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Although considerable efforts have been conducted to diagnose, improve, 
and treat cancer in the past few decades, existing therapeutic options are 
insufficient, as mortality and morbidity rates remain high. Perhaps the best 
hope for substantial improvement lies in early detection. Recent advances in 
nanotechnology are expected to increase the current understanding of tumor 
biology, and will allow nanomaterials to be used for targeting and imaging 
both in vitro and in vivo experimental models. Owing to their intrinsic 
physicochemical characteristics, nanostructures (NSs) are valuable tools 
that have received much attention in nanoimaging. Consequently, rationally 
designed NSs have been successfully employed in cancer imaging for 
targeting cancer-specific or cancer-associated molecules and pathways. This 
review categorizes imaging and targeting approaches according to cancer 
type, and also highlights some new safe approaches involving membrane-
coated nanoparticles, tumor cell-derived extracellular vesicles, circulating 
tumor cells, cell-free DNAs, and cancer stem cells in the hope of developing 
more precise targeting and multifunctional nanotechnology-based imaging 
probes in the future.

DOI: 10.1002/adfm.201910402

1. Introduction

Cancer is a complex disorder resulting 
from several alterations in biological 
processes and signaling pathways. Malig-
nant tumors continue to be the source of 
a high level of morbidity and mortality 
throughout the world.[1] The cellular and 
molecular heterogeneity within a single 
tumor plays a key role in tumor pro-
gression and the failure of conventional 
therapies. However, researchers are still 
at the very beginning of understanding 
the full panorama of cancer biology, 
and whether cancer heterogeneity plays 
a role in specific cancer types.[2] Before 
targeted delivery approaches can be ration-
ally designed, a better understanding of 
the biological processes involved in the 
biodistribution, release, and retention of 
targeted delivery systems inside the tumor 
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is imperative. Along with the advances in cancer biology, new 
challenges and possible treatment options are at the forefront of 
cancer research. The complexity, heterogeneity, low concentra-
tions of biomarkers, and unpredictable behavior of cancer calls 
remain major barriers to the development of novel treatment 
strategies.[3]

An optimized tumor-selective delivery system for imaging or 
therapeutic cargos would deliver the cargo to the correct target 
to achieve precise and efficient detection of the tumor resulting 
in the least possible systemic toxicity. However, targeted delivery 
faces many challenges due to the heterogeneity and diversity 
of the tumor targets. Keeping this in mind, categorization of 
tumor biomarkers (as an indicator of pathogenic processes, 
normal biological processes, or response to an exposure or 
therapeutic intervention) is necessary. An often used tumor 
selective delivery approach relies on the incorporation of the 
appropriate molecular species to target cancer cells.[4]

Quantitative measurement of contrast agents is desirable to 
establish automated algorithms and guidelines for the detec-
tion, real time monitoring, and evaluation of outcomes of 
cancer therapy. Imaging modalities based on contrast agents 
can be divided into four groups including: i) optical methods 
such as NIFI (near infrared fluorescent imaging), resonance 
energy transfer Raman, OCT (optical coherence tomography), 
and PAI (photoacoustic imaging); ii) magnetic methods such 
as MRI (magnetic resonance imaging), MAI (magneto-motive-
approach imaging), and MPI (magnetic particle imaging); 
iii) acoustic methods such as USI (ultrasound imaging); and 
iv) nuclear methods such as CT (computed tomography), PET 
(positron emission tomography), SPECT (single photon emis-
sion computed tomography), and ϒ-imaging.[5] Many of the 
modalities used in clinics today, fall under the category of tomo-
graphic imaging, which relies on deeply penetrating radiation 
to probe structural and functional information of the imaged 
area in three dimensions. The clinical applications of many 
of these different imaging modalities have been reviewed (see 
refs. [5,6]). Despite all the benefits of clinical imaging tech-
niques, these approaches are still faced with limitations to 
their clinical utility. Optical imaging approaches present several 
advantages, such as being less-expensive, higher spatial reso-
lution, and avoiding harm associated with ionizing radiation. 
Nevertheless, the limited penetration depth of light restricts the 
use of optical contrast agents, especially in clinical application 
such as image-guided surgery, colonoscopy, and endoscopy.[7] 
The advantages and disadvantages of these imaging strategies 
are summarized in Table 1.

Regarding these limitations, nanotechnology is a promising 
field at the forefront of cancer detection research. Considerable 
efforts have been made to create a variety of targeted molecular 
imaging nanoplatforms with unique features and capabilities. 
As opposed to conventional imaging techniques, tumor-selec-
tive imaging probes would deliver an optimized imaging agent 
to a specific target with high affinity, specificity, and sensitivity. 
Second, a lower but effective dosage of tumor-selective thera-
peutic nanoplatforms could efficiently localize in the tumor 
with minimized systemic toxicity. Moreover, it is possible to 
monitor and confirm whether the nanoplatform-based tumor-
selective imaging probes have been properly delivered to the 
targeted site after injection. Compared to traditional imaging 

agents, the amount of injected tumor-selective imaging probes 
that actually reaches the tumor site can be quantitatively 
analyzed. The biodistribution of these probes within the body 
can also be monitored over a long period of time. Therefore, 

Mehdi Azizi obtained his 
B.Sc. (chemistry) from 
Razi University, Iran in 
2012, and M.Sc. (medical 
nanotechnology) from 
Tehran University of Medical 
Sciences, Iran in 2016. He is 
currently a Ph.D. candidate 
in the Department of 
Medical Nanotechnology at 
Tabriz University of Medical 
Sciences, and works with the 

Dr. Roya Salehi and Dr. Mohammad Mehrmohammadi 
group at the Department of Biomedical Imaging at 
Wayne State University. His current research involves 
the synthesis, development, and application of smart 
theranostic nanoplatforms.

Hassan Dianat-Moghadam 
is currently a Ph.D. 
candidate in the Medical 
Biotechnology Department 
at the Tabriz University of 
Medical Sciences, and works 
with Prof. Mohammad 
Nouri’s group at the Stem 
Cells Research Center. He 
obtained his B.Sc. (medical 
laboratory sciences) from 
Shiraz University of Medical 

Sciences in 2012, and M.Sc. (medical biotechnology) from 
Tehran University of Medical Sciences in 2016. His Ph.D. 
work is focused on cancer stem cell isolation and targeting 
them with immunoliposome loaded with novel therapeutic 
drugs.

Michael R. Hamblin was 
a principal investigator 
at the Wellman Center 
for Photomedicine 
at Massachusetts 
General Hospital, an 
associate professor of 
dermatology, Harvard 
Medical School, and is 
now a visiting professor 
at the University of 
Johannesburg, South Africa. 

His research concerns photodynamic therapy and 
photobiomodulation.

Adv. Funct. Mater. 2020, 1910402



www.afm-journal.dewww.advancedsciencenews.com

1910402  (3 of 44) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

targeted nanoplatforms have the potential to significantly 
increase imaging contrast, enabling cancer detection at earlier 
stages, and allow monitoring of tumor response to conven-
tional therapy or molecular targeted therapy.[8]

Some other benefits of using targeted nanoprobes are: 
1) imaging nanoplatforms can be used to monitor the changes 
in the molecular microenvironment associated with tumors; 
2) the integration of imaging and therapeutic capabilities 
provides a combined diagnostic-therapy that has been termed 
a “theranostic approach.”[1] Theranostic systems are able to 
reduce toxicity, enhance selectivity and targeting, generate data 
for diagnostics as well as enhance the therapeutic efficacy.[6]

One major aspect of cancer biology is concerned with the 
interactions between tumor cells, stroma, and the tumor 
microenvironment (TME). Passive and active strategies have 
been employed for the targeting of malignant tumors. The 
passive targeting mechanism, called “enhanced permeability 
and retention” (EPR) relies on intrinsic properties of the TME 
produced by angiogenesis processes, enzymes, etc. Active tar-
geting of tumors involves molecular recognition taking place 
between the nanoplatform and tumor-specific biomarkers 
expressed on the TME, endothelial cell surface, and cancer cells. 
The interaction of molecular targets with nanoplatforms can 
provide: i) more precise selection of targeted contrast agents; 
ii) simultaneous detection and therapy; iii) more accurate 
evaluation of therapeutic outcomes; and iv) patient stratifica-
tion to select those likely to benefit from targeted contrast 
agent imaging (personalized medicine).[9] The present review 
discusses the six most prevalent tumor types according to the 
National Cancer Institute (NCI). Additionally, brain and ovarian 
cancer (with high mortality rates) are discussed in detail.

