
Targeted Nanotechnology for Cancer Imaging

Randall Toy1,2, Lisa Bauer2,3, Christopher Hoimes4,5, Ketan B. Ghaghada6,7, and Efstathios
Karathanasis1,2,4,8,*

1Department of Biomedical Engineering, Case Western Reserve University, Cleveland, Ohio
44106

2Case Center for Imaging Research, Case Western Reserve University, Cleveland, Ohio 44106

3Department of Physics, Case Western Reserve University, Cleveland, Ohio 44106

4Case Comprehensive Cancer Center, Case Western Reserve University, Cleveland, Ohio 44106

5University Hospitals Case Medical Center, Cleveland, Ohio 44106

6Edward B. Singleton Department of Pediatric Radiology, Texas Children’s Hospital, Houston,
Texas 77030

7Department of Radiology, Baylor College of Medicine, Houston, Texas 77030

8Department of Radiology, Case Western Reserve University, Cleveland, Ohio 44106

Abstract

Targeted nanoparticle imaging agents provide many benefits and new opportunities to facilitate

accurate diagnosis of cancer and significantly impact patient outcome. Due to the highly

engineerable nature of nanotechnology, targeted nanoparticles exhibit significant advantages

including increased contrast sensitivity, binding avidity and targeting specificity. Considering the

various nanoparticle designs and their adjustable ability to target a specific site and generate

detectable signals, nanoparticles can be optimally designed in terms of biophysical interactions

(i.e., intravascular and interstitial transport) and biochemical interactions (i.e., targeting avidity

towards cancer-related biomarkers) for site-specific detection of very distinct microenvironments.

This review seeks to illustrate that the design of a nanoparticle dictates its in vivo journey and

targeting of hard-to-reach cancer sites, facilitating early and accurate diagnosis and interrogation

of the most aggressive forms of cancer. We will report various targeted nanoparticles for cancer

imaging using X-ray computed tomography, ultrasound, magnetic resonance imaging, nuclear

imaging and optical imaging. Finally, to realize the full potential of targeted nanotechnology for

cancer imaging, we will describe the challenges and opportunities for the clinical translation and

widespread adaptation of targeted nanoparticles imaging agents.
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1. Introduction

Due to the unique material properties that appear at the nanoscale, nanoparticles provide

many benefits and new opportunities to address the complexity of cancer. Historically,

attempts to improve nanoparticle homing to tumors have relied on the enhanced

permeability and retention (EPR) effect to direct imaging and therapeutic agents to the

primary site [1–10]. This stemmed from the success of liposomal anthracyclines, which

were among the first, and to date the most extensively utilized, nano-therapeutics to be

approved for clinical use. By exploiting the leaky vasculature of the tumor

microenvironment [6], it was universally accepted that a 100-nm liposomes with

polyethylene glycol (PEG) coating offered improved delivery of therapeutics to tumors

while reducing off-target delivery [7–9]. Following the success stories of nanotherapeutics,

nanoparticle contrast agents have been developed for a wide range of imaging modalities,

which include Computed Tomography (CT), Magnetic Resonance Imaging (MRI), Positron

Emission Tomography (PET), ultrasound and optical imaging.

However, current practice indicates that the benefit of nanoparticle imaging agents in a

variety of targeting contexts has not yet reached its ultimate potential for translating to the

clinic. This is related to the fact that nanoscientists initially adapted the nanoparticle-based

therapeutic strategies for imaging applications. Shared advantages for nanoparticle-based

therapeutic and imaging agents initially included prolonged blood circulation and the ability

to load high concentrations of molecular agents. This was beneficial for the first generation

nanoparticle imaging agents, which were primarily designed as blood pool agents. On the

other hand, targeted nanoparticles and molecular imaging requires different design

strategies. First, many recent publications, have started pointing out that the impact of the

EPR effect is more heterogeneous than it was initially thought [11]. Second, the EPR effect

is a prerequisite for receptor-mediated targeting of a nanoparticle to cancer cells in the deep

interstitial space. However, in this case, the signal of the event (i.e. targeting of the cancer

biomarker) will be difficult to discriminate from the non-specific signal generated due to the

EPR-driven accumulation of the nanoparticle in cancerous tissues. Third, while prolonged

blood residence of a nanoparticle may be advantageous for EPR-driven therapeutic

strategies, it may be detrimental for targeted imaging applications. Since accurate detection

requires sufficient signal difference between the lumen of the blood vessels and the targeting

site, imaging may need to be delayed for days after injection to allow the agent to clear from

the bloodstream.

Furthermore, to date, the preclinical development of nanoparticle systems has mainly

focused on targeting primary tumors of relatively large sizes. These results obtained from

mouse studies, however, are somewhat disconnected from clinical practice. A clinician

would prefer to detect small lesions at an early stage, when therapeutic interventions are

most effective. While the EPR effect may be effective in well-vascularized tumors of several

millimeters in diameter [2], it is ineffective in the early development of primary tumors or
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micrometastatic disease, which presents small clusters of malignant cells within variable

tissue types [12, 13]. For example, meta-analysis has shown that current clinical modalities

(e.g. CT, MRI, FDG PET) can detect large metastatic tumors (>1 cm) with high accuracy

[14–16]. However, by the time metastatic disease becomes clinically evident, long-term

patient outcomes are not favorable [17]. Unfortunately, current imaging rarely detects the

early stages of cancer development at the primary or metastatic site (i.e. the early spread of

tumor cells) [18], which prohibits early and effective interventions [19]. Apparently,

targeting an occult lesion hidden within a large population of normal cells presents a unique

challenge.

However, in the last decade, nanoscientists have recognized that nanoparticle technology

exhibits a highly engineerable nature, which is governed by its own distinctive principles in

terms of targeting interactions with cells and intravascular, transvascular and interstitial

transport. While conventional small molecular agents are rapidly distributed within cancer

and healthy tissues in a non-specific manner, targeted nanoparticles can be optimally

designed in terms of biophysical interactions (i.e. intravascular and interstitial transport) and

biochemical interactions (i.e. targeting avidity towards cancer-related biomarkers) for site-

specific navigation within a very distinctive microenvironment. Once one considers the

various nanoparticle designs and their adjustable ability to target a specific site and generate

detectable signals, many questions arise. What should be the nanoparticle’s material, size,

shape and polymer coating? How long should the nanoparticle circulate? Which types of

targeting ligands and how many of them should a nanoparticle have? What is the safe dose

of the agent and how is that compared to the dose required to accomplish detection? How

will detection of a specific cancer microenvironment impact the decision-making process of

the oncologist?

This review illustrates that the design of a nanoparticle dictates its in vivo journey and

ultimately targeting of hard-to-reach cancer sites, which facilitates the early and accurate

diagnosis and interrogation of the most aggressive forms of cancer. In the proceeding

sections, we will discuss how the design of nanoparticles should be tailored to improve

targeting, examine targeted nanoparticles under preclinical development, and evaluate how

we can expedite the translation of nanoparticle imaging agents. First, the physiological

obstacles to nanoparticle targeting will be discussed. Next, we will evaluate how a

nanoparticle’s size, shape, and surface chemistry can be selected to increase targeting to

tumors. More specifically, we will discuss how to design nanoparticles both for deep

interstitial targeting and vascular targeting. After this discussion, we will review

nanoparticle imaging agents designed for x-ray computed tomography (CT), ultrasound,

magnetic resonance imaging (MRI), positron emission tomography (PET), single photon

emission computed tomography (SPECT) and optical imaging. We will conclude by

describing challenges and opportunities for the clinical translation of targeted

nanotechnology for imaging.
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2. Obstacles to the Widespread Use of Nanoparticle Imaging Agents for

Cancer

While abundant in preclinical development, nanoparticles are rarely used in the clinic. Since

an unmet clinical need today is the detection of early tumor development at primary and

metastatic sites, nanoparticles can be widely adopted in the clinic due to their potential of

targeting accuracy to tumors. Certainly, the design of imaging methodologies that could

detect tumors earlier would significantly improve patient outcomes. For example, the early

detection of breast cancer has been shown to improve 5-year survival from 23% for distant-

stage breast cancer to 84% for regional stage breast cancer [20]. Historically, the primary

mode of targeting nanoparticles to tumors is the EPR effect. In essence, this mechanism is

the passive extravasation of nanoparticles from the tumor microcirculation to the tumor

interstitial space [21–23]. Unlike healthy vasculature, tumor neovasculature is characterized

by a discontinuous vascular endothelium. The rate of tumor angiogenesis results in the

formation of gaps, ranging between 100–1000 nm in width (depending on tumor type)

between pericytes and smooth muscle cells, which permit the passage of nanoparticles (Fig.

