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Abstract

The way we view cancer has advanced greatly in the past few decades from simplistic approaches 

to finely honed systems. This transition has been made possible because of advancements on two 

fronts: the first is the rapidly expanding knowledge base of the mechanisms and characteristics of 

cancer; the second is innovation in imaging agent design. Rapid advancements in imaging and 

therapeutic agents are being made through the evolution from one-dimensional molecules to multi-

functional nanoparticles. Powerful new agents that have high specificity and minimal toxicity are 

being developed for in vivo imaging. Here we detail the unique characteristics of cancer that allow 

differentiation from normal tissue and how they are exploited in nanoparticle imaging 

development. Firstly, genetic alterations, either endogenous or induced through gene therapy, is 

one such class of characteristics. Proteomic differences such as overexpressed surface receptors is 

another targetable feature used for enhanced nanoparticle retention. Increased need for nutrients 

and specific growth signals to sustain proliferation and angiogenesis are further examples of how 

cancer can be targeted. Lastly, migration and invasion through a unique microenvironment are two 

additional traits that are exploitable, due to differences in metalloproteinase concentrations and 

other factors. These differences are guiding current nanoparticle design to better target, image and 

treat cancer.
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This review discusses the unique characteristics of cancer that allow for nanoparticle imaging in 
vivo.

§ 1. Introduction

The past few decades have yielded an enormous amount of information on cancer, resulting 

in tremendous progress in the development of cancer therapies as well as revealing the 

complexity of the disease. The preponderance of data generated has been obtained in 

isolation – rarely taking into account how tumors and the environment interact. Because, it is 

now well established that the tumor and its microenvironment demonstrate considerable 

cross-talk, influencing signaling cascades as well as aggressiveness, it is important to 

understand the complex interactions in order to effectively treat cancer.

The current techniques used to detect and assess tumor cells and the microenvironment are 

limited, often invasive, and destructive. Cell culture experiments have contributed vastly to 

our knowledge of cancer; however, in vitro experiments do not take into account the 

microenvironment and the complex milieu that profoundly influence the tumor cells. In the 

case of a biopsy, only a limited section of the tumor is examined, giving the researcher a 

snapshot of what is happening but not the whole picture. Alternatively, tissue extraction can 

yield information on the whole tumor, but makes temporal studies difficult. In vivo imaging 

on the other hand can provide information on the tumor in context and its relationship to the 

body, while being non-invasive and providing the possibility of monitoring temporal 

progression.

Nanoparticle technology has emerged as a way to develop highly specific in vivo imaging 

agents that can target cancer specific molecules, structures such as vessels, and other 

components of the tumor microenvironment. Nanoparticles have several advantages as 

imaging agents as they have 1) large carrying capacities, which can be used to increase the 

sensitivity of modalities such as high-resolution MR, 2) can be used with multiple imaging 

modalities, first enable non-invasive imaging then intraoperative imaging to ensure complete 

tumor removal and cancer free margins, and 3) can be used as theragnostics to allow 

monitoring of drug to the tumor site.

In this review, we highlight the use of nanoparticles to study each of the tumor 

compartments in vivo as they are responding to signals from the other compartments and the 
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body. The targetable characteristics of a tumor and its environment used here include: 

genetic mutations and expression patterns, protein misregulations, uncontrolled 

proliferation, increased angiogenesis, migration and invasion, and an abnormal 

microenvironment. By exploiting these characteristics, nanoparticle-mediated imaging has 

the potential to increase the pace of preclinical research, reshape the way we diagnose and 

monitor tumors as well as treat cancer.

§ 2.1. Nanoparticles targeting genetic mutations and expression in cancer

One of the most well known characteristics and mechanisms of tumorigenesis is genetic 

alterations. This may be mutations in the genome, as with p53 or RAS, or misregulation of 

expression of signaling proteins, such as epidermal growth factor receptor (EGFR). Methods 

of exploiting these variations have been attempted for the diagnosis and treatment of cancer. 

Traditionally, the way to measure DNA and mRNA expression was in situ hybridization 

(ISH), which requires fixed samples, limiting its use to histology. However, new methods 

have recently emerged to monitor mRNA expression in vitro, in situ, and in vivo.

Molecular beacons (MB) were developed in 1996 and have since proven very efficient and 

successful at detecting real time mRNA levels in vitro1. Their design utilizes a looped 

oligonucleotide with a fluorophore to create fluorescence resonance energy transfer (FRET). 

Through this technique, a detectable signal is achieved only through perfect base pairing of 

the probe to its target as single nucleotide mismatch will not activate the probe1. One of the 

best examples of MBs in cancer has been their use in detecting the mRNA levels for 

survivin, an anti-apoptotic protein that is overexpressed in many cancers2. Peng et al. 
developed a MB to target survivin mRNA and was able to quantitatively measure the gene 

expression in cancer cells. The probe has subsequently been used in the detection of breast, 

bladder and cervical cancer, often with results within an hour 2, 3, 4.