Clinical trials exploiting cutting-edge, nanoparticle-based 
imaging platforms are increasing. The emerging challenges of 
current targeted imaging approaches are summarized. Novel 
strategies including dual-targeting of nanoplatforms, utilizing 
natural and more biocompatible imaging delivery systems, 

such as tumor-derived extracellular vehicles (TEV), membrane 
coated carriers, circulating tumor cells, tumor-associated DNA, 
and CSCs are covered.

2. Passive Targeting

Passive targeting exploits the accumulation of nanocarriers at 
the site of interest, such as tumors. The convection (or passive-
diffusion process) is mediated by the transportation of nano-
carriers via pores in leaky capillaries that are present in tumor 
masses, and in tissues that trigger angiogenesis. This process 
occurs in conjunction with the EPR effect. However, passive 
targeting cannot be classified as a type of selective targeting. 
The EPR effect does not only apply to tumors, but also to off-
target organs such as the spleen, liver, and lungs.

2.1. Enhanced Permeability and Retention Effect

As the size of a tumor approaches 2 mm3, the delivery of nutri-
ents and oxygen by simple diffusion is insufficient. Therefore, 
the formation of new blood vessels in the TME is essential to 
support the rapidly growth of malignant tumors.[10] The occur-
rence of hypoxia in the developing tumors due to lack of blood 
supply triggers the release of angiogenic growth factors from 
the neoplastic tissue, thus enabling further tumor growth. 
The imbalance between angiogenic growth factors and matrix 
metalloproteinase in neoplastic tissues results in pronounced 
vessel disorganization, which is associated with the formation 
of highly porous, large-gap junctions between the endothelial 
cells. Overall, the defective basement membranes and incom-
plete coverage with perivascular cells promotes leakage and 
accumulation of administered agents in tumor tissues.[11]

The smooth muscle layer that surrounds the endothelial cells 
(EC) in normal blood vessels is non-existent in tumor blood 
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Table 1.  Conventional imaging modalities that are presently used in the clinic.

Modality Advantage Limitation Input Signal type Resolution [mm] Penetration depth

CT Rapid, accurate, moderate cost, reproducible, 

widely available

Limited resolution, imaging 

interpretation difficult, ionizing radiation

X-ray 25–200 µm (preclinical), 

0.5–1 mm (clinical)

Unlimited

MRI Soft tissue contrast, high resolution, 

customizable molecular targeting, cell 

tracking

High cost, large equipment required, 

limited sensitivity, requires contrast agent

Radio frequency 25-100 µm (preclinical), 

≈1 mm (clinical)

Unlimited

USI Rapid, accurate, low cost, reproducibility, 

widely available

Limited resolution, image interpretation 

difficult, artifacts common

Sound waves 10–00 µm (at ≈mm 

depth); 1–2 cm (at ≈cm 

depth)

10 ms

PET Quantification of metabolism and blood flow, 

high sensitivity, many radionuclide tracers 

available

High cost, limited availability, large 

equipment required, short tracer 

half-life, single process evaluation

Radionuclide 

(positron emitter)
<1 mm (preclinical), 

≈5 mm (clinical)

Unlimited

PAT Reduced tissue scattering, high resolution, 

non-ionizing/non-radioactive, no acoustic 

noise, high penetration depth, high resolution

Limited path length, dependence to 

temperature, weak absorption at short 

wavelengths.

Light 5 µm–1 mm 

(depth-dependent)

<6 cm

SPECT 3D imaging, widely available, highly sensitive, 

simultaneous imaging of multiple processes

Limited temporal resolution, few 

radionuclide tracers

Radionuclide 

(γ-ray emitter)

0.5–2 mm (preclinical), 

8–10 mm (clinical)

Unlimited

NIFI Low cost, widely available Photobleaching, low quantum yield, 

shallow tissue penetration

Ultraviolet to near 

infrared light

2–3 mm <2 cm
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vessels.[12] Typical normal vasculature possesses tight, imper-
meable EC junctions. Molecules that are >2–4 nm in diameter 
are unable to pass through the junctions of normal vessels. 
Hence, larger NSs are generally excluded from normal tissues 
and organs. Neoplastic tissues with leaky vasculature permit 
entry of macromolecules up to 600  nm diameter into the 
tissue [11b,13]. Moreover, the defective lymphatic drainage system 
in tumor tissues enables NSs to remain in the neoplastic tissue 
for a prolonged period of time.[14] The EPR effect plays a key 
role in the delivery of targeted agents to the TME[15] (Figure 1).

The EPR effect was first observed in living animals using 
a fluorescent dye “Evans blue.” After injection of the dye, the 
tumor mass was selectively stained blue.[16] The EPR effect is 
highly variable, and differs according to the tumor type, mass, 
size, and the location of penetration and accumulation within 
the tumor mass. Furthermore, the mononuclear phagocyte 
system (MPS) and tumor-associated immune cell activity mod-
ulates the circulation profile of the targeted agent, tumor trans-
port, accumulation, and release.

The pore size of the leaky vasculature varies significantly 
across different tumor types. Pore size plays a vital role in 
tumor accumulation of targeted agents. Because the pore sizes 
vary so greatly, designing a particle with an optimal shape 
and size is an extremely difficult task. For example, one study 
compared rhodamine B with MW 479  Da, with tetramethyl-
rhodamine isothiocyanate conjugated-bovine serum albumin 
(TRITC-BSA) with MW 67 000 Da (Figure 2). The observation 
was that rhodamine B did not provide an appreciable amount of 
fluorescence in the tumor mass. However, TRITC-BSA emitted 
a considerable amount of fluorescence, which remained in the 
tumor, even 72 h after injection.[17] Another study used indo-
cyanine green (ICG) for evaluating hepatic function in healthy 
mice.[18] The ICG that was initially bound to albumin and 
globulin was released as a free dye until it was cleared from 
the plasma (half-life <20  min;  Figure  3). In contrast, albumin 

bound to ICG specifically accumulated in the tumor mass in 
mice. Over time, the accumulation of steadily ICG increased. 
This effect was not seen in normal tissue because the lymphatic 
system clears the dye from the bloodstream. Therefore, as the 
elapsed time increased, the image resolution increased.[17]

The EPR effect is also dependent on the type, size, location, 
and total blood volume of the tumor. Blood volume is an 
especially important factor because it influences the biodistri-
bution. In addition, an increase in blood volume is accompa-
nied by an increase in tumor size, and a consequent decrease 
in tumor uptake of the nanoplatform. The EPR effect in 
humans has mostly been observed in squamous cell carcinoma 
of the head and neck, and was only rarely observed in cancers 
of the lung and breast.[19] The evaluation of the accumula-
tion of various sizes of NPs in four different subcutaneous 
flank tumor models found that each tumor possessed unique 
accumulation properties. Another factor, which has a direct 
impact on tumor accumulation, is the density of microvessels 
within the tumor. The density of microvessels varies based on 
tumor type.[20]

In order to develop more efficient targeting methods taking 
advantage of the EPR effect, recent studies have focused on 
three topics: i) modification of the EPR effect by using anti-
angiogenic agents; ii) reduction of interstitial fluid pressure; 
and iii) the application of external stimuli (i.e., ultrasound and 
temperature) for increasing the tumor permeability.[21]

In recent decades, although the number of preclinical 
studies on the EPR effect in tumor targeted therapy in labora-
tory animal models has steadily increased, nevertheless, any 
expected clinical translation has been rather limited. This is 
due to differences becoming appreciated between mouse (or 
rat) tumor models and real human tumors. These differences 
include: i) the metabolic rate and status, host lifespan, and the 
tumor size relative to the host; ii) the rate of tumor growth 
(doubling time), which is much faster in rodents; iii) the larger 
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Figure 1.  The EPR effect. a) Schematic illustration of the EPR effect  in cancer and normal tissue. b) Altered tissue properties in cancerous tissue. 
c) Controllable factors to improve the EPR effect targeting. The stealth design of NPs aims to have maximum circulation half-life to ensure continuous 
delivery into the tumor site via the leaky vasculature.  ACE,  angiotensin-converting-enzyme;  MMPs, matrix metalloproteinases; VEGF,  vascular 
endothelial growth factors; NO, nitric oxide; PEG, poly ethylene glycol; PEEP, poly (ethyl ethylene phosphate).
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tumor-to-body weight ratio in mice compared to humans that 
alters the pharmacokinetic effects of nanocarriers; and iv) the 
heterogeneity of the TME-associated endothelial structure, 
blood flow rate in tumor regions, pericyte coverage, and ECM 
(extracellular matrix) density.[22]