1) [24–28]. As we discuss in section 3.1, unfortunately, this extravascular transport of

nanoparticles is inconsistent throughout a tumor [22, 24, 29–32]. As a result, nanoparticle

imaging agents may fail to highlight the entire tumor, which leads to an underestimation of

tumor proliferation. Furthermore, the microenvironment of a primary tumor is often very

different than that of an early metastatic site. Prior to initiation of the angiogenic switch,

which leads to rapid blood vessel development and tumor exponential growth, the blood

vessels in the proximity of early metastasis remain intact. While the field of nanotechnology

has historically exploited the EPR effect to target tumors at the primary site, targeting

circulating tumor cells (CTCs) or micrometastases cannot rely on the use of passive

mechanisms to deliver nanoparticles to tumors [12]. To design targeted nanoparticle

imaging agents with both high diagnostic sensitivity and specificity, new methods must be

devised based on active targeting schemes considering the microenvironment of the target

site (e.g., the type of cancer, its location and stage). Depending on whether a nanoparticle

seeks a vascular, a deep tissue or a blood-circulating target, the design of a nanoparticle

requires different considerations and features. For example, ligand-functionalized magnetic

iron oxide nanoparticles can bind to CTCs, which can be captured using immunomagnetic

separation [33, 34]. In the case targeting metastasis, vascular targeting may be more

effective than deep tissue targeting (which requires the EPR effect). Thus, the design of a

nanoparticle imaging agent, which seeks and binds to overexpressed receptors on the blood

vessels that supply metastatic lesions, should be different than a nanoparticle that is

purposed for deep interstitial targeting. For a vascular targeting strategy to be effective,

since extravasation is not required, it is critical to design nanoparticles, which have a

tendency to travel to the blood vessel wall and target vascular markers with high binding

avidity, considering the high shear forces resulting from blood flow. Both vascular and deep

tissue targeting approaches will be discussed at length in this review.
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3. Engineering Targeted Nanoparticles for Cancer Imaging

In order to maximize the diagnostic accuracy of a nanoparticle imaging agent, it is essential

to design it in a manner, which maximizes its transport to a cancerous lesion. Fortunately,

design flexibility is the major advantage of targeted nanoparticle technology. A wealth of

materials, which include lipids, metals, and polymers, enable the production of nanoparticles

for many clinical imaging modalities (e.g. CT, MRI, and ultrasound) (Fig. 2). Top-down

nanofabrication approaches, such as the particle replication in non-wetting templates

(PRINT) method and the dip-pen nanolithography method, produce nanoparticles with a

wide variety of sizes, shapes and structures from a variety of different materials [36, 37].

These shapes range in complexity from spheres, rods, and cubes to structures resembling

snowflakes, flowers, thorns, hemispheres, worms, discoids, and chains [38]. In addition,

there is an abundance of chemistries that enables the conjugation of polymers and ligands to

nanoparticles, which improve biocompatibility and targeting specificity. To be approved by

the FDA, nanoparticles must undergo rigorous pre-clinical testing and validation, which

include safety and toxicity studies. In comparison to nanoparticle therapeutics, consideration

of safety is even more important with nanoparticle imaging agents, since these could be

administered to healthy individuals.

With the flexibility to manufacture nanoparticles of different sizes, shapes, and materials,

nanoparticle design can be optimized to maximize the sensitivity and specificity of tumor

targeting. By fine-tuning a nanoparticle’s size, shape, and surface chemistry, its margination

and targeting abilities can be dramatically improved. Margination, the ability of a

nanoparticle to escape the blood flow and move to the vessel wall, is a required process to

target a nanoparticle to a tumor. If a nanoparticle’s radial movement in a blood vessel is

limited, the opportunity for binding interactions between the nanoparticle and the vessel wall

will also be restricted. Modification of a nanoparticle’s size, shape, and surface chemistry

also affects its binding avidity and internalization. An ideal nanoparticle contrast agent for

tumor targeting would be produced with the following characteristics: 1) high rate of

margination, 2) strong binding avidity to tumor sites, and 3) rapid internalization by the

targeted cells. Creating a nanoparticle with all three of these characteristics is challenging;

this is because modification of one nanoparticle design parameter may enhance one or more

of these characteristics at the expense of one of the others (Table 1). In this context, targeted

nanoparticle imaging agents must be designed with consideration of all of these biochemical

and biophysical phenomena. Nanoparticle targeting performance is traditionally evaluated

through independent in vitro internalization, in vivo pharmacokinetics, and biodistribution

studies. A caveat with the majority of in vitro internalization studies is that they often

neglect the effect of flow on nanoparticle transport to the vessel wall. More accurate

assessment of in vitro nanoparticle targeting can be done in parallel plate chambers and

microfluidic setups, which replicate vascular morphology and allow for the control of local

flow [39–41]. Similarly, nanoparticle in vivo studies primarily focus on the efficacy of

polymers that extend circulation half-life and targeting ligands that improve tumor

specificity without consideration of hemodynamics or the uniqueness of different tumor

microenvironments. Not only do these studies neglect the importance of nanoparticle

geometry, they fail to take into account variability in fluid dynamics, which has been shown
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to be one of the primary obstacles to nanoparticle delivery to tumors. In this section, we will

provide examples of how the size of PEGylated liposomes or the shape of gold or iron oxide

nanoparticles dictate tumor targeting in both deep tissue and vascular targeting strategies.

However, it is important to appreciate that extraction of general rules is very challenging,

since the in vivo behavior of nanoparticles depends on both the tumor model (e.g., mouse

strain, tumor type, location and stage of tumor) and the characteristics of the nanoparticle

(e.g., type of nanoparticle, polymer coating, surface charge). By using these specific

examples, our intention is to illustrate that rational design of a nanoparticles can lead to

significantly improved imaging of cancer.

3.1 Deep tissue targeting

3.1.1 Intravascular and transvascular transport of nanoparticles—To maximize

nanoparticle imaging agent accumulation and tumor detection accuracy, it is essential to

consider nanoparticle size, shape, and surface chemistry as design parameters. These

characteristics of nanoparticles have been shown to play a central role in their transport in

tumor microcirculation [55]. Successful delivery of nanoparticles requires that the particle

enters the tumor microcirculation, navigates through the tumor leaky vasculature into the

tumor interstitium (extravasation step) and is delivered to cytoplasmic targets in cancer cells.

However, nanoparticles en route to their target face numerous biobarriers created by the

tumor abnormal physiology. Abnormal tumor features, including physically compromised

vasculature, erratic blood flow, abnormal extracellular matrix, and high interstitial fluid

pressure, can limit the effective delivery of nanoparticles into tumors. Due to these

biobarriers, extravasation of nanoparticles is often inconsistent throughout a tumor [22, 24,

29–32, 62–64].

The first efforts to increase the extravasation rates were focused on prolonging the blood

circulation of nanoparticles. Numerous studies have shown that a long circulating

nanoparticle has more opportunities to pass through the tumor vasculature, which increases

its chances of accumulation at the tumor site [6, 65–69]. Nanoparticle size was the first

design parameter that was studied in relation to blood circulation and its effect on

extravasation. In general, particles less than 5–10 nm are cleared from the circulation

through renal clearance [42]. As particle size increases, nanoparticle accumulation primarily

occurs in the liver and spleen [43]. For example, liposomes being the first nanoparticle

system to be extensively studied, it was identified that a PEGylated liposome with a

diameter between 60–100 nm (hydrodynamic size) maximizes blood residence time [44, 45,

70]. In another case of a solid nanoparticle, from a library of PEGylated gold nanoparticles

with sizes between 20–90 nm, a maximum blood circulation was also observed for particles

with a size of approximately 60 nm [71].

Regarding the variable extravasation patterns of the same nanoparticle among different

tumors, it was initially recognized that the most likely contributor is the physical gaps of the

tumor’s leaky endothelium [21, 22, 27, 72]. In addition to the microvascular architecture

[24–28], this variability in nanoparticle deposition is also due to the effect of blood flow on

the transport of a nanoparticle. Unlike small molecules, which move primarily by diffusion,

nanoparticle movement is influenced by convection and to a lesser degree by diffusion [73–
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75]. As a result, the blood flow in a tumor critically influences nanoparticle deposition [76–

78]. This is important because variability in blood flow is high in tumors depending on the

tumor vessel’s tortuosity, diameter, and vascular permeability [79, 80]. Furthermore, high

interstitial pressure counters blood flow, resulting in a net movement of nanoparticles away

from the interstitial space [81]. Thus, the success of deep tissue targeting of nanoparticle

imaging agents is directly linked to the variability of blood flow within a tumor. For

nanoparticles to overcome interstitial pressure, high blood flow is necessary to push

nanoparticles into the interstitial space. Tumors, however, are known to have blood flow

profiles with regions of both low and high flow. The effect of flow on nanoparticle

accumulation has been verified experimentally. In tumor spheroids, an increase in blood

flow from 800 to 7000 mL/min resulted in a two-fold increase in the deposition of

PEGylated gold nanoparticles with a hydrodynamic diameter of 40 nm [82]. Another study

found that a nanoparticle’s size dictates the extent to which blood flow affects its transport.