Beacons have also been designed to utilize their specificity for single nucleotide 

polymorphisms (SNPs). Secondary mutations in EGFR in non-small cell lung carcinomas 

(NSCLC) are a common occurrence in EGFR inhibitor therapy resistance. Kim et al. 
developed a MB to rapidly detect this mutation in situ. Their results showed the probe had 

higher sensitivity than direct sequencing5. Although these studies have been done in vitro or 

in situ, as the field develops, MBs are being used in more complex nanoparticles and for 

more applications. Upon MBs binding to their target mRNA, they prevent translation and the 

conjugate becomes flagged for degradation by RNase H1, which opens the possibility of a 

therapeutic aspect to MBs. Kim et al. utilize this feature in a theragnostic nanoparticle that 

uses one aptamer to target and internalize the probe, then a second aptamer as a beacon to 

microRNA-221, which is responsible for proliferation in cancer. Upon binding, the MB is 

fluorescently detectable and its binding partner is degraded, significantly reducing tumor 

volume6. These results show the possibilities of MBs to both diagnose and treat multiple 

types of cancer.

One of the most limiting aspects to MBs however is their reliance on fluorescence, 

preventing their use in non-optical applications. Alternatively, radiolabeled antisense 

oligonucleotides (RASONs) have been used for in vivo imaging of tumors. These probes 
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also utilize the high specificity of base pair matching to mRNA but are designed to have a 

radiolabel for detection of deeper targets in vivo. Sato et al. has demonstrated this possibility 

by using RASONs in a polyamidoamine dendrimer conjugated with biotin and avidin to 

form a nanoparticle aggregate7. Their results showed detectable tumor uptake through 

scintigraphy but noted the probe would benefit from a more stable form of oligonucleotide. 

Since stability issues are a major concern with antisense probes when used in vivo, several 

modifications to their molecular backbone have been attempted including the use of 

phosphodiester, a locked nucleic acid formation, and a phosphoramidate morpholino 

molecule, each having advantages and disadvantages but all greatly increasing their 

stability8. Additionally, antisense probes have been used in combination with polymer and 

lipid-based nanoparticles and other means to improve their bioavailability and facilitate their 

entry into the cell9, 10, 11. Despite these improvements, the lack of a distinguishable 

difference between a bound probe and an unbound probe often results in high background, 

especially when the target mRNA is not highly expressed. This remains a challenge with this 

technology and will need to be addressed for RASONs to be an effective mRNA imaging 

agent.

One of the best applications of gene expression imaging occurs with gene therapies. 

Including a reporter with the target gene allows for new methods of detection not available 

with endogenous genes alone. Often, a reporter gene will also have an amplified signal since 

one mRNA can encode for multiple proteins, and each protein could have an amplifying 

effect12. A simple example of such a system would use green fluorescent protein (GFP) or 

luciferase as a reporter, which will be expressed with the target gene. Other approaches have 

been made for use with non-optical systems such as the use of a β-Galactosidase reporter to 

enzymatically react with a specialized nanoparticle for imaging. The nanoparticle uses a 

caged paramagnetic ion that is encapsulated by the cleavable substrate galactopyranose 

preventing the ion’s interaction with water molecules, effectively dampening its detectable 

signal via MRI. When the substrate is cleaved by β-Galactosidase, the ion can interact with 

water and produce a much stronger MRI signal13. Another reporter gene encodes a unique 

receptor based on a modified transferrin protein. By using monocrystalline iron oxide 

nanoparticles (MION) coated with a protecting layer of dextran and conjugated to holo-

transferrin for targeting, the engineered receptor enhances internalization of the nanoparticle 

and allows for detection by the increased accumulation in the target cells14 (Fig. 1).

As the field of imaging gene expression develops, powerful new techniques will prove 

invaluable for the early diagnosis, monitoring, and treatment of cancer. As a relatively new 

class of imaging agents, mRNA monitors are still evolving. Several key challenges need to 

be overcome before they are used effectively in the clinic. Most notably, a bridge needs to be 

found for the gap between highly sensitive but optically limited beacons and radiolabeled 

antisense oligonucleotides, which have in vivo detectability but also a poor signal to noise 

ratio. Improvements in these areas will vastly increase the usefulness of RNA probes and 

therapies especially with the emerging field of theragnostics.
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§ 2.2. Nanoparticles targeting protein overexpression, deregulation, and 

misregulation

As a result of the genetic mutations and misregulations, cancer has a unique proteome 

providing yet another targeting mechanism for tumor imaging. Serum proteins such as PSA 

have strong benefits as markers because of their convenience, but these are also rare to find 

and often yield unreliable results. Additionally, serum markers do not indicate the locations 

of the tumor. Alternatively, proteins in the tumor cells are a much more reliable and 

abundant source of biomarkers. Intracellular proteins can serve as great tools with histology, 

but noninvasive imaging agents usually cannot enter the cytosol of cancer cells, rendering 

the markers inaccessible. Thus, the majority of imageable proteins are on the cell surface 

and in the extracellular matrix.

Cell surface proteins have allowed for one of the best methods of targeting cancer for 

molecular probes and nanoparticles. Detectable proteins can be absent/underexpressed, 

unnaturally present/overexpressed, or mutated/misregulated. Using these markers allows for 

several benefits with imaging and treatment, such as direct localization and demarcation of 

the tumor mass. Additionally, many of these proteins have a function in sustaining the tumor 

and targeting them can yield insight into the tumor’s biology. Often, upon binding of the 

targeting agent, the protein-nanoparticle complex will internalize, enhancing the agent’s 

imaging or therapeutic efficacy.