3. Active Targeting

Active targeting agents can selectively transport NPs into the 
tumor mass and they bind to molecules expressed on the cancer 
cell surface with high affinity leading to endocytosis mediated 
cell uptake.[23] The surface-functionalized nanocarrier using 
specific ligands complements the passive targeting approach 
to improve the efficiency of nanocarrier delivery and tumor 
localization.[24] Conventional methods of active targeting con-
sist of targeting molecules or receptors that are overexpressed 
in selected types of cancers.[25] They can be categorized into 
three subsets, including: i) targetable factors in the TME such 
as hypoxia, pH, MMP enzymes, and fibronectin; ii) targetable 
molecules on the surface of tumor EC such as vascular endothe-
lial growth factor (VEGF) receptors, integrins, and vascular cell 
adhesion molecule-1 (VCAM-1); and iii) targetable molecules 
on/in the cancer cells themselves such as, transferrin receptor, 
folate receptor, epidermal growth factor receptor (EGFR), 
glucose transporter, and cathepsins.[22b]

4. Tumor Microenvironment Targeting

4.1. Hypoxia Targeting

The imbalance between blood vessel formation and the rate of 
tumor cell proliferation causes hypoxia due to oxygen-deprived 
conditions. Hypoxia leads to an upregulation in hypoxia induc-
ible factor 1α (HIF-1α) and triggers the unfolded protein 

Adv. Funct. Mater. 2020, 1910402

Figure 2.  Fluorescence imaging based on EPR effect. The EPR effect-based uptake of a fluorescent imaging nanoprobe in the tumor was compared 
with uptake of the parental low molecular weight (LMW) fluorescent probe in vivo. A) 24 h after intravenous injection of the LMW fluorescent probe, 
rhodamine B into S-180 tumor-bearing mice, no distinct tumor is visible. B) Injection of TRITC-BSA (67  kDa) resulting in highly tumor selective 
fluorescence under the same experimental conditions. C) At 24 h, S-180 tumor-bearing mice were dissected, and each organ was imaged with an IVIS 
imaging system. Results showed that only tumor tissues showed significant fluorescence. D) Same as (C) except that nitroglycerin (NG) ointment was 
applied to the skin, and then the EPR effect and tumor targeting were evaluated. In (D), the cut surface of tumor tissues shows a more homogeneous 
tumor uptake of TRIT-BAS probe, and also more TRIT-BAS remained in the blood, which indicates that the EPR effect depends on time and would 
increase progressively. In (C) and (D), fluorescence is only seen in the tumor tissue. (S, spleen; T, tumor; Lu, lung; Li, liver; H, heart; P, plasma). 
Reproduced with permission.[17] Copyright 2013, Elsevier.

Figure 3.  Tumor imaging with indocyanine green (ICG). ICG was injected 
intravenously into S-180 tumor-bearing mice and fluorescent imaging 
was carried out at 2, 24, and 48 h by IVIS imaging system. ICG bound 
to albumin and behaved as a macromolecule. As shown in the figures, 
the contrast of the tumor images increased as time passed. That is, 
nonspecific delivery of the agent to normal tissues was cleared via the 
lymphatic system thus improving the contrast of the tumor image (2 h vs 
48 h). Reproduced with permission.[17] Copyright 2013, Elsevier.



www.afm-journal.dewww.advancedsciencenews.com

1910402  (6 of 44) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

response (UPR). Both of these transcription elements influence 
the expression of genes associated with tumor initiation, 
progression, malignancy, metastasis, and tumor drug resist-
ance[26] (Figure 4). The decreased O2 concentration causes the 
accumulation of reduced nicotinamide adenine dinucleotide 
(NADH) and flavin adenine dinucleotide (FADH2) in the TME 
resulting in further reduction of the remaining oxygen, and 
production of more reactive oxygen species (ROS).[27]

The presence of hypoxia indicates that the cancer cells 
possess an insufficient blood supply to satisfy their pre-
sent rate of growth. This fact results in only a small portion 
of drugs and contrast agents being actually delivered to the 
cancer site.[28] The redox balance and oxygen concentration 
are two intrinsic properties that are available for hypoxia 
targeting.[29] Different techniques are required to monitor the 
degree of hypoxia and to directly measure pO2 in the cells. The 
redox balance is mostly influenced by redox agents, such as 
cysteine and glutathione. The degree of hypoxia in cancerous 
tissue can be deduced by measuring the local concentration of 
reducting enzymes such as azoreductase and nitroreductase.[30] 
Chemical groups such as nitro, azo, and quinone groups can 
be used to target hypoxia and for reversible sensing between 
normoxia/hypoxia.

Hypoxia occurs in solid tumors, where O2 levels are 
<5  mm  Hg.[31] Targeting systems have been designed to 
measure O2 concentrations within the clinically relevant range 
(0–15  mm  Hg). The measurement or imaging of O2 concen-
tration can be performed using three methods: i) a ratiometric 
sensing probe constructed from an O2-sensitive indicator and 
an O2-insensitive dye; ii) formation of FRET pairs between 
donor emission and acceptor absorption bands; and iii) the use 
of phosphorescence lifetime imaging. Since hypoxia plays a vital 
role in cancer progression, detecting and measuring it can be 
effective in cancer detection.[32] One study focused on hypoxia 
imaging, used a nanoprobe prepared from a poly (N-vinylpyr-
rolidone) (PVP)-conjugated iridium (III) complex.[26] The PVP 
improved the retention time via the EPR effect, and allowed 
for continuous monitoring of tumor hypoxia. The use of an 
iridium (III) complex extended the phosphorescence emission 

(PPE) into the NIR region, improving the depth of penetration 
of the light. The concentration of O2 in normal tissue is high, 
causing the PPE to be quenched, but in cancerous tissue the 
hypoxia caused the PPE to be activated.[26]

While the low concentration of O2 does decrease cancer cell 
proliferation in the center of a solid tumor, the reduced O2 
levels also provide a suitable habitat for anaerobic bacteria to 
proliferate in hypoxic tumors. The Luo group engineered anaer-
obic bacteria, including Bifidobacterium breve and Clostridium 
difficile to serve as cargo-carrying (upconversion nanorods) and 
antibody-directed (Au nanorod delivery) vehicles for imaging 
and photothermal ablation of tumors (Figure 5).[33] The in vivo 
results showed that the antibody-directed strategy had a longer 
retention time and was more effective for imaging and therapy 
compared to the cargo-carrying strategy.

Bifunctional therapeutic agents such as Pt (II) porphyrins 
can be effective agents for the imaging and therapy of cancer 
under hypoxic conditions. However, Pt (II) porphyrins showed 
aggregation in aqueous solutions. Addressing this problem, 
the hydrophilic starburst Pt(II) porphyrins (Pt-1, Pt-2, and 
Pt-3) with four cationic fluorene oligomeric arms could provide 
increased water solubility and prevent the aggregation of Pt(II) 
porphyrins.[34] Among the tested compounds, Pt-3 showed the 
best results for oxygen-sensing and the highest singlet oxygen 
quantum yield, and was chosen to serve as both a photosen-
sitizer and an oxygen probe for simultaneous photodynamic 
therapy (PDT) and real time monitoring of cancer hypoxia 
(Figure 6).