A threefold increase in blood flow resulted in a 100-fold elevated intratumoral deposition of

PEGylated liposomes with a hydrodynamic diameter of 100 nm [30] (Fig. 3). On the

contrary, the same increase in blood flow enhanced the deposition of smaller PEGylated

liposomes (~30 nm) by less than an order of magnitude. While the contribution of diffusion

on nanoparticles transport is much smaller than convective forces, these differences can be

explained by the higher effect of convection on the transport of larger nanoparticles and the

larger effect of diffusive transport on the transport of smaller nanoparticles. Because

diffusive motion is random, nanoparticles moving by diffusion can move in and out of a

tumor interstitium with similar ease. Therefore, smaller nanoparticles have a higher rate of

washout from the tumor than bigger nanoparticles. For example, EGFR-targeted and non-

targeted 100-nm liposomes had similar levels of intratumoral accumulation at any blood

flow. While EGFR-targeted 30-nm liposomes increased their intratumoral accumulation by

10-fold in comparison to their non-targeted counterparts at low blood flows, targeting did

not significantly increase the 30-nm liposome’s accumulation at high blood flows. At high

blood flow, convection was sufficient to retain the small liposomes in the tumor even in the

absence of targeting. In section 4, we will show examples demonstrating the importance of

nanoparticle’s size for effective deep tissue targeting and its relation to cancer imaging and

detectability.

Due to the in vivo complexity of deep tissue targeting of tumors, we typically cannot

separately study the individual transport processes of nanoparticles in tumor models in

rodents. Such studies, however, can be performed in vitro in a controlled manner using

parallel plate chambers and microfluidic setups, which replicate vascular morphology and

allow for the control of local flow [39–41]. Prior to extravasation, one of the pivotal steps

dictating the intratumoral fate of nanoparticles is their margination (i.e. lateral drift) towards

the blood vessel walls. Near-the-wall margination is not just desirable; it is required for the

particle to be able to interact with the tumor vascular bed. Subsequently, the particle will

have the chance to either target tumor-specific vascular biomarkers or extravasate through

the tumor leaky endothelium into the tumor interstitium. Even though tumors display blood

flows significantly slower than that of normal circulation, nanoparticles, due to their size,

are primarily transported in the tumor microcirculation via convective means and therefore

margination is not favored. In order for a particle to escape the blood flow streamlines
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resulting in margination, forces that depend on the particle characteristics such as gravity,

buoyancy, diffusion or torque are required [83, 84]. Apparently, only the latter two factors

are important for nanoparticle margination [85, 86]. For example, in vitro flow studies in

microfluidic devices showed that the margination of a PEGylated liposome with a

hydrodynamic size of 60 nm was significantly higher than that of a 100-nm liposome [39].

This finding can be attributed to the higher effect of convection on the transport of larger

nanoparticles, which have difficulty escaping the blood flow. In contrast, smaller

nanoparticles that rely relatively more on diffusive transport are able to marginate towards

the vessel walls more effectively.

Furthermore, the shape of a nanoparticle imaging agent also affects its intravascular and

transvascular transport. In the case of nanoparticle margination in microcirculation, because

hydrodynamic forces dictate the transport of nanoparticles, symmetrical and asymmetrical

particles have different trajectories when travelling through a blood vessel (Fig. 4). A

symmetrical nanoparticle, such as a sphere, has the same distribution of forces acting on it

regardless of its angular orientation. As a result, symmetrical nanoparticles tend to remain in

the center of the blood vessel while traveling through circulation. In contrast, variable drag

forces and torques act on asymmetric nanoparticles, such as rods or discs, as they are moved

by flow [52]. These forces results in a tumbling motion that leads to increased nanoparticle

drift towards the vessel wall [53, 54]. Three distinct classes of nanoparticles of different

shapes - discoidal (AR: 0.5), hemispherical, and ellipsoidal (AR:0.5) displayed increased

margination behavior in comparison to spheres [55]. More quantitatively, a PEGylated gold

nanorod was observed to marginate 7 times more than a PEGylated gold nanosphere of an

equivalent diameter in a straight microchannel at a physiological flow rate (50 μL/min) [39].

At that same flow rate, a flexible PEGylated iron oxide nanochain (20 × 100 nm;

hydrodynamic size) was observed to marginate 5 times more than an iron oxide nanosphere

(20 nm) [56]. These differences in margination behavior strongly motivate the tailoring of

shape to improve the vascular targeting of nanoparticle imaging agents as we will discuss in

section 3.2.

Furthermore, it has been found that nanoparticle asymmetry also increases binding avidity.

Comparison of the binding avidity of nanoparticles of different shapes can be achieved

through calculation of the active fractional area of the nanoparticle (AFAC) [61]. The AFAC

parameter takes into consideration not only the particle’s shape, but also the length and

flexibility of the polymer, which displays the particle’s targeting ligands (Fig. 5). With

polymer surface density, length, and flexibility held constant, the AFAC of a rod is higher

than the AFAC of a sphere. Therefore, a nanoparticle’s shape has direct ramifications on its

binding avidity. In agreement with these theoretical calculations, targeted nanorods have

been observed to localize at the target site seven times more than their targeted spherical

counterparts [58].

3.1.2 Effect of ligand density—Increasing the surface density of the targeting ligand

strongly affects the nanoparticle’s rate of cellular uptake. Receptors are frequently expressed

in unique, clustered distributions that depend on the receptor type and cell type. By

increasing the surface density of ligands on the nanoparticle, there is a higher chance of

nanoparticle association with the receptor clusters. For example, increasing the density of
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HER2-targeting ligands on liposomes from 1 to 2% resulted in a doubling of uptake by

BT-474 cells [60]. When the ligand density was further increased from 2% to 3%, however,

only a 10% increase in BR-474 cellular uptake was observed [60]. This suggests that

excessive functionalization of a nanoparticle’s surface may not necessarily lead to an

improvement in tumor targeting. Thus, the use of a high number of ligands could actually be

detrimental. The relation of cell uptake to the nanoparticle’s ligand density follows a typical

bell-shaped pattern [87]. For example, the uptake of PSMA-targeted PLGA-PEG

nanoparticles increased as the PEG density increased to 14 mol% [59]. Above this threshold

for this specific nanoparticle design, nanoparticle uptake by cancer cells started decreasing.

It is likely that at very high ligand densities, a nanoparticle’s immunogenicity increases.

More importantly, the higher ligand density will saturate the receptor quickly, which will

lead to fewer nanoparticles being internalized into the targeted cancer cells.

3.2 Vascular targeting

The approach to design nanoparticles imaging agents for deep tissue targeting that identify

cancer cell receptors in the tumor interstitium is only viable if the tumor has an abundance

of hyperpermeable vasculature. Unfortunately, early tumor development at primary or

metastatic site lacks leaky vasculature until it is well developed and difficult to treat. For

example, micrometastatic lesions (i.e. the early spread of cancer cells) are difficult to target

because they lack leaky vasculature for targeting by passive mechanisms. It is highly

desirable, however, to catch the early development of cancer (i.e., less than a few

millimeters in diameter), because early therapeutic interventions are much more effective

against early stage tumors. Without routes to gain entry into the tumor interstitium, vascular

targeting appears as a more suitable strategy. For instance, micrometastatic sites overexpress

an abundance of receptors that are typically not found in healthy tissue. In the metastatic

niche, selectins (e.g. p-selectin, e-selectin) and other adhesion molecules (e.g. iCAM1,

vCAM1, αvβ3 integrin) are overexpressed on the vessel wall [88, 89], which have been

validated as targets for nanoparticle imaging agents [56, 90, 91]. With established targets,

the next step would be to design optimized nanoparticles for different imaging modalities

with high sensitivity to small metastatic lesions. As discussed, lesion size is inversely related

to patient prognosis.

There are several ways to enhance the vascular targeting of nanoparticle imaging agent and

accuracy for early detection of small lesions. As we discussed in section 3.1.1, designing a

nanoparticle with asymmetry will enhance its margination, which is essential for the

nanoparticle to interact with the vessel wall receptors. The use of an oblate-shaped

nanoparticle, which has a higher AFAC, can also enhance binding avidity. For example, a

chain-shaped iron oxide nanoparticle targeted to the αvβ3 integrin bound with 2.9 fold higher

avidity than a spherical counterpart targeted to the same receptor in a microfluidic channel

[56]. In vivo, vascular targeting of the iron oxide nanochain to the αvβ3 integrin resulted in a

tenfold higher deposition at the site of a metastasis than its spherical counterparts [92]. The

flexibility of the nanochain is also thought to improve its ability to bind to the vascular bed.

Ligand density, dependent on the size and shape of the nanoparticle, is also a critical

parameter to optimize. In the blood vessel, this is extremely important because the

nanoparticle will have to battle shear forces that could potentially lead to particle
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detachment from the receptor site. The next section will evaluate a variety of targeted

nanoparticles that have been already developed for the imaging modalities of computed

tomography, ultrasound, MRI, nuclear imaging, and optical imaging, using targets both in

the tumor interstitium and on the vascular bed.

4. Targeted Nanoparticle Imaging Agents

Targeted nanoparticle imaging agents provide a new paradigm in cancer imaging, one that

goes beyond anatomical characterization, which enables early detection of cancer as well as

treatment monitoring at the molecular/cellular level. Unlike targeted molecular agents,

nanoparticles facilitate the association of hundreds of thousands of imaging moiety per

construct, enabling up to million-fold signal amplification. From a development perspective,

targeted nanoparticle agents for use in cancer imaging can be sub-divided into two

categories: vascular targeting agents and cancer cell (or deep tissue) targeting agents.