Early known markers have often included overexpressed receptors because they reside in the 

plasma membrane and initiate intracellular signaling for growth, proliferation, and survival. 

For example, human epidermal growth factor receptor 2 (HER2), EGFR, and vascular 

endothelial growth factor receptor 2 (VEGFR2) have all shown to be overexpressed in many 

forms of cancer such as breast, lung and colon. Monoclonal antibodies such as Herceptin, 

Erbitux or Avastin respectively, are used to target and therapeutically control these proteins 

with great success but they also provided a means for targeting the tumor for imaging and 

diagnostic purposes. Recently Rasaneh et al. used Trastuzumab, an antibody against HER2, 

in combination with a dextran-coated iron oxide to make modified magnetic nanoparticles 

for detection of breast cancer. Their findings showed significant uptake of the nanoparticles 

in the cancer cells compared to the untargeted nanoparticles. Biodistributions from mouse 

studies showed a higher density of nanoparticles in the tumor than any of the organs, 

including the liver15.

Because of the large size, cost, and immunogenic properties of antibodies, alternative 

targeting methods have been used for biomarkers such as receptors. One of the most obvious 

methods is to use the ligand that is specific for that protein. This has been used successfully 

with folate receptors, which are overexpressed is most cancers. Folic acid had been 

conjugated to Technetium-99m Labeled PEGylated Dendrimer Poly(amidoamine) 

(PAMAM) nanoparticles for detection of cancer via SPECT. By adding the folic acid to 

target its receptor on cancer, imaging results showed uptake in the cancer mass but not the 

surrounding tissue16.
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In addition to receptors, other surface proteins have also been used. Carcinoembryonic 

antigen (CEA) and epithelial cell adhesion molecule (EpCAM) are some of the most widely 

used proteins for targeting cancer17. Another example, plectin, has been used for the 

detection of pancreatic cancer in animal models. Plectin is naturally expressed in almost all 

cell types, but intracellularly. In pancreatic cancer, plectin is localized on the cell surface, 

accessible to targeting nanoparticles. Kelly et al. discovered this phenomenon using a phage 

display screen to compare normal and cancerous cells. They subsequently developed a 

peptide that specifically targets the mislocalized plectin18. The peptide has since been 

incorporated into a tetrameric nanoparticle (tPTP) and conjugated to a radiolabel for 

imaging. Because plectin is expressed in 100% of pancreatic cancer tumors and their 

subsequent metastases, but not normal pancreas, it has yielded great success as an imaging 

agent and is entering clinical trials19 (Fig. 2).

In addition to cancer detection and diagnosis, targeted nanoparticles have also been 

developed for monitoring response to chemotherapeutic drugs. When cells undergo 

apoptosis, numerous changes occur to their proteome, DNA becomes destroyed and the 

plasma membrane becomes “flipped” exposing the inner surface. These changes allow for 

imaging agents to selectively bind apoptotic cells. For example, Zhao et al. used the 

noninvasive MR contrast agent SPIONs conjugated to C2 domain of synaptotagmin I20, 

which was shown to bind to the plasma membrane of apoptotic cells21. They found that C2-

SPIONs were relatively non-toxic, and could detect apoptotic cells with high spatial 

resolution compared to magnetic resonance spectroscopy (MRS) and radionuclide 

techniques20. Annexin-V, which has a high specificity and affinity for phosphatidylserine in 

apoptoic cells, is another target being explored for imaging apoptosis via iron oxide 

nanoparticles. Annexin V-targeted crosslinked iron oxide nanoparticles (CLION) were able 

to identify cell suspensions containing apoptotic cells in vitro22.

Proteomic differences are one of the most utilized mechanisms for molecularly targeting 

tumors. They provide a combination of imaging and therapy because many of the discovered 

targets have a functional roll in tumor biology. Proteomics are being used to classify cancer 

as well. Screens for markers of sensitivity and resistance to therapies are one of the most 

promising examples23. The results of such studies will help guide treatments and direct the 

standard of medicine to a more personalize approach. Knowledge of one’s tumor proteome 

will provide significant insight into the therapies that will be most effective on an individual 

basis, minimizing unnecessary, toxic treatments resulting in improved patient outlook and 

quality of life.

§ 2.3. Nanoparticles targeting cancer cell proliferation and metabolism

One of the most fundamental signatures of cancer is its ability to sustain uncontrolled 

growth. In normal tissue, proliferative and apoptotic signals are tightly regulated to maintain 

tissue homeostasis and differentiation24, 25. However, cancer cells deregulate genes involved 

in these processes to maintain cell survival26. Thus, noninvasive detection of cancer cell 

proliferation, metabolism, and resistance to apoptosis may be useful clinically for 

monitoring disease progression and for effectively assessing therapeutic response.

