. Pharmaceutical companies were encouraged to develop the
companion diagnostic in-house or partner with outside research facilities. /77 vivoimaging-
based companion diagnostics bear an additional requirement of a full, rigorous, premarket
regulatory approval, as they are injected into the body and may directly or indirectly affect
treatment decisions and outcomes. Also, the profit margins (and therefore potentially the
incentive for development) on NP-based imaging companion diagnostics are not as high as
those for their counterpart drugs since the companion diagnostic agent is only administered a
few times, for patient stratification or efficacy monitoring, compared to the longitudinal need
for the drug. Last, concerns like intellectual property may be at the heart of why few
imaging-based companion diagnostics are on the market today.14” Because most
developments of NP-based imaging agents, associated detection methods, and protocols are
from academic institutions, research partnerships between academic and industrial
investigators with a priori intellectual property agreements could accelerate the translation of
promising NP imaging and theranostic tools and technologies.

The use of NP-based imaging agents for companion diagnostics holds potential to improve
cancer management significantly. With the rapid development of new NPs, targeting options,
and “smart” NPs, this potential is only expected to grow. While NPs do present a unique set
of challenges and concerns, their possible benefits to cancer patients indeed seem to
outweigh the downsides. Interdisciplinary collaboration of scientists across disciplines
including materials science, biology, physics, chemistry, and pharmacy has been enabling
NP-based cancer interventions to move forward. NP-based imaging agents have already
demonstrated clear advantages for the noninvasive visualization of cancer as evidenced by
successful early stage clinical trials. We hope this review brings additional awareness to the
challenges and opportunities for the further development and clinical implementation of NP-
based imaging agents for companion diagnostics.
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VOCABULARY

companion diagnhostic
an /in vitro diagnostic device or an imaging tool that provides information that is essential for
the safe and effective use of a corresponding therapeutic product (FDA definition)

theranostics
the combination of therapeutic and diagnostic components into a single agent

enhanced per meability and retention effect (EPR effect)
a property of cancers that describes their permeable and defective vasculature; EPR effects
allow nanoparticles to extravasate from blood circulation leading to accumulation in tumors

contrast agent
a substance used to enhance the contrast of a structure in the body while performing medical
imaging

molecular imaging

the visualization, characterization, and measurement of biological processes at the molecular
and cellular levels in humans and other living systems (Society of Nuclear Medicine and
Molecular Imaging definition)

biomarker
a biological molecule found in blood, other bodily fluids, or tissues that is a sign of a normal
or abnormal process, or of a condition or disease (NCI definition)
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Figurel.
Clinical examples of NP imaging agents. (A) Administration of 124|-cRGDY-PEG-C dots

shows accumulation of the tracer near the periphery of a hepatic lesion. Reprinted with
permission from ref 33. Copyright 2014 AAAS. (B) Ferumoxtran-enhanced MRI enables
visualization of a metastatic lymph node, which appears hyperintense in a 7,*-weighted
image postcontrast (right) due to its lack of NP uptake. Reproduced with permission from
ref 13. Copyright 2009 RSNA Publications. (C) Targeted microbubbles provide contrast of a
breast lesion using ultrasound. Reprinted with permission from ref 50. Copyright 2017
American Society of Clinical Oncology. All rights reserved. (D) 9¥MTc-colloid preferentially
accumulates in a sentinel lymph node. Reproduced with permission from ref 42. Copyright
2017 Springer.
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Gadolinium NPs - MRI Gadolinium/fluorophore NPs
Pre 120 min Optical/MRI
Pre 60 min
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Figure2.
Multimodality and “smart” NP imaging platforms. (A) Gadolinium NPs self-assemble in the

presence of caspase 3/7 enzymes (“treated” group), increasing MRI contrast. Reproduced
with permission from ref 79. Copyright 2014 The Royal Society of Chemistry. (B)
Gadolinium—gold nanoshells provide contrast in both MRI (left) and X-ray (right) imaging.
Reproduced with permission from ref 22. Copyright 2014 John Wiley & Sons. (C) SPIONs
labeled with *As allow PET and MRI-based sentinel lymph node mapping. Reproduced with
permission from ref 69. Copyright 2013 John Wiley & Sons. (D) NPs disassemble in the
presence of GSH in the tumor, activating fluorescence. MRI also shows the presence of the
NPs. Reprinted from ref 77. Copyright 2016 American Chemical Society. (E) Liposomes
loaded with NIR dyes and $4Cu enable fluorescent and PET imaging of an orthotopic brain
tumor. Reprinted from ref 70. Copyright 2012 American Chemical Society.
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Preclinical examples of theranostic NPs. (A) Copper sulfide NPs embedded in mesoporous
silica and radiolabeled with 84Cu enable successful photothermal therapy (left) and PET
imaging (right) of tumor xenografts. Reproduced from ref 117. Copyright 2015 American
Chemical Society. (B) Iron oxide NPs (IONP) can be loaded with drugs, such as doxorubicin
(Dox), and targeted to cancerous tissue using IGF1 to facilitate targeted chemotherapy and

MRI. Reproduced from ref 137. Copyright 2015 American Chemical Society.
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Figure 4.
Examples of NPs as companion diagnostics. (A) Magnetic NP accumulation predicts

therapeutic response to treatment with a corresponding therapeutic NP. Reprinted with
permission from ref 162. Copyright 2015 AAAS. (B) Uptake of iodinated liposomes predicts
response to liposomes carrying therapeutic payloads, with higher accumulation (upper
tumor) indicating a good prognosis. Reproduced with permission from ref 168. Copyright
2009 RSNA Publications.
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