Furthermore, targeted agents based on different nanoparticle platforms have been developed

for use with several imaging modalities (Table 2).

4.1. Targeted nanoparticles for different imaging modalities

A wide variety of modalities are utilized for cancer imaging in the pre-clinical and clinical

domain. X-ray imaging, including computed tomography, mammography and

tomosynthesis, is one of the most commonly used imaging modality in the clinic. The

technology is highly matured, enables rapid imaging (scan times less than a minute) and

provides high spatial resolution. Due to its ubiquitous nature and low cost, CT imaging is

often the primary modality of choice for use in a majority of cancer imaging procedures.

However, the technique suffers from inherent low soft tissue contrast, relatively low contrast

sensitivity (~mM range) and exposure to x-ray radiation. Advances in scanner hardware and

image processing are bringing about paradigm shifts in reducing radiation exposure as well

evolution of new techniques. These new developments are likely to expand the horizons of

X-ray techniques, including in the field of molecular imaging. Nuclear imaging techniques,

including positron emission tomography (PET) and single-photon emission computed

tomography (SPECT), play an important role in cancer imaging, especially in cancer staging

and treatment follow-up. The technique provides high contrast sensitivity (~nM range) and

has been at the forefront for development and clinical implementation of novel molecular

imaging probes; however, it suffers from relatively poor spatial resolution (~3–10 mm). In

comparison to CT imaging, the availability of nuclear imaging systems is limited and the

procedures are relatively expensive; primarily due to limited availability and cost for

producing radioisotope agents. MRI provides excellent soft tissue contrast and relatively

high spatial resolution. Despite its high clinical utilization for cancer diagnosis and

monitoring, it is limited to tumors that are about 1cm3 or bigger [150]. However, several

new imaging methods and techniques are on the horizon for further expanding and

enhancing the clinical utility of MRI [151–153]. These developments will likely impact and

warrant the development of novel molecular imaging probes for translation into the clinic.

Ultrasound imaging uses high-frequency sound waves for visualization of subcutaneous

body structures. Despite its low cost, the use of US in cancer imaging has been limited due

to low depth penetration and dependence on user performance. Optical imaging has been
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extensively used in the pre-clinical cancer arena. The technique, although limited to

subcutaneous regions, provides high spatial resolution and excellent contrast sensitivity.

Photo-acoustic imaging (PAI) is rapidly gaining interest and, in conjunction with novel

imaging probes, enables sensitive and specific detection of superficial cancer as well as in

intra-operative procedures.

4.1.1 Targeted CT Agents—While nanoparticle CT agents are excellent blood pool

agents [30, 154], the development of targeted CT probes has been limited due to the low

contrast sensitivity of the X-ray imaging technique. The majority of targeted CT probe

development has been pursued using metal-based nanoparticles due to their high atomic

weight and therefore increased X-ray attenuation compared to the conventional iodine

moiety. Gold, bismuth, tantalum, ytterbium have been studied as potential elements for

development of CT imaging agents. Due to receptor-mediated endocytosis of the associated

imaging moiety, targeted agents can facilitate delivery of large payload within cancer cells.

For example, imaging of solid tumors using targeted gold nanorods achieved a 5-fold

increase in signal attenuation when compared to non-targeted nanorods [98].

As we mentioned in section 3.4, the nanoparticle size plays a key role in deep tissue

targeting. To enable deep tissue penetration, smaller sized gold nanoparticles have been

utilized to image a variety of surface markers overexpressed on cancer cells. HER2-targeted

gold nanoparticles have shown improvement in detection of small tumors (~1.5 mm) in

comparison to passive targeting [93, 96]. Compared to non-targeted 30-nm gold

nanoparticles, their EGFR-targeted counterparts demonstrated improved contrast

enhancement of relatively small tumors (4–5 mm) in a head and neck squamous cell

carcinoma mouse model [95]. In general, targeted gold nanoparticles for CT imaging have

been explored in a variety of targeting schemes, including prostate-specific membrane

antigen (prostate tumors) [97], folate receptor (various types of cancer) [99], CD4 receptor

(peripheral lymph nodes) [94] and low-density lipoprotein (LDL) receptor [155, 156].

As we already mentioned, bismuth also strongly attenuates X-rays. 30-nm bismuth-sulfide

nanoparticles conjugated to LyP-1 homing peptide were developed for imaging breast

tumors [100]. CT imaging at 24 h after injection demonstrated that the targeted agent

resulted in ~ 2.5-fold higher tumor signal when compared to its non-targeted counterpart. In

good agreement with the design rules discussed in section 3.4, this is an example of

selection of the appropriate nanoparticle size that benefits from active targeting. Use of the

targeted contrast agent enabled discrimination of signals between deep tissue targeting and

nanoparticle accumulation solely driven by EPR. In contrast to larger nanoparticles (e.g. >50

nm), the retention of the targeted 30-nm nanoparticles in the tumor interstitium is much

higher than their non-targeted counterparts, which have a high likelihood of returning back

to the bloodstream.

Upconversion nanoparticles (UCNP) have also attracted significant attention for use in X-

ray/multimodality imaging [157]. These are generally lanthanide doped rare-earth

nanoparticles (such as Gd-, Yb- and Lu-doped) having intrinsic upconversion luminescence

properties. For instance, multifunctional PEGylated BaGdF5:Yb/Er nanoparticles have been

developed as efficient UCNPs for use in MRI, CT and optimal imaging [158]. Targeted
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UCNPs containing folic acid ligand have also been investigated for use as multi-modality

molecular imaging probes [159]. In addition to their use as imaging agents, UCNPs

efficiently ability near-IR light, facilitating the development of NIR-triggered theranostic

agents for imaging and treatment of solid tumors [160–162]

An important new development in X-ray imaging is the advancement of spectral CT for

decomposition of X-ray attenuating signatures (i.e. elemental decomposition), which

overcomes potential signal interference from other high attenuating structures. For example,

fibrin-targeted bismuth nano-colloids have been developed for imaging of blood clots in a

rabbit model [101]. Spectral CT enables the superior visualization of clots by separating

attenuation effects from bone. This spectral CT approach for elemental decomposition has

also been demonstrated using fibrin-targeted lipid-encapsulated ytterbium nano-colloids

[163]. In addition to gold and bismuth, CT nanoparticle agents have been developed based

on tantalum [164]. While this novel class of solid metallic nanoparticles may open a window

for the development of molecular CT agents, concerns surrounding their biodistribution,

clearance, in vivo safety, and in vivo toxicity need to be investigated before pursuit of

clinical translation.

To date, all of the clinically approved X-ray contrast agents are based on iodine as the

imaging moiety. However, there is an increasing interest in identifying new elements (as

well as molecular and nanoparticulate constructs) that can serve as highly sensitive X-ray

imaging agents. However, the energy range of the various types of x-ray-based devices has

to be carefully considered. For example, under the operating energies of a clinical

mammography unit, bismuth can provide much higher contrast enhancement than iodine. By

weighing the linear attenuation coefficients of an element with respect to the x-ray source

energy spectrum, bismuth has a unique property in the 5–50 keV energy range. For example,

the x-ray linear attenuation coefficient is 5–10 times higher in the 5–30 keV range than the

32–40 keV range. Similar to bismuth, gold provides a much higher contrast enhancement

than iodine in the energy range of a mammography unit. Since small animal micro-CT

scanners and mammography systems operate also at relatively low energy, bismuth and gold

nanoparticles provide higher contrast enhancement than iodine. However, this is not the case

with clinical CT scanners, which operate at much higher energies. Overall, high atomic

weight elements, such as gadolinium, gold, bismuth, tantalum, ytterbium, are all excellent

candidates for development of novel nano-probes with strong X-ray attenuating properties.

In addition, these elements may also enable development of probes that facilitate treatment

prognostication and monitoring, an area of unmet clinical need in the application space of X-

ray contrast agents. However, concerns surrounding their biodistribution, clearance, in vivo

safety, and in vivo toxicity should be incorporated into the pre-clinical research and

development objectives of next generation novel CT contrast agents before pursuing clinical

translation. Similarly, the development of multi-modality agents, as attractive as it may

seem, also needs to be thoroughly assessed from the practicality of clinical implementation

and regulatory challenges.

In the context of clinical translation, CT imaging exhibits many advantages, which include

the wide availability of scanners, low cost and quick scanning times, precise quantification

of signal, and the highest spatial resolution amongst all clinical modalities. Regardless of
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these advantages, targeted nanoparticles for CT imaging should be very carefully selected

taking under consideration the appropriateness of the target site. To compensate for the

inherent low contrast sensitivity and increase the likelihood of sensitive imaging with CT,

such target sites should be of relatively large size and express high numbers of the targeting

biomarker. In these cases, accumulation of large amounts of the agent may be achieved,

which generates sufficient (and detectable) signal. The developments in X-ray hardware are

rapidly advancing and therefore the opportunities and need for molecular imaging CT

contrast agents is clearly on the horizon.