Shin et al. Page 6

Integr Biol (Camb). Author manuscript; available in PMC 2020 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cis-Dichlorodiamminoplatinum (II) (cisplatin), which disrupts the cell division process, has 

demonstrated activities against a variety of solid tumors. However, the clinical efficacy of 

cisplatin is limited by its toxic profile27. To reduce the toxic effects and enhance circulation 

time, Li et al. designed nanoparticles from methoxy poly(ethylene glycol)-polycaprolactone 

(mPEG-PCL) with a core-shell structure that encapsulates cisplatin. This copolymer-based 

nanoparticle demonstrated sustained release of cisplatin and efficacy against BGC823 and 

H22 tumors in dose and time-dependent manner. They reported that intratumoral delivery of 

cisplatin-loaded nanoparticles demonstrated delayed tumor growth compared with free 

cisplatin. The noninvasive imaging with 18F-fluorodeoxyglucose (18F-FDG)-positron 

emission tomography (18F-FDG-PET) combined with computed tomography (CT) for 

anatomical imaging showed that 18F-FDG uptake was lower in mice receiving cisplatin-

loaded nanoparticles intratumorally (Fig. 3)28. This study shows that polymeric 

nanoparticles with core-shell structures may be useful clinically in future as drug delivery 

carriers. Although this study did not incorporate an imaging agent together with the drug-

delivering nanoparticle, polymeric nanoparticles can simultaneously encapsulate both 

imaging agents detectable by MRI and drugs for theragnostic applications29.

Transferrin is a plasma protein that functions in iron transport30. Many studies have 

demonstrated that transferrin is expressed on proliferating cells and is an essential 

requirement for cellular proliferation30, 31, 32. Therefore, transferrin serves as a good target 

for imaging proliferating cancer cells. Huang et al. demonstrated the use of viral 

nanoparticle (VNP) that target transferrin. They were able to target cancer cells in vitro by 

covalently conjugating transferrin onto the surface of HK97-based VNPs. To visualize the 

target, they conjugated VNPs with fluorescein-5-maleimide and showed that the VNPs were 

internalized and localized to the endolysosomal compartment via confocal microscopy33. 

VNPs can be readily modified to incorporate MRI contrast agents as well because genetic 

modification or chemical conjugation can easily add new functionalities to VNPs34. Liepold 

et al. have shown that gadolinium chelating moieties can be fused to VNP surface to yield 

high relaxivity, resulting in improved sensitivity in MRI35. Furthermore, viruses naturally 

infect specific host cells and deliver encapsidated nucleic acids with great efficiency36. 

Therefore, VNPs may have potential for clinical applications in cancer therapy.

Telomerase is a DNA polymerase that maintains telomere length and function. It is almost 

absent in normal cells, but elevated levels of telomerase activity are found in spontaneously 

immortalized cells, including human cancer cells26. It has been shown that telomerase 

activity is correlated with a resistance to cellular senescence and apoptosis and therefore 

believed to play a critical role in tumorigenesis26, 37. Grimm et al. developed a nanosensor 

that is capable of rapidly screening telomerase activity. This nanosensor system was 

designed by conjugating oligonucleotides (telomerase synthesized TTAGGG repeats) to 

amidated cross-linked iron oxide nanoparticles (CLION-NH2). In addition to monitoring 

telomerase activity, they were able to determine the efficacy of different telomerase 

inhibitors via high-throughput MRI with ultrahigh sensitivities. In this application, magnetic 

nanoparticles and MRI served as a powerful tool for rapidly detecting telomerase activity37.

There are many genes and proteins that are involved in maintaining the pro-proliferative 

state of cancer cells. For example, folate receptors are overexpressed in various types of 
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cancers including ovarian, endometrial, breast, and renal cell carcinomas16 and were shown 

to play an essential role in cell proliferation and survival38. Targeting proliferation allows for 

the noninvasive detection of aggressive cancer cells. Development of nanoparticles that 

target biomarkers critical for cancer cell proliferation and apoptosis-evasion will have 

powerful clinical effects. Not only will these help monitor disease progression and 

therapeutic response, but also provide insights to which therapies will limit or even reverse 

tumor growth.

§ 2.4. Nanoparticles targeting tumor vasculature and sustained 

angiogenesis

Angiogenesis plays a crucial role in normal embryonic vascular development and wound 

healing, but in cancer, this process is deregulated to allow for growth, invasion, and 

metastasis of the tumor by providing necessary oxygen and nutrients39. Tumor angiogenesis 

typically involves vessel overgrowth, leaky vasculature, and vessel tortuosity by 

upregulating angiogenic factors like VEGF and integrin αvβ3 40. Without angiogenesis, 

tumors cannot grow due to lack of oxygen and nutrients41. Due to the significant role that 

angiogenesis has on tumor invasion and metastasis, targeting angiogenesis has become a 

major therapeutic avenue for cancer treatment. The limited endothelial pore size in the tissue 

is one of the main biological barriers for nanoparticles. Small molecules can readily diffuse 

into the tissue through the capillary wall due to their size, but nanoparticles rely on the gap 

junctions between endothelium to cross the barrier42. However, tumor vasculature is primed 

for passive targeting because nanoparticles can spontaneously extravasate and accumulate in 

tumors with leaky vasculature by an enhanced permeability and retention (EPR) effect43.