Conventional cancer imaging methods can be invasive, and 
have low specificity and image resolution.[35] The designed 
hypoxia probe 1 (HyP-1) employing an N-oxide-based trigger 
could allow facile bio-reduction mediated by heme proteins 
(such as CYP450 enzyme) in the absence of oxygen, and 
amplify the photoacoustic (PA) signal (Figure  7). The HyP-1 
allowed the production of a spectrally distinct signal for PA 
imaging. In vitro and in vivo results showed that in hypoxia 
conditions, HyP-1 had good selectivity for cancerous tissue and 
could be used as a multimodality imaging agent.[35] In order to 
achieve deeper tumor penetration, a study described a tunable 

Adv. Funct. Mater. 2020, 1910402

Figure 4.  Effects of hypoxia on the tumor biology. TKR, tyrosine kinase receptor, ROS, EMT.[32]
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nanocluster, a “bomb-like nanoprobe” equipped with both active 
hypoxia-targeting and passive tumor accumulation capability, 
with an initial size of 33 nm with a long half-life during blood  
circulation to release small molecule based hypoxic micro
environment-targeting. The CT imaging was assessed in animal 
models of pancreatic cancer and breast cancer, supporting the 
feasibility of deep hypoxic tumor targeting.[36]

4.2. pH Targeting

Mammalian cells import glucose as the primary source 
of energy metabolism. There are two possible metabolic 
pathways, the Pasteur effect and the Warburg effect. In the 
Pasteur effect, glycolysis is inhibited by oxygen, which allows 
for the glucose metabolite pyruvate to be converted into 

Adv. Funct. Mater. 2020, 1910402

Figure 5.  Use of anaerobic bacteria to target tumors. A) The scheme shows two approaches involving anaerobic bacteria to deliver functional NPs; I) a 
cargo-carrying method, a direct conjugation of NPs to B. breve bacteria, and II) an antibody-directed method involving conjugation of anti-Clostridium 
polyclonal antibodies onto NPs to trigger the germination of Clostridium spores. B) Selective growth of B. breve in tumor tissues. The tumor bearing 
mice were intravenously injected with B. breve and sacrificed after two days. The tumor tissues and five major organs (lung, spleen, heart, liver, and 
kidney) were cultured under an anaerobic environment at 37 °C Adapted with permission.[33] Copyright 2016, American Chemical Society.

Figure 6.  Bifunctional Pt (II) porphyrins. a) Structures of Pt-1, Pt-2, and Pt-3. b) The optimized 3D model of Pt-3 simulated by ChemBio3D. c) Schematic 
illustration of Pt-3 used as a bifunctional agent for tumor hypoxia imaging and PDT. Adapted with permission.[34] Copyright 2018, American Chemical 
Society.
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H2O, ATP, and CO2 by oxidative phosphorylation. The War-
burg effect occurs under low oxygen conditions and involves 
aerobic glycolysis that converts glucose into lactic acid. Both 
these metabolic pathways are essential for the maintenance 
of energy and control of the pH in the extracellular space 
within the normal range (7.3–7.4). In the case of hypoxic 
cancerous tissue, the elevated glucose uptake and increased 
glycolysis lead to more production of lactic acid. Most of the 
glucose is converted into lactate, H+, and ATP. The produced 
lactate and H+ are exported into the extracellular space via 
the mono-carboxylate transporter and the sodium–hydrogen 
exchanger, respectively, resulting in the reduction of the pH 
range (6.2–6.9). The reduced pH in the TME induces tumor-
progression, enhancement of angiogenesis, metastasis, migra-
tion, invasion, mutagenesis, and inhibits tumor cell apoptosis 
and antitumor immune response (reviewed in ref. [37]). Within 
cancerous tissue, the extracellular pH (pHe) varies depending 
on the type of tumor, tumor mass, and location of tumor (i.e., 
site) in the body (Table 2).

The different pH ranges found in cancerous and normal 
tissues (Table  2) can be used for cancer targeting. The high 
stability of pH-sensitive NSs in the normal physiological pH 
range makes them effective targeting strategies for cancerous 
tissue. When the pH trigger point is reached, the cargo is rap-
idly released. The following approaches have been developed 
in order to achieve this goal: i) the use of ionizable chemical 
groups, such as amines, carboxylic acids, and phosphoric acids 
that can be incorporated in organic (polymers, lipids and pep-
tides), inorganic (zinc oxide and calcium phosphate), and 
hybrid nanomaterials; ii) the use of acid-labile chemical linkers 
such as imine, cis-aconyl, orthoester, and hydrazone, which are 
covalently attached to the contrast agent and are stable when 
pH is neutral, but are hydrolyzed or degraded in acidic condi-
tions; iii) carbon dioxide-generating precursors can react at 
low pH (HCO3

−  + H+  → H2CO3  → H2O + CO2↑) producing 
carbon dioxide gas leading to the disintegration of the nanocar-
riers and the release of the contrast agents;[39] and iv) the use of 
pH-activatable contrast agents, such as LS662 an asymmetric 
cyanine, which are mostly synthetic organic chemical com-
pounds and as fluorescence dyes, can take on active (on) and 
inactive (off) conformations. Under normal physiological 
conditions, these materials have an inactive conformation, but 
as soon as they enter the cancerous tissue, the conformation is 

exchanged to the active form. In fact, these materials can act as 
a contrast and targeting agent simultaneously.[40]

Yasuteru et  al.[41] developed a tunable and pH-activatable 
fluorescent probe. They used 2, 6-dicarboxyethyl-1, 3, 5, 
7-tetramethyl boron-dipyrromethene (BODIPY) as a fluoro-
phore in order to tune the pH profile of the fluorescent probe, 
and to alter the functional group to the aminophenyl BODIPY. 
The designed probe could be used within the pH range 2–9 for 
different purposes in in vitro and in vivo studies. Wang et al.[42] 
employed a protonatable strategy, and prepared micelle NSs as 
ultra pH sensitive (UPS) nanoprobes for extracellular tumor 
imaging. The designed UPS, composed of an ultra pH-sensitive 
core (poly [ethylene glycol]-b-poly [2-(hexamethylenediamine) 
ethyl methacrylate] copolymer), had a sharp tunable pH (<0.25) 
response, with a near-infrared fluorescence (NIRF) dye (Cy5.5) 
as the fluorophore, and a targeting agent Arg-Gly-Asp (RGD) 

Adv. Funct. Mater. 2020, 1910402

Figure 7.  N-oxide-based hypoxia probe. Green HyP-1 N-oxide undergoes 
irreversible two-electron reduction by heme proteins (such as CYP450 
enzyme) in the absence of O2, which binds competitively to the heme 
iron. Red-HyP-1 amine generates an enhanced photoacoustic signal 
(blue circles) upon irradiation at 770  nm (red arrow). Adapted with 
permission.[35] Copyright 2017, Nature.

Table 2.  pHe values in different human tumor xenografts.[38]

Xenograft cell line pH range

Breast cancer

SE (T60) 6.76–6.84

REI 6.78–6.84

JE 6.8–6.84

GA 6.78–6.84

BR 6.7–6.84

CH 6.84–6.89

MX-1 6.78–6.9

Miscellaneous

F8 (neurofibrosarcoma) 6.84–6.96

STO (pancreas) 6.72–6.84

LA (endometrium) 6.79–6.84

GE (thyroid) 6.82–6.84

MRI-H-212/B (melanoma) 6.84–6.9

H-MESO (mesothelioma) 6.84–6.94

Arterial blood 7.36–7.44

Lung cancer

SE 6.84–6.9

KO 6.84–6.97

SCHRO 6.68–6.84

A 549 6.76–6.84

LX-1 6.84–6.9

LXFA 289 6.74–6.84

LXFE 229 6.79–6.84

SCLC 6.84–6.89

Sarcoma

BO (osteogenic) 6.75–6.84

N4 (malignant fibrous histiocytoma) 6.84–6.91

Gastrointestinal cancer

CXF 1103 (colon) 6.84–6.97

WiDr (colon, adenoma) 6.74–6.84

SP (stomach) 6.84–7.01
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that bound to the αvβ3 integrin. At physiological pH (7.4), 
this fluorescent nanoprobe was self-quenched. At an acidic pH 
(6.9), the UPS nanoprobe showed a sharp and rapid response. 
The copolymer became protonated, the micelle was disrupted, 
and the fluorescent dye was activated (Figure 8).