4.1.2 Targeted Ultrasound Agents—Although imaging of some organs with ultrasound

(US) is challenging (e.g. lungs), US exhibits excellent spatial resolution and contrast

sensitivity. While there have been recent examples of US agents at the nanoscale [165, 166],

we will primarily report examples of targeted submicron- and micro-sized agents. Due to the

short in vivo half-life of US agents, the vast majority of targeted agent development has

focused on seeking vascular markers of tumor angiogenesis [105]. For example, using an

RGD ligand or the anti-αvβ3 antibody LM609, targeted microbubbles produced a ~13- or

10-fold higher echo amplitude, respectively, compared to non-targeted control microbubbles

[102, 103]. Furthermore, various peptides have been used as ligands to direct microbubbles

to integrins associated with tumor vasculature [104, 106, 107]. In addition to integrins,

targeted microbubbles have been used for imaging and monitoring VEGFR-2 expression

during anti-angiogenic treatment [108, 167]. As we will discuss in section 4.3, this use of

nanoparticle imaging agents facilitates rapid monitoring of treatment efficacy, which can

result in more efficient ways to manage patient therapy.

Dual-targeting US agents for simultaneous imaging of two vascular biomarkers, VEGFR-2

and αvβ3, have also been evaluated [109]. Due to their higher avidity that comes from the

multi-ligand approach, the dual-targeting US microbubble generated significantly higher

signal compared to the single-targeting counterparts (Fig. 6). The benefits of multi-targeting

strategies is consistent with previous reports of drug-loaded liposomes targeted to multiple

receptors on tumor cells [168].

4.1.3 Targeted MRI Agents—A considerable amount of work has been done in the

development and preclinical validation of targeted MRI nanoparticles. Superparamagnetic

iron oxide (SPIO) nanoparticles are an attractive platform with the advantages of high

micromolar detection thresholds, high T2* sensitivity, and the versatility to present a wide

variety of ligands for cellular and molecular imaging [169]. The efficacy of iron oxide

particles is governed by their magnetic properties that in turn are determined by their

composition, size and morphology. To determine the optimal design parameters for SPIO

nanoparticles, studies have been conducted to understand the effect of particle shape and

size on the particle’s magnetism and relaxivity [170, 171]. Vascular targeting of SPIO

agents to integrins [110] or VEGFR [114] has been exploited for imaging of tumor-

associated vasculature. Deep tissue targeting with SPIOs has also been explored to image

primary tumors using targets such as urokinase plaminogen activator (uPA) [111, 112],

transferrin receptors [115], HER2 receptors [172], chemokine receptor 4 [113].
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Similar to T2 agents (i.e. SPIO), T1 nanoparticle agents have been developed based on

gadolinium (Gd). Using lipid-based nanoparticles (e.g. liposomes, perfluorocarbon-based

lipid nanoemulsions), targeted Gd-based liposomal agents have been extensively studied for

vascular targeting of tumor angiogenesis (and inflammation) [124, 173], including ICAM-1

[121], αvβ3 integrin in vivo [117, 125, 126], VCAM-1 [174] and CD105 [122]. In

comparison to conventional agents based on small molecules, liposomal agents enable

attachment of thousands of Gd moieties per nanoparticle, which increases relaxivity by

orders of magnitude on a nanoparticle basis [175]. Similar to US agents, dual-targeted Gd-

based liposomes have been explored to further increase targeting specificity [119, 120].

However, contrary to in vitro results, the dual-targeted liposome did not produce an

enhanced signal over RGD-targeted liposomes alone. Since the size of the liposomes was

relatively large (i.e. >50nm), the lack of significance in the differences between the two

constructs could very likely be due to a substantial component of signal arising from the

non-specific tumor uptake (e.g. EPR effect), masking the signal from vascular targeting.

Dendrimers are another attractive nanoparticle platform for Gd loading because of their

narrow size distribution (~5–10 nm), branched structure, which facilitates the presentation of

multiple ligands or contrast agents, and associated renal clearance. For example, Gd-loaded

dendrimers targeting the folate receptor displayed enhanced MR signal in an animal model

of KB tumor [129]. When designing Gd-based agents, several factors need to be considered

since signal intensity at the target site is not linearly related to the concentration of the

imaging moiety. For instance, the intracellular accumulation of Gd can markedly impact

signal intensity [176]. Furthermore, the presentation of Gd atoms in a nanoparticle structure

also impacts the efficiency of nanoparticle MR probes [175, 177, 178].

There is also potential for “activatable” contrast, wherein a targeted agent, composed of an

iron oxide core surrounded by a polymer coating containing Gd-DTPA, quenches T1

contrast upon injection, but once exposed to an acidic environment such as a cancer cell

lysosome, releases Gd-DTPA and generates T1 enhancement [179]. In addition, the

flexibility in coating iron oxide cores with different functionalized polymeric materials has

also facilitated the development of multimodal imaging agents. For instance, optical-MR

agents have been developed by entrapping SPIOs within cRGD-targeted lipid particles

labeled by fluorescent agents [116]. Besides T1 and T2 agents, nanoparticles, particularly

liposomes, enabled the development of highly sensitive chemical exchange saturation

transfer (CEST) agents, commonly referred as lipoCEST agents [180, 181]. CEST-MRI

exploits the ability to resolve signal arising from protons on different molecules using

controlled radiofrequency pulses [182]. By exploiting the slow transport of water protons

through the lipid bilayer, the encapsulation of small molecule CEST agents in liposomes

increases contrast sensitivity by three to four orders of magnitude. Vascular-targeted

lipoCEST agents may be used to image brain tumor angiogenesis [127]. The use of such

agents, due to the absence of background signal, could enable a significant improvement in

SNR for MR imaging.

In addition to providing a means for signal amplification, nanoparticle imaging agents can

further facilitate detection of hard-to-treat cancers by tweaking the biophysical

(intravascular transport) and biochemical (receptor targeting) interactions of the nanoparticle
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with the cancer microenvironment. As we discussed in section 3, the number of ligands on

the nanoparticle’s surface, the receptor density on the cell’s surface, and the nanoparticle’s

size and shape all impact targeting efficiency [183]. For example, the development of

integrin-targeted iron oxide nanochains represent a step towards the rational design of

vascular targeted imaging agents [56]. Such an agent has been specifically designed for

targeting the microenvironment of micrometastasis. The flexible nanochain particle

possesses a unique ability to gain access to and be deposited at micrometastatic sites via

vascular targeting of the endothelium associated with the disease. The nanochain utilizes

ligands to target αvβ3 integrin receptors, which are overexpressed on metastatic foci resident

in blood vessels [184–190]. The size, shape, and flexibility of the nanochains significantly

increase the lateral drift and margination of the particles towards the blood vessel walls in

microcirculation (i.e., continuous scavenging of vascular walls) and targeting avidity of

nanoparticles (i.e., latching on vascular target) due to geometrically enhanced multivalent

attachment on the vascular target. In a mouse model of breast cancer metastasis, a

remarkable 6% of the nanochains injected in a mouse model congregated within a

micrometastatic site of less than 1 mm in size [92]. In comparison, less than 1% of injected

dose of its targeted spherical counterpart reached the micrometastasis. Furthermore, the

conjugation of individual iron oxide particles resulted in a construct with higher T2

relaxivity relative to the individual iron oxide nanoparticles. The use of the integrin-targeted

nanochain enabled visualization of the early spread of metastatic disease in the liver in a

mouse model of metastatic breast cancer (Fig. 7).

Concerns surrounding gadolinium toxicity, specifically in patients with impaired renal

function, has also driven investigation into use of altenative nuclei (Mn, Co, Ni) for

development of targeted nanoparticle MR agents. Manganese (Mn2+ cation), with its five

unpaired electrons, has been investigated for development of highly sensitive nanoparticle

contrast agents [191, 192]. Stable complexes of manganese oxides (MnO or MN3O4) have

been synthesized for development of highly efficient Mn-based MRI nanosensors [193].

Multi-function, multimodality upconversion nanoparticles (UCNP) incorporating

lanthanides have also been investigated for use in MRI [158, 194–196]. Background-free

MRI techniques are gaining considerable interest in the area of novel probe development.

Specifically, fluorine-based MRI is gaining increasing attention due to its proximity to the

1H frequency but far enough to perform ‘water-less’ MRI [197]. 19F nanoparticles have

been developed and studied for use in a variety of molecular imaging [198, 199] and cell

tracking applications [200, 201]. Silica-based hyperpolarized T1 agents have also been

investigated as highly sensitive, background-free contrast agents for use in molecular MRI

[202, 203]. The absence of background-signal in both 19F and 29Si MRI enables

development of highly sensitive probes/sensors and quantitative imaging techniques, taking

MRI into the realm of nuclear imaging.

4.1.4 Targeted Nuclear Imaging Agents—Due to its extraordinary high sensitivity

(down to the picomolar level) and quantitative nature, radionuclide-based imaging is

considered the standard modality for molecular imaging. Furthermore, there is no tissue

penetration limit in comparison to optical imaging. However, a disadvantage of nuclear

imaging is that the resolution of either SPECT or PET (~5 mm) is not very high. Even with
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the inherent high contrast sensitivity of the nuclear imaging techniques, the development of

targeted nanoparticles agents has been relatively limited. A popular application of

radionuclides has been for monitoring the delivery of nano-therapeutics to solid tumors. For

example, image-guided drug delivery systems have been developed by labeling PEGylated

liposomal doxorubicin with 99mTc [204]. 111In-labeled liposomes, conjugated with antibody

2C5, have been used for the in vivo gamma imaging of murine Lewis lung carcinoma and

4T1 tumors [205].