In the absence of passive targeting, the most highly studied protein is integrin αvβ3 due to its 

overexpression in a variety of cancer39, 44. Arg-Gly-Asp (RGD) peptide motifs have been 

known to facilitate binding to integrins on the cell surface and have subsequently been 

demonstrated to have a strong affinity for integrin αvβ3
45, 46. Zhang et al. designed integrin 

αvβ3-targeted ultrasmall superparamagnetic iron oxide nanoparticles (USPIONs) that are 

coated with 3-aminopropyltrimethoxysilane (APTMS) and conjugated with cyclic RGD 

peptides. They showed that RGD-USPIONs resulted in a significantly higher uptake in 

human umbilical vein endothelial cells (HUVECs) compared to unlabeled USPIONs. 

Moreover, these nanoparticles were shown to definitively distinguish between tumors with 

high and low integrin αvβ3 expression levels using a clinical 1.5-T MR scanner47. Winter et 
al. used ανβ3-targeted perfluorocarbon nanoparticles (ανβ3-PFC) encapsulating fumagillin, 

which was shown to suppress angiogenesis by inhibiting methionine aminopeptidase 248, to 

target and image tumor angiogenesis in a rabbit tumor model. They modified the ανβ3-

targeted nanoparticles with ultrahigh payloads of paramagnetic chelates for high resolution 

imaging and reported that treatment with ανβ3-PFC-fumagillin resulted in the inhibition 

VX2 adenocarcinoma development via quantitative MRI49. In a more novel approach, Kluza 

et al. used a bimodal system where they functionalized paramagnetic liposomal nanoparticle 

with two angiogenesis-specific targeting ligands, αvβ3-targeted RGD and galectin-1-targeted 

anginex. This synergistic targeting of the two ligands resulted in improved specificity of the 

liposomal MR contrast agent in a murine tumor model50.
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The process of angiogenesis is regulated by a variety of stimulating factors including 

VEGF51, fibroblast growth factor (FGF)52, and angiopoietin53. The VEGF-A gene encodes 

ligands that are involved in forming new blood vessel during embryonic development, 

homeostatic survival of endothelial cells, and wound healing26. Thus, VEGF-targeted 

therapeutic strategies have undergone extensive research. In the study by Backer and 

colleagues, boronated dendrimers containing VEGF121 successfully targeted VEGF 

receptors on tumor vasculature. Importantly, these dendrimers were conjugated with near-IR 

Cy5 dye to allow for near-IR fluorescent imaging of the tumor vasculature54. Dendrimers 

are advantageous due to their biocompatibility, solubility in water, small size with rapide 

blood and renal clearance, and modification flexibility29, 55. Reichardt et al. reported that 

magnetic iron oxide nanoparticles (MIONs) and steady-state MRI enabled an early detection 

of tumor response to anti-angiogenic therapy with VEGF receptor tyrosinase kinase 

inhibitors in an animal model of drug-resistant colon carcinoma. They used T2-type MIONs 

because of their negligible extravasation into the tumor interstitium and therefore allow more 

precise measurement of vessel volume fraction. In addition, due to the ultralong blood half-

life of MION, Reichardt et al. were able to perform quantitative analysis of changes in tumor 

vasculature at very early stage of anti-angiogenic treatment56.

In a study by Reddy et al., multifunctional nanoparticles (MNPs) for in vivo MRI 

enhancement and photodynamic therapy (PDT) were used to treat brain cancer. This MNPs 

targeted tumor vasculature by conjugating with vascular homing peptide, F3. MNPs were 

also conjugated with the photoactivable agent Photofrin and the contrast agent iron oxide 

encapsulated by PEG. Reddy et al. showed that significant MRI contrast enhancement was 

achieved in intracranial 9L gliomas upon MNP administration. In addition, treatment with 

targeted nanoparticles followed by PDT showed a significant improvement in survival in 

tumor-bearing rats compared to rats that received non-targeted nanoparticles or systemic 

Photofrin (Fig. 4)57.

Although many preclinical studies involving VEGF-targeted nanoparticles have shown 

promising results, these therapies often failed when entering clinical trials. Although the 

reason for this is still unclear, Jain argues that a better approach would actually be to 

normalize vessels, as opposed to inhibiting them, to increase drug delivery efficacy40. 

Because of the complexity of tumor vasculature, again a personalized approach may be 

needed; methods to image angiogenesis and key markers will be necessary for this to be 

possible.

§ 2.5. Nanoparticles targeting tissue invasion and metastasis

One of the greatest challenges in cancer is metastasis, the spread of cancer cells from a 

primary tumor to distant organs58. For example, most patients diagnosed with pancreatic 

cancer present with metastatic disease due to lack of specific symptoms and early detection 

methods59. In addition, surgical resection is seldom a remedy for metastatic cancer, and 

other treatment options are limited60. As a result, tremendous research efforts have been 

devoted to preventing metastasis.
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Nanoparticle design including size and charge is especially important in metastases imaging. 