The development of a pH-activatable nanoprobe using 
PEGylated Mn2+-doped calcium phosphate NP, and poly (eth-
ylene glycol)-b-poly (glutamic acid) (PEG-b-P (Glu)) block 
copolymers with improved mechanical properties was pre-
viously reported. Designing pH-sensitive MRI nanoprobes 
rapidly amplifies the magnetic resonance signals under patho-
logical pH conditions. In acidic solid tumors, the designed NPs 
disintegrated and released Mn2+ ions. The relaxivity of Mn2+ 
after binding to the proteins was enhanced, which produced 
enhanced MRI contrast.[43]

The detection of cancer can be improved using dual-
activatable imaging probes. Benedict et  al.[44] prepared a pH-
activatable fluorescence/MRI dual-modality imaging nano-
probe. They co-encapsulated MnO NPs as an MRI contrast 

agent and fluorescence quencher, plus coumarin-545T as a 
fluorophore in the hybrid silica nanoshells that were conju-
gated with folic acid (FA) for targeting of cancer cells (Figure 9). 
At normal pH, the MnO NPs remained within the nanosystem 
and the fluorophore was quenched. In cancerous tissue with 
low pH, the Mn2+ was released not only providing a strong T1 
contrast enhancement, but also the coumarin fluorescence was 
recovered.[44]

4.3. Matrix Metalloproteinase Targeting

MMPs are a family of zinc-containing endopeptidases that 
play an important role in the degradation of ECM proteins. 
In normal tissue, MMP expression is regulated by hormones, 
cytokines, cell-matrix (or cell–cell interactions), and growth 
factors. The MMPs are present in low quantities, and their 
activity is regulated by “tissue inhibitors of metalloprotein-
ases” (TIMPs). However in tumors, the TIMP system becomes 
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Figure 8.  Preparation and characterization of an ultra pH sensitive nanoprobe. a) Structural composition of two types of nanoprobes, ultra pH sensitive 
extracellular (UPSe) and ultra pH sensitive intracellular (UPSi), with pH transitions at 6.9 and 6.2, respectively. The UPSe was specifically designed to 
be activated in tumor extracellular fluid (pH 6.5–6.8). The UPSi was activated inside acidic endocytic organelles (pH 5.0–6.0). Cy5.5 was used as a NIR 
fluorescence agent in the animal studies. b) Normalized fluorescence intensity as a function of pH for UPSe and UPSi nanoprobes. At high pH (7.4), 
both probes remain quenched. At pH below their transitions (6.9 and 6.2), the probes can be activated as a result of micellar dissociation. The blue 
dashed-line simulates the pH response of a small molecular pH sensor with a pKa of 6.9 based on the Henderson–Hassel Bach equation. For UPS, the 
pH response was extremely sharp. In contrast, small molecular pH sensors require 3 pH units for a comparable signal change. c) Fluorescent images 
of UPSe -Cy5.5 nanoprobe solution in different pH buffers. d) Transmission electron micrographs of UPSe nanoprobes at the normal pH and at pH 
6.7. e) UPSe nanoprobes remain stable in fresh mouse serum over 24 h at 37 °C. Reproduced with permission.[42] Copyright 2014, Nature.
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dysfunctional, and MMPs (including MMP 2, 3, 7, and 9) are 
overexpressed and activated depending on the stage and the 
type of cancer.[45] For example, the median concentration of 
MMP 2 in early-stage ovarian cancer is 0.47 µg mg−1, whereas 
the concentration of MMP 2 in end-stage ovarian cancer is 
1.2 µg mg−1.[46]

While ECM components, such as collagen, fibrinogen, and 
gelatin are the natural substrates of MMPs, the large size of 
these proteins limits their use for targeting applications. MMP-
sensitive peptides (MSPs) have been used as synthetic MMP 
substrates, composed of the correct amino acid sequence in 
short linear peptides that are easily incorporated into NSs. 
The selectivity and specificity of these MSPs depends on the 
sequence, which is recognized by the specific MMPs.[47]). 
Membrane-type (MT)-MMPs are a subfamily that are expressed 
on the cell membrane, and mediate pericellular proteolysis 
and cleavage of cell surface receptors. One study by Kondo 
et  al.[48] used radiolabeled 18F-BODIPY650/665, a MT1-MMP 
peptide substrate coated with PEG to prevent cell uptake. The 
MT1-MMP peptide substrate was cleaved by MT1-MMPs and 
the PEG moiety was eliminated, allowing accumulation of the 
probe inside the tumor cells. This 18F-BODIPY650/665 could 
be used for dual optical imaging and PET. The results showed 
that MT1-MMPs were active in cancers and could be used as a 
targeting modality (Figure 10).

Kuo et  al.[49] designed a NIRF sensitive probe for evalu-
ating MMP-3 activity in an ovarian cancer cell line that may 
be used to detect ovarian cancer in its early stages. They used 
the cyanine dye as a fluorochrome and the amino terminus as 
a peptide substrate specific for MMP-3. Exposing the MMP-3 
sensitive probe to MMP-3 enzyme significantly increased the 
NIRF emission intensity. More precise targeting of cancer 
can be achieved when MMPs are integrated with external/
internal-responsive agents. A designed dual-stimulus respon-
sive fluorescent nanoprobe, was fabricated from an asymmetric 
cyanine used as a pH-sensitive fluorescent dye, glycosyl-func-
tionalized gold nanorods, and a specific peptide sequence 
as a linker and MMP substrate.[40b] The inactive form of the 
nanoprobe existed at pH 7.4, and in the presence of a low 
concentration of MMPs, while the fluorescence was activated in 
response to acidic pH and higher levels of MMPs as found in 
the TME (Figure 11).

4.4. Fibronectin Targeting

Fibronectin (FN) is a cell-adhesion glycoprotein found in 
the ECM and in various bodily fluids. FN regulates a wide 
spectrum of cellular and developmental functions, including 
growth, migration, proliferation, cell adhesion, and wound 

Adv. Funct. Mater. 2020, 1910402

Figure 9.  Schematic illustration of the preparation and working principle of nanosystems. First, monodisperse MnO NPs (MONP) were presynthesized. 
Next, a mixed payload of C545T as a fluorophore and MONP was encapsulated into a carboxylic acid functionalized silica nanoshell by an interfacial 
templating scheme. Finally, aminated FA was conjugated to the carboxylic acid groups for active targeting of cancer cells. Adapted with permission.[44] 
Copyright 2016, Wiley-VCH.
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healing. FN is assembled from monomers consisting of three 
types of homologous repeat subunits (FNI, FNII, and FNIII 
domains) with different binding affinities to various ECM pro-
teins.[50] FN contains 12 FNI, 2 FNII, and 15–17 FNIII domains 
(Figure 12). The two FN subunits are covalently linked together 
via disulfide bonds near their C-terminus. FN can be divided 
into two principal forms, cellular FN (cFN) that polymerizes  

into insoluble fibers in the ECM, and soluble plasma FN 
(pFN). The splicing sites are located in EDA (or EIIIA), EDB 
(or EIIIB), and IIICS (connecting segment) domains, and in 
regions between domains 15FNIII and 14FNIII. The expression 
of EDA and EDB domains is extremely restricted in normal 
human tissue, but is highly expressed in the ECM of many 
cancer types.

Adv. Funct. Mater. 2020, 1910402

Figure 10.  Mechanism of MT1-MMPs used as a targeting agent for cancer imaging. Since MT1-MMP substrate peptide is cleaved by MT1-MMPs 
in tumors, the PEG moiety is eliminated, which allows the probes to accumulate in tumor cells due to the high cellular membrane permeability of 
18F-BODIPY that can be used for imaging of tumors. Adapted with permission.[48] Copyright 2015, Elsevier.

Figure 11.  Imaging and photothermal therapy of tumors with a dual responsive nanoprobe. a) Scheme of the nanoprobe as a pH/MMP dual-stimulus 
responsive pH reversibly activated theranostic platform (Pep-Acy/Glu@AuNRs) for tumor-targeted precision imaging-guided photothermal therapy. 
b) Fluorescence spectra of theranostic platform and Pep-Acy. c) Fluorescence spectra of theranostic platform to pH and MMP-13. d) Cell internalization 
of theranostic platform in SCC-7 cells. e) Cell imaging of theranostic platform in SCC-7, 293 T and inhibitor pretreated SCC-7 cells. f) Theranostic 
platform-mediated in vivo fluorescence images in SCC-7 tumor-bearing mice. g) Comparative tumor volume change of groups of mice. Reproduced 
with permission.[40b] Copyright 2017, Nature.
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EDB-FN is absent in adult blood vessels, but is overexpressed 
during angiogenesis in normal and neoplastic tissues, making 
it an attractive marker for angiogenesis.[51] EDA-FN can also 
act as a marker of normal and tumor vasculature. Oncofetal 
forms of EDA-FN, EDB-FN or IIICS-FN, have been shown to 
be overexpressed in various cancer types. The changes in the 
expression and organization of FN in the ECM contribute to 
the “pre-metastatic niche,” and may dictate the pattern of 
metastatic spreading. The deposition of FN in the tumor ECM 
stimulates formation of a fibrin–fibronectin complex, which in 
turn facilitates the proliferation, angiogenesis, and metastasis 
of cancer.[52] During the epithelial-to-mesenchymal transition 
(EMT), transforming growth factor-beta (TGF-β) increases the 
expression of FN. The FN abundance can serve as a prognostic 
biomarker in human cancer. For example, in the case of inva-
sive breast cancer, a significant correlation was found between 
the FN levels and the pathologic tumor stage, histologic grade, 
and patient survival rate.[53] Additionally, detection of EDA-FN 
in urine was shown to be a predictor of survival in bladder 
cancer patients.[54] Thus, FN is an attractive biomarker for mole-
cular imaging for the early detection of high-risk cancer and for 
micro-metastasis.[55] FN has been used as a target to develop 
antibody-targeted platforms for accurate and specific delivery of 
imaging and therapeutic agents to metastatic sites.[56]