Similar to CT, US and MRI, a variety of nanoparticle PET agents for vascular targeting have

been investigated. For example, using 64Cu as the radiolabel, mesoporous silica

nanoparticles [132] and hollow gold nanospheres [130] have been used for imaging of

integrins and CD105, respectively. In terms of SPECT imaging, integrin-targeted gold

nanoparticles containing125I have been developed for SPECT imaging of brain tumors (Fig.

8) [131]. The high contrast sensitivity of this technique enabled rapid tumor signal

enhancement i.e., within 10 minutes post-dosing of the targeted agent.

Several other nanoparticle platforms have been investigated for development of targeted

nuclear imaging agents. In addition, there has been a growing interest in developing multi-

modal contrast agents for use in complementary imaging modalities, such as PET and

optical, PET and MRI or SPECT and MRI. In some scenarios, multimodal imaging enables

the use of PET for treatment planning with whole-body imaging and the use of optical

techniques during therapeutic intervention. For example, a dextran-coated SPIO nanoparticle

co-labeled with 64Cu and an NIR fluorophore (Vivotag-680) was used to show the utility of

combined Fluorescence Molecular Tomography (FMT) and PET for imaging of tumor

associated macrophages (Fig. 9) [206, 207]. Multi-modal RGD-targeted, 64Cu-labeled

super-paramagnetic iron oxide (SPIO) nanoparticles have been also reported for PET-MR

imaging of drug delivery to solid tumors [208]. Quantum dots (QDs) have been investigated

for use as multimodality PET-optical agents. Targeted QDs have been evaluated for imaging

of integrins and VEGF receptor over-expressed on tumor blood vessels [209, 210].

Porphyrin platform has also been utilized for development of multi-modal nanoprobes.

A 64Cu-porphorysome presented a very stable optical-PET tracer that was able to detect

small bone metastases in lower limbs, which were confirmed as malignancies by histology

[211]. Targeted mesoporous silica nanoparticles have recently been investigated for PET/

optical imaging of tumor angiogenesis [212]. By systemically evaluating the impact of

surface engineering, the authors demonstrated a 3-fold increase in tumor targeted as

compared to their non-targeted counterparts. Single-walled carbon nanotubes (SWNTs) have

been investigated for targeted PET imaging of integrins over-expressed on U87 glioblastoma

cells and tumor endothelium [213]. Antibody-labeled 89Zr-SWNT targeting the monomeric

vascular endothelial-cadherin (VE-cad) epitope, expressed on tumor angiogenic blood

vessels, have also been developed for PET imaging and radiotherapy of tumor vasculature

[214]. More recently, targeted upconversion nanoparticles (NaGdF4:Yb3+/Er3+

nanophosphors) presenting RGD peptides have been investigated for pre-clinical multi-

modal imaging of tumor angiogenesis in a mouse model of brain tumor using optical, MRI

and PET modalities [195]. The study demonstrated good correlation in nanoparticle

distribution within tumors as assessed using MRI and PET. T1-based αvβ3-targeted 99mTc-
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Gd nanoparticles have been reported for SPECT-MR imaging of tumor angiogenesis. The

high contrast sensitivity of SPECT enabled detection of small lesions, while the vascular-

targeted MR component facilitated 3D characterization of neovasculature [149]. 111In-

perfluorocarbon nanoparticles have also been investigated as a multimodal PET-MR agent

[133].

4.1.5 Targeted Optical Agents—Optical imaging is attractive due its high sensitivity,

lack of nonionizing radiation, cost-effectiveness and potential for real-time imaging.

However, its major disadvantage is the penetration depth of light prohibiting deep tissue

imaging in humans. Thus, near-infrared fluorescent (NIRF) imaging has been primarily

applied in small-animal imaging, for which several probes have been developed. These

probes include synthetic fluorophores, semiconductor fluorescent crystals, and probes based

on lanthanide rare-earth ions [215]. Quantum dots have also been investigated in pre-clinical

applications; however, their clinical utility has been challenging due to toxicity concerns.

The encapsulation of NIR dyes in nanoparticles has been explored as a method for optical

imaging to overcome limitations of free, small-molecule dyes. A number of nanocarriers,

including liposomes, silica, and polymersomes have been used for encapsulation of NIR

dyes and targeted to a wide range of cancer cells [216]. Furthermore, targeted rare-earth

nanocrystals have also been investigated for use as an alternative to heavy-metal quantum

dots [142]. As we mentioned before, optical imaging capabilities have been frequently

combined with another mode of imaging capability into the same nanoparticle. For example,

dendrimers containing Cy5 (an optical probe), gadolinium (a MR probe), and activatable

cell-penetrating peptides for targeting matrix metalloproteinases have been developed for

use as multimodal optical-MR imaging agents [144]. Furthermore, SPIO nanoparticles

labeled with an NIR fluorochrome have been developed for combined FMT-MR imaging of

tumor associated macrophages [217].

Quantum dots (QDs) are a growing area of research for medical imaging, yet concerns about

toxicity remain a serious challenge for clinical utility. The following criteria has been

proposed for successful design and use of QDs for medical imaging and diagnosis: 1) NIR

emission, 2) biocompatibility, 3) stability in vivo, 4) ultrasmall size, and 5) clearance

through the renal system [146]. A QD, which met the above criteria, was developed and

investigated. In a comparison of targeted and non-targeted QDs, it was found that the non-

targeted agents extravasated into the tumor interstitium. The non-targeted agents were small

enough, however, to wash back out into the bloodstream. These results are in good

agreement with our discussion on the deep tissue targeting of nanoparticles in section 3.4,

which illustrated the poor retention of smaller nanoparticle agents inside the tumor. Targeted

QDs, however, resulted in high signal intensity from the tumor site even 24 h after injection

[146]. Because of their high signal intensity, targeted QDs also can efficiently image

prostate cancer cells and head-and-neck squamous cancer cells [147, 218].

Besides fluorescent imaging, the excellent surface plasmon resonance properties of metallic

nanoparticles have been exploited to develop optical imaging agents [219]. Several gold-

based nanoparticles have been developed for targeted optical imaging, such as gold
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nanoparticles and gold nanocages targeting EGFR [134–136, 220, 221], gold nanoshells

targeting HER2 [137, 138], and anti-EGFR nanorods [139, 140].

Another new modality related to optical imaging is photoacoustic imaging (PAI), which has

the potential for both functional and molecular imaging [143]. While PAI is able to achieve

endogenous contrast, based on the differences in absorption spectra of different tissues,

exogenous contrast agents are needed for molecular imaging. For generation of contrast,

PAI can take advantage of plasmonic nanoparticles (gold nanoshells, nanorods or

nanocages) or nonplasmonic nanoparticles with very strong light absorption. Multimodal

imaging agents combining PAI with other modalities have also been evaluated [141]. A

triple-modality imaging agent has also been developed for imaging brain tumor margins

during intervention, using PAI, MRI and Raman spectroscopy [222]. Notably, in an animal

model of ovarian cancer, NIRF-labeled SPIO nanoparticles targeted to Her-2/neu receptor

enabled acquisition of high-resolution images with a five-fold increase in PA contrast, and

significant contrast with FMT imaging. As we will discuss in section 4.3, the combination of

PAI and FMT may be advantageous as an intraoperative technique, even for tumors that are

located deep within tissue [145].

4.2 Nanotheranostics and image-guided therapies

Historically, nanoparticle-based therapeutics have been labeled with a radioisotope during

the initial phases of clinical studies to perform pharmacokinetic and biodistribution studies.

In the recent past, however, a new class of nanoparticles has emerged, called

nanotheranostics. In addition to the targeted delivery of drugs, these nanoparticles are

equipped with imaging functionality, which simultaneously can facilitate treatment and

diagnosis, image-guided therapy, or monitoring of the outcome of the therapy. Indeed, at

first read, this multifunctionality appears very attractive and hence generates enormous

excitement and attention. However, two critical concerns have emerged. In which clinical

scenarios does the ability of simultaneous therapy and imaging influence the decision-

making process of the oncologist? Second, is the imaging and/or therapeutic performance of

a nanoparticle compromise, when the two functions are merged together into the same

nanoparticle? Unfortunately, in many instances, these two concerns are somewhat ignored in

the preclinical development of nanotheranostic agents.