Traditional lipid and polymer-based nanoparticles are approximately 100 nm in size61. To 

image metastasis, smaller nanoparticles have an advantage because they can access areas 

such as lymph nodes and avoid the liver, which is a common site of metastasis. However, if 

drugs are not encapsulated in nanoparticles with appropriate size, they are prone to renal 

clearance as well as drug-metabolizing enzymes in the liver before they reach the 

metastasized tumor. A recent study has shown that the renal excretion threshold is 

approximately 5.5 nm62. Due to this cutoff size, the nanoparticles need to be designed at a 

smaller size than liposomes, but larger size than small molecules to reduce renal filtration. In 

addition, drugs must be encapsulated to avoid liver metabolism before being released. This 

allows for extended blood circulation with higher accumulation in the target and metastatic 

tissue63.

Nanoparticles have been used in clinical studies for detecting lymph node metastases. 

Preoperative nodal staging has been an important prognostic factor in the treatment of any 

patient with malignant tumors64. However, current techniques used for imaging lymph node 

metastases are still limited in accuracy because they primarily rely on node size; metastases 

can often result in non-enlarged lymph nodes or nodal enlargement may not be due to 

metastases65. This limitation has led to the development of lymphotropic nanoparticle 

enhanced magnetic resonance imaging (LNMRI) as a strategy for nodal evaluation.

Ferumoxtran-10, an USPION, has been used preoperatively in LNMRI of various cancers 

including head and neck66, 67, urinary bladder cancer68 and prostate cancer69. Deserno et al. 
reported that 10 of 12 normal-sized metastatic lymph nodes were detected with 

ferumoxtran-10 MRI in urinary bladder cancer patients, which were not detected in 

precontrast imaging. They also found that ferumoxtran-10 MRI resulted in improved 

sensitivity (from 76% to 96%) and no significant difference in specificity (from 99% to 

95%) compared to precontrast imaging68. In prostate cancer patients, Ross et al. showed that 

LNMRI using ferumoxtran-10 was able to detect lymph node metastases in patients that 

were previously negative for nodal involvement69. Stadnik et al. used USPION-MRI in 

combination with 18F-FDG-PET for preoperative axillary lymph node staging in breast 

cancer patients. They found that the combination of USPION-enhanced MR and FDG-PET 

achieved 100% sensitivity and specificity70.

Several groups have focused on designing nanoparticles that target the matrix 

metalloproteinases (MMPs), which are involved in tumor invasion and metastasis by 

degrading extracellular matrix and increasing reactive oxygen species (ROS) activity26, 71. 

ROS contributes to oxidative stress, which contributes to cancer aggression and invasion71. 

Metallofullerenol has been shown to inhibit MMPs and subsequently reduced tumor 

invasion. Meng et al. reported that gadolinium metallofullerenol nanoparticles (f-NPs) 

targeted MMPs and exhibited anti-metastatic properties in human breast cancer in animal 

models. Moreover, bioluminescence imaging of f-NPs showed that animals treated with 

these nanoparticles resulted in significantly less metastasis of the primary breast tumor to the 

ectopic sites (Fig. 5)72. Olson et al. designed fluorescent dendrimeric nanoparticles 

conjugated with activatable cell penetrating peptides (ACPPs) to target and visualize MMPs 

by fluorescence imaging. In addition, ACPPs were labeled with gadolinium for MRI. They 
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showed that, compared to free ACPPs, the ACPP conjugated dendrimeric nanoparticles 

resulted in a much higher uptake in tumors. Since these nanoparticles were labeled with 

fluorescent molecules, micrometastases as small as 200µm were detectable. This approach 

has an advantage over single modality therapy because it is translatable to MRI. With 

relatively high levels of gadolinium accumulating in tumors, this approach could improve T1 

contrast in MRI and be useful in MRI-guided clinical staging and intraoperative 

fluorescence-guided surgery73.

Despite adjuvant therapy, most patients die of metastatic cancer. Hence, nanoparticles that 

enable early detection before tumors metastasize could vastly enhance a patient’s therapeutic 

outcome. The discovery of novel biomarkers involved in cancer cell migration and invasion 

as well as development of nanoparticles that can effectively prevent further metastasis will 

greatly improve patient prognosis.

§ 2.6. Nanoparticles targeting tumor microenvironment

To develop effective therapeutic strategies using nanoparticles for target-specific delivery of 

drugs to tumors, it is important to understand the microenvironment of the tumor. Cancer 

cells are surrounded by a complex milieu of extracellular matrix (ECM), leaky blood 

vessels, infiltrating immune cells, and stromal cells. While the normal cellular surroundings 

prevent malignant cell growth, the tumor surroundings support cell proliferation. Moreover, 

the tumor microenvironment is characterized by abnormal physiological conditions such as 

hypoxia and acidic extracellular pH74 that may induce adaptive changes in both cancer and 

stromal cells75. The tumor microenvironment also creates barriers that prevent therapeutic 

agents from reaching cancerous cells and thus limits their efficacy76.

An important factor in the tumor microenvironment is the ECM, which has a considerable 

effect on cancer cell proliferation, adhesion, migration, and metastasis77, 78. Because 

proteases like MMPs are involved in degradation of the ECM, targeted imaging of MMP 

activity has been exploited to monitor tumor cell-ECM interaction73 (See section §2.5 for 

examples).