Zhou et  al. developed a pentapeptide CREKA-targeted MRI 
contrast agent (CREKA-Tris (Gd-DOTA)3 (Gd-DOTA, 4,7,10-tris 
(carboxymethyl)-1,4,7,10-tetraazacyclododecane gadolinium) 
for breast cancer molecular imaging (Figure  13). The CREKA 
peptide sequence selectively bound to FN and the fibrin–FN 
complex. Compared with nontargeted controls, the targeted 
contrast agents were selective for the ECM of cancerous cells 
showing good and long-lasting enhancement of tumor contrast. 
Results showed that the CREKA-targeted imaging construct 
could act as a non-invasive, high-resolution molecular MRI 
probe to detect tumor micrometastases (≤0.5 mm).[57]

As mentioned above, EDB-FN is an EMT biomarker that 
can be identified by specific targeting ligands such as the ZD2 
peptide sequence (Cys-Thr-Val-Arg-Thr-Ser-Ala-Asp). Han 
et  al.[58] prepared a hydroxylated tri-gadolinium nitride metal-
lofullerene (Gd3N@C80) that acted as a contrast agent, and the 
ZD2 peptide was used as a targeting ligand in the ZD2-Gd3N@
C80 probe, with the ability to detect aggressive tumors using 
MRI. The MRI data showed the designed probe allowed 
significantly decreased doses, and produced strong signal 

enhancement in aggressive triple-negative breast cancer 
(TNBC) in a mouse model.[58] One novel type of potentially clin-
ically translatable molecular-targeted microbubble preparation 
(MBs) included an engineered 10th type III domain of the FN 
(MB-FN3 VEGFR2) scaffold-ligand to image VEGFR2 (vascular 
endothelial growth receptor 2)-associated neovasculature. The 
MB-FN3 VEGFR2 was developed for in vivo ultrasound mole-
cular imaging (USMI) of breast cancer neovasculature with 
specific binding to VEGFR2, which was significantly higher 
in breast cancer compared to normal breast tissue. The FN3-
scaffold could be produced via recombinant technology, with 
small size, solubility, lack of glycosylation, good stability, and 
disulfide bonds, leading to generation of small, high affinity 
ligands for USMI.[59]

4.5. Apoptosis Targeting

Many new therapeutic approaches for different diseases func-
tion by inhibiting or inducing apoptosis. Therefore, imaging 
systems capable of tracking of cell death (apoptosis) will 
become increasingly important. Different types of strategies 
for monitoring apoptosis have been developed based on a 
range of surrogate biomarkers. These include apoptosis sign-
aling molecules such as caspases, as well as markers that are 
further downstream in the apoptosis cascade.[60] One strategy 
that can be used for apoptosis monitoring is therefore caspase 
targeting. Caspases are a family of cysteine protease pepti-
dases (Figure  14) that take advantage of a cysteine residue as 
the catalytic nucleophile with exquisite specificity for cleaving 
target proteins at sites next to aspartic acid residues.[61] The 
concerted action of caspases is responsible for triggering apop-
tosis, a specific form of programmed cell death that is essential 
for embryonic development and is involved in the pathology of 
many diseases.

Annexins are a family of proteins that are able to bind to 
negatively charged phospholipids in the presence of calcium 
ions. Among the annexin family members, only annexin V 
shows the possibility of extracellular expression in addition 
to its intracellular localization.[62] During the early phase of 
programmed cell death, phosphatidylserine (PS) in the lipid 
bilayer of the cell membrane is flipped from the inner layer to 
the outer layer and exposed on the surface. Annexin V binds 
with high affinity to membranes with exposed PS, and has been 

Adv. Funct. Mater. 2020, 1910402

Figure 12.  Schematic diagram of fibronectin. FN is composed of three types of repeats termed FNI (orange), FNII (pink) and FNIII (blue). Three FNIII 
domains, EDA, EDB, and the V region (light orange), can be alternatively spliced. EDA and EDB domains are markers of angiogenesis, a critical step in 
tumor progression. EBD targeting strategies consisting of antibody-based delivery (such as L19, BC-1) and EBA (F9), and peptide-based delivery can 
be used for therapy, imaging, and vaccination.
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used as a molecular imaging agent to visualize PS-expressing 
apoptotic cells.[63] Therefore, caspases and annexin V can be 
employed to track cell death within the TME, as a target and 
imaging agent, respectively.

Deju et  al. designed a caspase-sensitive nano-aggregation 
fluorescent probe (C-SNAF). The designed probe consisted of: 
i) d-cysteine and 2-cyano-6-hydroxyquinoline (CHQ) moieties 
linked to an amino-luciferin scaffold; and ii) an l-DEVD cap-
ping sequence and a disulfide bond required for a two-step 
activation process involving caspase-3/7-mediated cleavage 
and intracellular thiol-mediated reduction. The results of in 
vitro and in vivo studies showed that in tumors that were unre-
sponsive to therapy, inactive procaspase-3/7 dominated and 
could not cleave the l-DEVD (capping peptide) from C-SNAF, 
resulting in rapid clearance of the probe. However, in tumors 
that were therapy-responsive, increased membrane perme-
ability and extensive activation of caspase-3/7 led to apoptotic 
cell death and increased fluorescence.[64] In another study, 
Zhang and co-workers used real time apoptosis imaging 
mediated by an AuHNRs-DTPP nanoplatform. They attached 
the chimeric peptide (DTPP) bearing the photosensitizer 

(protoporphyrin IX) to the surface of Au hollow nanorods for 
NIR-II photothermal therapy, real-time apoptosis imaging, 
and photodynamic therapy. Under 1064  nm laser irradia-
tion, AuHNRs-DTPP exhibited high photothermal conversion 
efficiency. Results showed that the photosensitizer in DTPP was 
quenched after loading onto the surface, but upon exposure to 
caspase-3, the photosensitizer was released in an activated form 
allowing enhanced fluorescence for apoptosis imaging in vivo 
and photodynamic therapy.[65]

Lu et al. designed a novel nanoparticle labeled with annexin 
V and containing NOTA-maleimide aluminum [18F] fluoride, 
and evaluated it as a novel apoptosis targeting agent in vitro and 
in vivo. Results showed that the amount of the tracer binding to 
erythrocytes with exposed PS was 89.4%. The probe (18F-AlF-
NOTA-MAL-Cys-Annexin V) had good specificity for apoptotic 
cells was suitable for further investigation in clinical apoptosis 
imaging.[66] Moreover, annexin V labeled with different types of 
radionuclides can be useful as radiotracers for in vivo tracing of 
apoptosis as SPECT and PET imaging agents. Annexin V and 
Annexin V derivatives have been radiolabeled with the radio-
sotopes 111In, 123I, and 125I for SPECT imaging of apoptosis.[67]

Adv. Funct. Mater. 2020, 1910402

Figure 13.  MRI detection of breast cancer micrometastases (BCMs) using fibrin-fibronectin targeted contrast agent, CREKA-Tris (Gd-DOTA) 3. A) BC 
metastasis is accompanied by upregulated fibronectin expression. By targeting overexpressed fibronectin, which forms complexes with fibrin, CREKA-
Tris (Gd-DOTA) a targeted imaging probe, accumulates at sites of metastasis, producing tumor contrast enhancement in MRI, which was validated 
by high-resolution fluorescence imaging of CREKA-Cy5 also accumulated in metastases. B) MRI images of BCMs contrast enhanced with targeted 
imaging probe showing the coronal slices before and after CREKA-Tris (Gd DOTA) 3 injection, the subtraction images of the pre-injection from the 
post-injection images, and the amplified subtraction MRI images of metastatic sites. C and D) Corresponding GFP cryo-fluorescence images of the 
micrometastases and CREKA-Cy5.0 images validate the MRI detection of micrometastases. (Tumors are indicated by orange arrow; all scale bars, 
1mm). Reproduced with permission.[57] Copyright 2017, Nature.
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5. Vasculature Targeting