The initial preclinical demonstration of the utility of nanotheranostics was focused on using

imaging to longitudinally monitor the deposition of nanoparticles into tumors and the

outcome of cancer treatments. This stems from the fact that tumors exhibit heterogeneities in

their microenvironments, which affects the intratumoral delivery of nanoparticles not only

from one tumor to the next but also regionally within the same tumor. As a result, these

agents can pave the way for more personalized medicine in cancer treatment [223]. Unlike

conventional agents, nanoparticle-based imaging agents provide a more accurate assessment

of drug dose painting, especially for nano-chemotherapeutics. For example, liposomal CT

agents have been used as prognosticating agents for monitoring the effects of PEGylated

liposomal doxorubicin (PLD) in breast cancer [29]. Since tumors exhibit significant

variability in nanoparticle uptake, the availability of such agents for clinical use could

greatly improve the management of cancer patients since it provides a novel method to
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identify, a priori, patients that would respond to nano-chemotherapeutics. In addition, the

tumor uptake rate of these particles has also been shown to correlate well with expression

levels of angiogenic biomarkers [32]. Similar liposomal CT agents have also been used to

assess changes in vascular permeability of tumors due to injury after radiation therapy [224].

Due to their long circulation property and nano-size, these agents provide a more accurate

measurement of fractional tumor blood volume and therefore could serve as a phenotypical

biomarker to assess the efficacy of anti-angiogenic agents [225].

Similar approaches have also been evaluated using nanoparticles with MR capabilities [226–

234]. These studies used various types of nanoparticles, which include ultrasmall

superparamagnetic iron oxide (USPIO) particles, iron oxide nanoworms, liposomes and

dendrimers. The therapeutic strategies have ranged from chemotherapy (e.g. taxanes and

anthracyclines) [226, 229, 230] and small interfering RNA [233] to antiangiogenic

approaches using the CREKA polypeptide and vascular blockade [232], while the target

sites included the folate receptor [227, 229], urokinase plasminogen activator receptor [231],

integrins [228, 234], prostate-specific membrane antigen [228]. In addition to MR,

theranostic agents have been developed using radioisotopes for SPECT and PET imaging

[235–237]. These agents provide attractive features for expedited clinical translation, such as

high sensitivity, accurate quantification, and the ability to conduct deep tissue imaging.

However, while the imaging capability of nanotheranostic agents is typically demonstrated

by using imaging with MRI, SPECT or PET to indicate the accumulation of an agent in

tumors, the benefit of this additional function of the nanoparticle is not always clearly

demonstrated in terms of monitoring of the therapeutic outcome or improved image-guided

interventions. First, a critical question often remains unanswered: What was the degree of

sacrifice of the nanoparticle’s therapeutic or imaging capability? A nanotheranostic agent is

typically a compromise between the imaging and the therapeutic component of the

nanoparticle [238], since significantly different concentrations of the two components are

required to perform their corresponding functions. In order to justify the additional

complexity in terms of fabrication, cost and regulatory procedures, it is essential to clearly

demonstrate the personalized, tumor-specific strategy and the added value and potential

clinical benefits of the additional imaging functionality. The value of a nanotheranostic

should be determined by metrics which include the extent that patient management is

improved, side effects are reduced, and patient outcomes are improved [238].

In addition to drug dose painting, targeted nanotheranostic agents seem to be an ideal fit for

photothermal ablation and photodynamic strategies. Following systemic administration of

such agents, a subsequent intervention (laser or NIR light) must be applied at the specific

target site. Thus, it is critical to be able to detect the exact location of the tumor as well as

the presence of the photoabsorber or photosensitizer before application of irradiation.

Furthermore, it can be very advantageous to monitor therapeutic progress in real-time to

ensure complete eradication of the tumor. Theranostic examples of photothermal therapies

using an NIR laser include gold nanoparticles [239, 240] and heparin-folic acid

nanoparticles incorporating the IR-780 dye have been demonstrated [241]. Using

nanoparticles with MRI capabilities and photodynamic therapy, it has also been

demonstrated that MR imaging could reveal the intratumoral location of a silica-based
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nanoparticle loaded with a photosensitizer [242] or a fullerene nanoparticle (photosensitizer)

with its surface functionalized with iron oxide nanoparticles [243]. Imaging also can assist

clinicians with the surgical resection of locally invasive tumor lesions, especially in cases

where aggressive surgery cannot be performed (e.g. brain cancer). It is apparent that

identification of the invasive edges of a tumor can significantly improve the outcome of

surgeries and reduce the incidence of local recurrence. Typically, such targeted agents are

labeled with NIR-dyes to enable intraoperative optical imaging [244]. In this context, we

have shown examples of multimodal nanoparticles for PET-optical imaging in section 4.1.4.

Such agents can facilitate treatment planning with whole-body imaging and the use of

optical techniques during surgery to identify the invasive edges of the tumor.

5. Increasing the Clinical Translation of Targeted Nanotechnologies for

Cancer Imaging

The ultimate goal of developing novel imaging agents should be to see their translation to

the clinic and subsequently access to patients to enable improvement in health care. The

majority of efforts in the development of imaging agents, primarily in the academic domain,

have typically been driven by the need to demonstrate scientific novelty. While this will

continue to be the primary engine of scientific discovery, the path to clinical translation and

regulatory approval for imaging agents requires careful consideration of several factors that

go well beyond pre-clinical efficacy studies. Furthermore, the timeline and overall cost of

product development for imaging agents is relatively long and expensive, primarily because

of the need to acquire a large clinical safety database prior to regulatory approval [245, 246].

Although agents are undergoing development, no nanoparticle imaging agents are currently

approved for clinical use. Some of the key factors that need to be considered in the early-

stages of imaging agent development are:

• Does the novel agent address an unmet medical need?

• Pre-clinical evaluation of safety and toxicity

• Pre-clinical efficacy evaluation

• Developing a robust chemistry, manufacturing and controls (CMC) program for

manufacturing of nanoparticle imaging agent, eventually leading to the production

of clinical and commercial-grade material using good manufacturing practices

(GMP)

• Identifying the appropriate primary clinical indication

Unlike nano-chemotherapeutics where the target population is cancer patients, depending on

the pursued clinical indication for the imaging agent under development, the target

population could include healthy subjects. As a result, the threshold for safety margin is

higher and therefore an understanding of safety and toxicity in pre-clinical stage as well as

during clinical trial is of paramount importance for assessing the benefit-to-risk ratio. The

design and conduct of clinical trials for demonstrating the clinical effectiveness of a new

imaging agent in terms of substantial improvement in patient management is also becoming

an important factor in obtaining regulatory approval [247]. The requirements for
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demonstrating clinical effectiveness, which goes well beyond the metrics of sensitivity and

specificity, becomes even more important for targeted imaging agents since the decision for

patient management is driven from the review of images [238]. From a product development

perspective, several challenges lie in the development of nanoparticle imaging agent. The

majority of approved imaging agents are low molecular weight compounds with a relatively

short in vivo residence time. Nanoparticle imaging agents are likely going to demonstrate in

vivo pharmacokinetics and distribution that are fundamentally different from the

conventional agents these factors need to be considered during the pre-clinical safety

evaluation of product development. Nanoparticle agents also pose new safety considerations

that need to be considered during product development [248, 249]. One issue that has

presented challenges in the development of nanoparticle-based agents is the risk for infusion

reactions, sometimes referred to as complement-activation related pseudoallergy (CARPA)

[250]. Finally, with the ever-changing landscape surrounding health care, cost-effectiveness

of novel imaging agent compared to standard of care and product re-imbursement post-

market approval also needs to be taken into consideration during the later stages of product

development.

6. Concluding Remarks

Initially, nanoscientists were asking the question what nanotechnology could make.

However, in the recent past, the objective has changed to what nanotechnology should be

making in order to achieve significant clinical impact. In addition to the significant

advantages of contrast sensitivity, multivalency, binding avidity and overall specificity and

sensitivity of nanoparticles, appropriate design rules can improve prognosis and facilitate

diagnosis with quantitative precision of the most aggressive forms of cancer, which will lead

to an overall increase in quality of life and patient outcome.

Even though different nanoparticles exhibit variable in vivo behaviors, the process of

translation from lab bench to bedside requires further streamlining. Along these lines, it is

critical to identify “targets” that have a high likelihood of influencing the decision-making

process of clinicians. Therefore, it is essential to avoid poorly designed preclinical studies

that lack clear clinical relevance or a well-defined endpoint. Furthermore, another major

barrier to translation is the time-consuming and costly animal work required for the

necessary safety studies required by FDA. A public database could be established to enable

investigators to share data from such studies to avoid redundancy in similar studies.