Secreted protein acidic and rich in cysteine (SPARC), an ECM-associated glycoprotein that 

modulates cell-matrix interactions79, has been shown to play a role in various mechanisms 

including disruption of cell adhesion80 and ECM remodeling81. In addition, high SPARC 

expression levels correlated with poor prognosis in breast, lung, pancreas, and prostate 

cancer82. Our group recently functionalized biocompatible, fluorescent nanoparticles with 

an iron oxide core and SPARC-targeted peptide sequence for in vivo imaging. Fluorescence-

mediated tomography (FMT) revealed that the nanoparticles specifically bound to SPARC in 

prostate cancer cells both in vitro and in vivo. Moreover, bone and lung metastases were 

imaged using SPARC-targeted nanoparticles83. This approach provides prognostic 

information that could be clinically translated for designing personalized treatment 

strategies.

SPARC has also been shown to play an important role in macrophage infiltration and 

transmigration84, 85, 86 , key components of the immune response. A high degree of 
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macrophage infiltration is associated with a poor prognosis in many cancer types including 

breast, cervix, and bladder carcinomas87. In addition, tumor-associated macrophages 

(TAMs) were shown to increase tumor growth and metastasis by suppressing the activity of 

CD8+ T cells88. Therefore, TAMs has been considered as novel targets for anti-cancer 

therapy. One particular approach involves the use of MRI and ferumoxytol, a second 

generation USPION in phase II clinical trials, for non-invasive targeting and visualization of 

TAMs in breast cancer. In this study, Daldrup-Link et al. showed that iron oxide 

nanoparticles were phagocytosed by TAMs but not by tumor cells. In an animal breast 

cancer model, they were able to detect TAMs via iron oxide nanoparticle-enhanced MRI89. 

Since ferumoxytol is a clinically available nanoparticle, it can be applied for TAM imaging 

in patients with breast cancer.

Tumors are more acidic when compared to normal tissue90. Due to this pH gradient, cancer 

cells are more likely to accumulate drugs that are weak acids compared to drugs that are 

basic91. Recent cancer treatment strategies have taken advantage of the tumor cell-

microenvironment pH gradient. For example, Bae et al. designed polymeric micelle drug 

delivery systems that are designed to release drugs when they encounter the acidic 

environment in tumors. These lipid-based nanoparticles consist of a polymer shell (PEG) 

conjugated with a molecular promoter, folate, for enhancing intracellular transport, 

hydrazone, and an anticancer drug Adriamycin. Because many cancer cells overexpress 

folate-binding proteins, folate-conjugated micelle nanoparticles would specifically target 

cancer cells (See § 2.2 for more on folate receptors). The hydrazone bonds are cleaved under 

acidic conditions, Adriamycin was released in a pH-controlled manner into the tumor 

microenvironment92. Although this study used NMR and flow cytometry to analyze data, the 

nanoparticles can be easily modified to conjugate imaging agents that are more translatable 

to clinic. Lim et al. took a similar approach by using magnetic nanoparticles and MRI. They 

used α-pyrenyl-ω-carboxyl poly(ethylene glycol) to encapsulate doxorubicin (DOX) and 

iron oxide nanoparticles that are conjugated with anti-HER2/neu antibody. They 

demonstrated that these drug-delivering magnetic nanoparticles were pH-responsive and 

released DOX under low pH conditions. Additionally, these nanoparticles allowed for 

simultaneous tumor detection and drug delivery, real-time monitoring via MRI in vivo, and 

synergistic therapeutic efficacy between DOX and antibody-mediated suppression of the cell 

growth signals (Fig. 6)93.

Another major characteristic of tumor microenvironment is hypoxia. Hypoxia results from 

inadequate oxygen supply and abnormal tumor metabolism. In addition, hypoxic 

microenvironment of tumors often leads to drug resistance, resulting in poor clinical 

outcome94, 95. Because of this, the development of imaging probes for monitoring tumor 

hypoxia has been of considerable interest for cancer diagnostics and evaluation of therapies. 

Recently, nitroimidazole and its derivatives have been used to image tumor hypoxia and 

monitor therapeutic progress96. Further, 18F-fluoromisonidazole (F-MISO) has been used 

commonly in PET imaging of hypoxia97. Polymer-based nanoparticles have also been used 

in hypoxia imaging in cancer. Napp et al. conjugated polystyrene nanoparticles with oxygen-

sensitive near-infrared (NIR) emissive palladium mesotetraphenylporphyrin to image tumor 

hypoxia. The nanoparticle surface was functionalized with PEG and Herceptin to 

specifically target HER2/neu overexpressing cancer cells. They demonstrated that the use of 
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oxygen-sensitive dye allowed for imaging tumor hypoxia and the nanoparticles were 

efficiently delivered both in vitro and in vivo98.

These studies highlight the critical role the microenvironment plays in tumor progression, 

and thus cannot be dissociated from cancer cells. Nanoparticles that target tumors and their 

surroundings may provide new insights on how we can treat the disease holistically, rather 

than focusing on cancer cells only.