Tumors cannot grow without a sufficient blood supply. To 
secure this blood supply, tumors take over already-existing 
blood vessels, and stimulate angiogenesis and sprouting of 
new vessels to reach the tumor.[68] The angiogenic switch is 
an important early event in tumor progression, leading to 
the beginning of neovascularization in premalignant lesions. 
In normal conditions, angiogenesis occurs in inflammatory 
conditions, tissue regeneration, as well as in cancer. Tumor 
angiogenesis is initiated by local hypoxia and then continues 
with the expression of other targetable factors, such a: VEGF, 
VEGFRs, platelet-derived growth factor (PDGF), angiopoietin, 
ephrins (EPH receptors), integrins (specially, αvβ3, and αvβ5), 
and endoglin (CD105), that work together to attract endothe-
lial progenitor and supporting cells. Besides the maturation of 
new vessels, the endothelial tubes acquire supporting cells such 
as pericytes and smooth muscle cells, as well as ECM. Tumor 
vessels are leaky and tortuous, their diameter is irregular and 
their walls are thin. Deficient pericytes, or abnormal pericyte 
function, could be responsible for these morphological features 
in the tumor neovasculature. Therefore, angiogenesis and 
the involved factors are suitable candidate for targeted cancer 
imaging and evaluation of response to therapy.[69]

Hao et al. designed a radiolabeled NOTA-GO-TRC105 nano
probe to target the neovasculature within the tumor mass. 
They used TRC105 as an antibody recognizing CD105 for tar-
geting. The pharmacokinetics and tumor targeting efficacy of 
the graphene oxide (GO) conjugate was investigated with serial 

noninvasive PET imaging and biodistribution studies in vitro, 
in vivo, and ex vivo. The results showed that CD105 could be a 
promising vascular target for cancer imaging.[70] Wen and co-
workers designed, synthesized, and engineered a “nanobomb” 
for targeting the tumor neovasculature. This nanobomb was 
rationally prepared via the encapsulation of vinyl azide (VA) 
into c(RGDfE) peptide-functionalized, hollow copper sulfide 
(HCuS) nanoparticles. The resulting RGD@HCuS(VA) nano-
particles were selectively internalized into integrin αvβ3-over-
expressing tumor vascular endothelial cells, and dramatically 
increased the photoacoustic signal from the tumor neovascula-
ture, with an increased signal-to-noise ratio. The probe allowed 
high-resolution photoacoustic angiography, combined with bio-
degradability, and led to precise destruction of tumor neovas-
culature without damaging normal tissue. This nanobomb had 
the potential for clinical translation to treat cancer patients with 
tumors accessible to NIR laser therapy while allowing simul-
taneous photoacoustic monitoring.[71] Grzegorz and co-workers 
designed targeted microbubbles, which could be used to effec-
tively monitor response to different therapeutic regimens in 
animal models of pancreatic cancer. The microbubbles were 
targeted to endoglin (CD105), VEGFR2, or the VEGF-VEGFR 
complex via antibodies, and the signals were correlated with 
immunohistochemical expression of these markers, and also 
with the tumor microvessel density (MVD). They proposed that 
ultrasonic imaging using targeted microbubbles could be used 
to image tumor angiogenesis and the expression of neovascular 
markers in response to therapy.[72]

Adv. Funct. Mater. 2020, 1910402

Figure 14.  Classification of caspases based on structure and function. Apoptotic caspase-2, -8, -9, and -10 are initiators, while caspase-3, -6, and -7 
are key executioner caspases. Caspase-1, -4, -5, -11, and -12 are inflammatory caspases. Reproduced with permission.[61] Copyright 2015. Nature. 
Abbreviation: CARD, caspase recruitment domain; DED, death effector domain; L, large subunit; S, small subunit; S*, short form; L*, long form.
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5.1. VEGF Targeting

VEGF is a marker of neovascularization that controls endothe-
lial cell proliferation, survival, migration, invasion, vascular per-
meability, chemotaxis of bone marrow-derived progenitor cells, 
and vasodilation.[73] The VEGF family consists of VEGFA (com-
monly referred to as VEGF), VEGFB, VEGFC, VEGFD, and PGF 
(placenta growth factor), glycoproteins.[74] The VEGF ligand has 
three types of VEGF receptors: VEGFR1 (for VEGF), VEGFR2 
(a positive regulator of angiogenesis), and VEGFR3 (for VEGFC 
and VEGFD).[75] VEGFRs are expressed in normal tissues in a 
controlled manner. However, in tumor tissue, the expression is 
strongly upregulated on the surface of ECs.[76] This localization 
can be used in the targeting and bioimaging of cancers. Woutor 
et al.[77]) used 89Zr and 111In radiolabeled bevacizumab (a mono-
clonal antibody (mAb), which binds to all the isoforms of VEGFA 
ligands). The results of micro-CT and micro-PET imaging 
showed the imaging probe had a significant tumor uptake in 
the ovarian xenograft tumor model, compared to non-specific 
89Zr-IgG and 111In-IgG as control groups. 89Zr-bevacizumab not 
only allowed imaging for up to 168 h, but also enabled quan-
titative measurement of the tumor uptake.[78] In another study, 
Anton et al.[79] used IR Dye 800CW as a fluorescent dye and 89Zr 
as a radiolabel both bound to the bevacizumab antibody. They 
evaluated the tumor uptake and the optimal time for imaging to 
achieve the best contrast. In vivo fluorescence and PET imaging 
both showed that the fluorescent-labeled VEGF antibody could 
mediate highly specific and sensitive detection of tumors.

Another example was mAb VEGF-targeted bovine serum 
albumin-coated magnetic NPs (MNP@BSA), which have 
been used for targeting of VEGFR in brain cancer using MRI 
imaging.[80] The results indicated that MNP@BSA was effective 
in MRI visualization of intracranial gliomas, and could be used 
as a targeted contrast agent. Additionally, the level of VEFGR 
expression depended on the type of cancer. For example, the 
124I-HuMV833 imaging probe was tested in ovarian and colon 
cancers. PET imaging results showed that uptake of the tar-
geted imaging probes in ovarian tumors was greater than the 
uptake in colon cancer.[81]

5.2. Integrin Targeting

Integrins are a family of transmembrane glycoprotein cell sur-
face receptors that facilitate bonding of the cell to the ECM 
and to immunoglobulins. These receptors contain 24 heter-
odimers on the cell surface, and are formed from 18 α-sub 
units and eight β-subunits. In the TME, integrins encourage 
tumor progression in several different ways, including 
tumor cell proliferation, survival, and invasion. Integrins are 
expressed on fibroblasts, marrow-derived cells, platelets, vas-
cular endothelium, and perivascular cells, and facilitate cancer 
progression.[82] The classification of integrins is dependent 
on the type of receptors present. Experimental therapeutic 
compounds involving integrins have been reviewed in this 
article[83] (Figure  15). Under normal conditions, integrins 
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Figure 15.  Classification of integrin-based targeting by type of receptors and compounds that target integrins. Adapted under the terms and conditions 
of the Creative Commons CC BY 4.0 International License.[83] Copyright 2017, The Authors, published by MDPI.
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mediate epithelial cell adhesion to the basement membrane, 
and are usually expressed at only low levels in adult epithelia. 
However, in epithelial cells originating from solid tumors, inte-
grin expression is altered.[84] The profiles of overexpressed inte-
grins and phenotypes in some human tumors are summarized 
in Table 3.