In conclusion, to realize the full promise of targeted nanotechnology for cancer imaging, it is

essential to create an unbiased system to evaluate different nanoparticle imaging agents for

the same target and identify the lead nanoparticle. Implementation of such strategy can lead

to the development of innovative nanotechnologies for imaging with widespread use in the

clinic.
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Fig. 1. Challenges for delivering nanoparticles to tumor tissues
(A) In healthy blood vessels, the vascular endothelium is continuous and supported by

pericytes, which is impermeable to nanoparticles. In angiogenic tumor blood vessels, the

endothelial wall is not fully formed. As a result, nanoparticles have the ability to extravasate

and enter the tumor interstitial space. (B) Rapid tumor angiogenesis results in heterogeneous

blood vessel development, which results in variable vascular permeability and leads to

uneven nanoparticle distribution. (C) Furthermore, the dense extracellular matrix inside the

tumor prevents nanoparticles from traveling far away from its blood vessel of origin. (D)

Overall, blood perfusion is low inside a tumor, which often limits nanoparticle deposition to

the tumor periphery. Reproduced with permission from reference [35].
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Fig. 2. Common nanoparticle platforms for medical imaging
Contrast agents may be developed as discrete crystalline geometries (spheres, rods, cubes,

etc.), or incorporated into a variety of nanoparticle platforms, such as being entrapped in

dendrimers, liposomes or micelles, or loaded into capsules, such as porous silica

nanoparticles.
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Fig. 3. Blood flow effects on the interstitial deposition of nanoparticles
Following tumor blood flow mapping using perfusion CT, the intratumoral deposition of

four different liposome classes (30 and 100 nm with or without EGFR-targeting ligands)

was quantitatively measured in the orthotopic mouse (4T1) mammary tumor using

Fluorescence Molecular Tomography imaging at 24 h after injection. To image all four

liposome classes in the same tumors, distinct NIR fluorophores were used to distinguish

each class of liposome inside the tumor. The intratumoral deposition of liposomes is shown

as a function of regional blood flow in tumors, which indicates that a large nanoparticle’s

transport is heavily governed by convection. For nanoparticles in this size regime, high

blood flow is essential for nanoparticle retention inside the tumor. On the other hand, while

convection is the primary mode of transport, the diffusion of small nanoparticles contributes

to their transport. In the absence of convection, smaller nanoparticles have the ability to

move both in and out of a tumor. For smaller nanoparticles, active targeting to cellular

receptors deep in the tumor interstitium prevents the return of nanoparticles back into the

bloodstream. Reproduced with permission from reference [30].
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Fig. 4. Designing nanoparticles for enhanced margination
The symmetry of a spherical nanoparticle results in its tendency to remain in the blood flow.

Variable drag forces and torques which act on an oblate shaped nanoparticle, however,

enable oscillatory movement within a blood vessel that increases meaningful interactions

with the blood vessel wall. Reproduced with permission from reference [38].
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Fig. 5. Effect of shape on nanoparticle binding avidity
Shape, ligand length, and polymer flexibility all play a role in the active fractional area of a

nano-carrier (AFAC). For a sphere, the AFAC is defined as (L-dB)/Dc, where L is the length

of the ligand, db is the binding distance between the nanoparticle and the receptor, and Dc is

the diameter of the nano-carrier. For particles with equal surface area, the ligand length,

binding distance, and shape affects AFAC. Reproduced with permission from reference
[38].
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Fig. 6. Dual targeting improves the efficacy of contrast-enhanced ultrasound with targeted
microbubbles
Transverse color-coded ultrasound images demonstrating imaging of tumor angiogenesis in

a mouse model of subcutaneous human ovarian adenocarcinoma (SKOV-3) xenograft

tumor. Images were acquired in the same imaging session 4 minutes after IV injection of (a)

anti-VEGFR2-targeted microbubbles, (b) anti-αvβ3-integrin-targeted microbubbles, and (C)

microbubbles targeted to both VEGFR2 and αvβ3 integrin. Injections were spaced out in 30

minute intervals to allow time for clearance of the previous microbubble formulation.

Difference in video intensity (color-coded as green signal from adherent microbubbles on

greyscale ultrasound images) was highest after administration of the dual-targeted particle.

Reproduced with permission from [109].
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Fig. 7. Detection of breast cancer metastasis in liver using MRI and a targeted iron oxide
nanochain
(A) Illustration of the RGD-targeted nanochain nanoparticle and its constituent iron oxide

nanospheres. (B) TEM image of the nanochain particles predominantly composed of four IO

spheres. (C) Representative in vivo MR images of the liver in normal and metastasis-bearing

mice were obtained using a 9.4 T MRI. Coronal T2-weighted images of the liver of a

metastatic mouse before and 45 min after injection of the RGD-targeted nanochains. In the

45 min post-injection image, the yellow arrows show micrometastases of about 0.5 mm in

size with increased contrast enhancement. (D) Coronal T2-weighted images of the liver of a

normal mouse 45 min after injection of the nanochains. (E) Time course of the MR signal

intensity in the liver hot spots was quantitatively evaluated. The absolute MR signal

intensity in the metastatic lesions and the healthy liver was measured in manually drawn

ROIs. The signal intensity in the hot spots or the entire healthy liver was normalized to the

signal of an adjacent muscle (scale: 0–1). Since lower values indicate greater contrast in T2

images, normalized intensity values of 0 and 1 correspond to maximum and minimum

contrast, respectively, compared to the precontrast intensity values (data presented as mean

± standard deviation; n=3; each metastatic animal exhibited 2–4 hot spots; *P< 0.05).

Reproduced with permission from reference [56]
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Fig. 8. Tumor targeting and imaging using cyclic RGD-targeted PEGylated gold nanoparticle
probes with directly conjugated iodine-125
(A) Small animal SPECT/CT of 125I-cRP-AuNPs and (B) cold-form-blocked 125I-cRGD-

AuNP in nude mice with U87MG brain tumor xenografts. Imaging was performed serially

from 0 to 5 h after IV injection of 11.1 MBq radiolabeled AuNP. Tumor ROIs are

designated in yellow circles.

(Adapted with permission from) [131].
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Fig. 9. Multimodal imaging with hybrid PET-optical dextran nanoparticle enables visualization
of tumor biomarker expression
In vivo multichannel FMT/PET-CT of tumor-bearing mice, co-injected with a fluorophore-

derived RGD peptide that targets integrin, a fluorescent sensor that targets cathepsins, and a

nanoparticle PET agent (64Cu-CLIO-VT-680). In 2D images, (A) FMT and (B) PET, signal

intensities were color-coded and 3D images show a surface-rendered image. (C) The signals

in FMT channels and in PET co-localized in tumors, but distinct differences between the

expression of each probe was observed at higher magnification. Reproduced with
permission from reference [207].
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Table 1

Effect of nanoparticle design on pharmacokinetics, margination, and binding avidity

Design parameter Pharmacokinetics Margination Binding Avidity

Size Small particles (<10 nm) are cleared
renally, larger particles are cleared by
liver and spleen [42–45]

More difficult for larger particles to
escape the blood flow [39]

Larger particles preferred increased #
of binding interactions [46–48]

Shape Oblate shapes preferred – more difficult
to internalize by macrophages [49–51]

Oblate shapes preferred – higher
margination due to variable torques
and drag forces [52–56]

Oblate and discoidal shapes offer
higher numbers of surface ligands
available for interactions with receptor
bed [57, 58]

Surface chemistry Appropriate polymeric coating extends
blood circulation [59]

The length of the polymeric coating
influences the hydrodynamic size
[59]

Optimum # of ligands maximizes
binding avidity [59–61]
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Table 2

Summary of nanoparticle platforms utilized for development of targeted imaging agents

Imaging Modality Nanoparticle Platform Ligand Type Target Reference

Computed Tomography

Gold Nanospheres

Antibody

Her2 [93]

CD4 [94]

EGFR [95]

Peptide GRP receptor [96]

Aptamer PSMA [97]

Gold Nanorods Antibody A9 Antigen [98]

Dendrimer (gold) Small molecule FA Receptor [99]

Thrombus [100]

Bismuth Nanoparticles Protein Thrombus [101]

Ultrasound Microbubbles

Peptide
Integrin [102–107]

VEGF/KDR [108]

Antibody
Integrin [103]

Integrin/VEGF [109]

MRI

Iron Oxide Nanochains Peptide Integrin [56]

Iron Oxide Nanoparticles

Peptide

Integrin [110]

uPA Receptor [111]

EDB [112]

Antibody
Chemokine Receptor [113]

VEGF [114]

Protein Transferrin Receptor [115]

Capsules (iron oxide) Peptide Integrin [116]

Lipid-based (gadolinium)

Peptide
Integrin [117, 118]

Integrin/galectin-1 [119, 120]

Antibody
ICAM-1 [121]

CD105 [122]

Small molecule FA Receptor [123]

Perfluorocarbon Nanoparticles

Various Various [124]

Peptide Integrin [125]

Antibody Integrin [126]
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Imaging Modality Nanoparticle Platform Ligand Type Target Reference

LipoCEST Peptide Integrin [127]

Dendrimers (Gd) Small molecule FA Receptor [128, 129]

Nuclear Imaging

Gold Nanoparticles (64Cu) Peptide Integrin [130]

Gold Nanoparticles (125I) Peptide Integrin [131]

Silica Nanospheres 64Cu) Antibody CD105 [132]

Lipid-based (111In) Integrin [133]

Optical Imaging

Gold Nanoparticles Antibody EGFR [134–136]

Gold Nanoshells Antibody Her2 [137, 138]

Gold Nanorods Antibody EGFR [139–141]

Rare-Earth Nanocrystals Small molecule FA Receptor [142]

NIR Dye Encapsulation Antibody Her2 [143]

Dendrimers (NIR dye) Peptides MMPs [144]

NIR-labeled Iron Oxide Nanoparticle Antibody Her2 [145]

Quantum Dots

Peptide Integrin [146]

Antibody EGFR [147, 148]

Multimodal Imaging

SPECT-MRI Peptide Integrin [149]

PET-MR Peptide Integrin [133]

Optical MR Peptide CPP [144]
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