§ 3. Conclusion

In recent years, a variety of nanoparticles have been developed exploiting the targetable 

characteristics of cancer, allowing for non-invasive imaging of tumors. Nanoparticles often 

utilize only one of the characteristics of cancer and to see their full potential, nanoparticles 

of the future should attack several of cancer’s specific signatures. For example, cancer’s 

unique proteome provides a mechanism for nanoparticles to deliver payloads with high 

specificity and enhancing efficacy while minimizing toxicity. The abnormal 

microenvironment of cancer can also be exploited to further attract or activate the 

nanoparticles, either releasing a therapeutic compound or amplifying the signal from an 

imaging agent. Additionally, the active proliferation of tumors provides a target that can be 

monitored to shed light on the tumors status. The patient’s specific tumor profile, often 

classified by the genome and proteome, will help guide the specific moieties used to deliver 

therapeutic payloads. Because of their multifunctionality and customizability, nanoparticles 

will play a large role in the development of the personalized medicine necessary to combat 

the complexity and uniqueness of a patient’s cancer.
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Figure 1. In vivo MRI of engineered transferrin receptor (ETR)+ (left arrowhead) and ETR- 
(right arrowhead) flank tumors.
A) T1-weighted coronal spin echo image showing similar signal intensities between ETR+ 

and ETR- tumor. B) T2-weighted gradient-echo image showing a substantial differences 

between ETR+ and ETR- tumors. ETR-mediated cellular accumulation of 

superparamagnetic probe decreases signal intensity. C) Composite image of a T1-weighted 

spin-echo image detailed with R2 changes after Tf-MION administration. Reproduced from 

Weissleder et al.14
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Figure 2. 
In vivo imaging of plectin in orthotopic pancreatic cancer and liver metastases. A) Mice 

bearing tumors from orthotopically implanted L3.6pl, AK134 cells, and saline (null) were 

injected with 111In-tPTP. Imaging via SPECT/CT 4 hours post injection shows that tPTP 

accumulated in PDAC. Coronal (left) and axial (right) SPECT/CT slices through the tumor. 

T, tumor; K, kidney; M, peritoneal metastasis. B) AK134 cells, or saline (null), were injected 

intrasplenically to produce liver metastases. Top, mice with liver metastasis (LM) from 

AK134 injection. Bottom, null animals without tumor cell injected. K, kidney. Adapted from 

Bausch et al.19
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Figure 3. Male ICR mice bearing a subcutaneous H22 (murine hepatoma cell line) tumor at the 
left side of the thorax.
A) Coronal images of a mouse in the control group (saline). B) Coronal images of a mouse 

in the group receiving intratumoral free cisplatin (5 mg/kg). C) Coronal images of a mouse 

in the group receiving intratumoral cisplatin-loaded nanoparticles (5 mg/kg). Reproduced 

from Li et al.28

Shin et al. Page 22

Integr Biol (Camb). Author manuscript; available in PMC 2020 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Vascular targeted photodynamic therapy (PDT) with theranostic agents.
A) Schematic representation of the multifunctional nanoparticles. The core of the 

nanoparticle was synthesized from polyacrylamide, which was embedded with PDT dyes 

(Photofrin) and/or imaging agents (magnetite/fluorochrome). Polyethylene glycol linker and 

a molecular address tag (F3 peptide) were attached to target these nanoparticles to cancer 

cells. B) Mean peak percentage change in tumor apparent diffusion coefficient values for 

each of the experimental groups; bars, SE. C) T2-weighted MRI at day 8 after treatment 

from a representative control i.c. 9L tumor and D) tumors treated with laser light only, E) i.v. 

administration of Photofrin plus laser light, and F) nontargeted nanoparticles containing 

Photofrin plus laser light and G) targeted nanoparticles containing Photofrin plus laser light. 

The image shown in H) is from the same tumor shown in G), which was treated with the F3-

targeted nanoparticle preparation but at day 40 after treatment. The color diffusion maps 

overlaid on top of T2-weighted images represent the apparent diffusion coefficient (ADC) 

distribution in each tumor slice shown. Adapted from Reddy et al.57
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Figure 5. MMP-targeting f-NPs inhibit the tumorigenesis in the blood transfer model of MDA-
MB-231-luc cancer mice.
A) 1×10^6 MDA-MB-231-luc cells were injected into the tail vein of the nude mice. Seven 

days after injection, the mice received daily intraperitoneal doses of the f-NPs at 2.5 μmol/kg 

for a duration of 6 weeks. Saline was used as control. Tumor metastases in lung were 

monitored weekly by bioluminescence imaging (BLI). B) Quantification of the BLI intensity 

of tumor foci in the lungs of animals after different treatments. f-NPs treatment significantly 

inhibited tumor metastasis. *P < 0.05, compared to control. Reproduced from Meng et al.72
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Figure 6. 
A) Color-coded T2-weighted MR images of tumor-bearing mice after the intravenous 

injection of HER2/neu antibody (herceptin)-modified pH-sensitive drug-delivering magnetic 

nanoparticles (HER-DMNPs) and DMNPs modified with an irrelevant antibody (IRR-

DMNPs) at various time intervals, respectively. Tumor regions are indicated with a white 

dashed boundary. B) ΔR2/R2Pre graph versus time after the injection of HER-DMNPs 

(black circle) and IRR-DMNPs (gray triangle). Reproduced from Lim et al 93
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