Different molecular ligands, such as the RGD, and Leu-
Asp-Val (LDV) motifs can be used for the targeting of integrin 
receptors or subunits. The eight families of integrins, which 
play an important role in cancer progression, can all be targeted 
with the RGD tripeptide motif.[96] The selective accumulation 
of 125I-RGD-CR780-PEG5K NPs detected by SPECT, CT, 
photoacoustic, and fluorescence imaging showed that NPs 
were effective imaging probes and accumulated on αvβ3 integ-
rins expressed in glioblastoma. Furthermore, the data collected 
from PAI showed that the probe selectively targeted angiogenic 
tumor vessels.[97] In another study, conjugated quantum dots 
(QDs)-cyclic RGD peptide (d-phenylalanine-lysine (cRGDfk) 
were used for targeting the αvβ3 integrin. Fluorescence imaging 
showed that cRGDfk-QDs had a highly selective uptake in 
tumor cells and tissues.[98]

More precise targeting of integrins could be achieved by 
designing 18F-FB-PEG3-GLU-RGD-BBN for dual targeting of 
the gastrin-releasing peptide receptor (GRPR) and integrin 
αvβ3. Results showed that this imaging probe had a high tumor 
accumulation with a favorable pharmacokinetic profile.[99] 
Binding of FN (a natural ligand) to α5β1 integrin requires the 
involvement of two small peptide sequences: PHSRN (Pro-
His-Ser-Arg-Asn, synergistic binding site) and RGD (primary 
binding site). Zhao et  al.[100] functionalized an α5β1-specific 
small peptide sequence that acted as a fibronectin mimetic, and 
PR-b (KSSPHSRN (SG)5 RGDSP), which was modified with 
β-alanine residues, conjugated to p-SCN-Bn-NOTA, and radi-
olabeled with 18F as a PET imaging probe. Both the imaging 
and biodistribution results suggested there was higher uptake 
of the designed probe in α5β1-positive tumors, compared 
to α5β1-negative tumors; and a higher α5β1-positive tumor 
uptake of the designed probe compared to the control probe. 
There was no significant difference between the designed and 
control probes in the uptake into the contralateral muscle.

5.3. Vascular Cell Adhesion Molecule-1 Targeting

Vascular cell adhesion molecule-1 (VCAM-1; CD106) was 
expressed on human CD34 hematological precursor cells 
and mediated their homing in the bone marrow stroma.[101] 
VCAM-1 was also expressed on the lateral and luminal side 
of endothelial cells, and mediated extravasation of leuko-
cytes in inflammatory conditions.[102] Integrins have binding 
patterns for VCAM-1. Between them, α4β1 is most investi-
gated.[103] VCAM-1 has two splice variations in humans, con-
sisting of seven and six Ig-like domains (7d and 6d).[104] In 
comparison with VCAM-1 (7d), VCAM-1 (6d) binds to VLA-4 
with higher affinity in soluble conditions. In mediating cell 
separation and adhesion, VCAM-1 (7d) is better and more 
effective.[105]

Under an inflammatory response, VCAM-1 is over-expressed 
and this may be mediated by ROS, Toll-like receptor (TLR) ago-
nists, shear stress, cytokines, high concentrations of glucose, 
and oxidized low-density lipoprotein (oxLDL). Tumor tissue 
expression of VCAM-1 is variable. For example, in ECs and 
angiogenic vessels, VCAM-1 expression is upregulated and 
decreased, respectively. Additionally, on the tumor cell surface, 
VCAM-1 expression is aberrant, while its expression in the 
lymphatic ECs is constitutive.[106] Although the expression of 
VCAM-1 in some types of cancer is not completely predictable, 
circulating cancer cells can have sufficient VCAM-1 expression 
levels to make them promising candidates for targeted cancer 
imaging and therapy.[107] Micro-PET/CT results from one study 
showed that 68Ga-NOTA-VCAM-1ScFV had a higher uptake in the 
B16F10 cell line than in A375m cells, when used as an imaging 
nanoprobe.[108] They used LY2409881 as an IKKβ inhibitor (that 
can induce apoptosis of VCAM-1 positive cells) and DMSO as 
control groups. In the control group, uptake of the probe as a 
tracer consistently remained at the same level. However in the 
treated group, uptake of the tracer in the first week decreased 
and then slowly recovered until it reached the initial level. This 
study showed that VCAM-1 could be used as a targeted receptor 
for specific and selective cancer imaging.

VCAM-1 induces an inflammation-like effect in endothelial 
cells. In one study, Patel et al.[109] used radiolabeled iron oxide 
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Table 3.  Overexpressed integrins and associated phenotypes in some human tumors.

Tumor type Integrins expressed Major associated consequence Reference

LCBMa) αvβ6 and αvβ3 High expression in endothelial cells, low expression in tumor cells [85]

Prostate αvβ3 and αvβ5 High expression in peri-tumoral tissue depending on differentiation [86]

Breast α6β4 and αvβ3 Correlated with increased tumor size and grade and decreased survival (α6β4). Increased bone metastasis (αvβ3) [87]

Pancreatic αvβ3 Lymph node metastasis [88]

Glioblastoma αvβ3 and αvβ5 Both expressed at the tumor–normal tissue margin with a possible role in invasion [89]

Ovarian α4β1 and αvβ3 Increased peritoneal metastasis (α4β1) and tumor proliferation (αvβ3). [90]

Cervical αvβ3 and αvβ6 Decreased patient survival [91]

NSCLCb) α5β1 Decreased survival in patients with lymph node-negative tumors. [92]

Melanoma αvβ3 and α5β1 Vertical growth phase and lymph node metastasis [93]

Liver αvβ6 Differentiates cholangiocarcinoma from hepatocellular carcinoma [94]

Colon αvβ6 Reduced patient survival [95]

a)Lung cancer brain metastases; b)Non-small-cell lung carcinoma.
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NPs conjugated with anti-VCAM-1 antibodies for evaluating 
the inflammatory tumor necrosis factor-α marker in a rat 
model of status epilepticus. Imaging results showed that the 
contrast agent rapidly and effectively bound to the vasculature 
of the inflamed brain tissue. The pattern of hypo-intensity in 
the MRI images was in agreement with the distribution of the 
contrast agent measured by phosphor-imaging and SPECT. 
Uddin et  al.[110] used the VCAM-1 targeted antisense hairpin 
and DNA-functionalized gold NPs (AS-VCAM-1 hAuNP) 
for real time detection and imaging of VCAM-1 expression 
in retinal endothelial cells. An increase in VCAM-1 mRNA 
levels caused a fluorescence enhancement that was clearly vis-
ible and increased the signal/noise ratio. VCAM-1 was also 
over-expressed in the early stages of development of cancer 
micrometastases. An imaging probe based on iron oxide-
(VCAM-1-MPIO) microparticles was developed and adminis-
tered to mouse xenograft models of brain micrometastases of 
lung adenocarcinoma, melanoma, and human breast cancer 
as tumor models. The expression of VCAM-was higher in the 
metastases and was independent of the primary tumor type. 
The MRI imaging results showed that VCAM-1R targeting 
could be an approach to detect brain micrometastases arising 
from three different primary cancer types.[111] VCAM-1 is 
preferentially expressed in ovarian cancer metastases seeded 
on the peritoneal mesothelium with the potential to act as a 
marker in metastasis imaging, monitoring, and staging. Scalici 
et al.[112] designed a SPECT/CT imaging probe using a VCAM-1 
targeted peptide (tVCAM-4 ([(VHPKQHRGGSPEG5K) 4K] 
2-KK (DOTA)-βA-NH2)) and with 111In as a radiolabel. In vivo 
imaging results showed that there was a correlation between 
VCAM-1 expression levels and tumor stage. Clinically relevant 
imaging probes could quantify VCAM-1 expression levels as 
an indicator of ovarian cancer peritoneal metastasis and to 
monitor therapeutic response to platinum-based chemotherapy 
agents.

6. Cancer Cell Surface Marker Targeting

6.1. Transferrin Receptor Targeting

The transferrin receptor (TfR) is a homodimer (180 kDa) type II 
transmembrane glycoprotein that is integrated into the cell mem-
brane, and plays an important role in iron uptake and homeostasis, 
and regulates cell growth via interaction with the iron-transporting 
protein transferrin.[113] Transferrin (Tf) is produced by the liver and 
transports iron ions throughout the body. Depending on the tumor 
cell iron requirements, higher expression of TfR has been shown 
in many malignancies compared to normally dividing cells (by up 
to 100-fold).[114] Thus, using Tf itself or anti-TfR antibodies could 
be employed to design different targeted theranostic agents for 
cancer cells. Biocompatible gadolinium biomineralized transferrin 
NPs (Gd@Tf NPs) were used to enhance T1 signal amplification 
for MRI by increasing the tumor targeting ability.[115] Interestingly, 
the T1 relaxivity of Gd@Tf NPs was much higher than that of Mag-
nevist (a commercial MRI contrast agent), which were measured 
to be 17.42 mm−1  s−1 and 3–5 mm−1  s−1, respectively. This result 
could be due to the augmentation effect of protein on the relaxivity 
of Gd ions. Furthermore, compared to nontargeted NPs, Gd@Tf 
NPs enhanced the amplification of the T1 MR signal and showed 
better tumor localization in vivo. Gd@Tf NPs were excreted out of 
the body via the hepatobiliary system.

In another study, Wang et  al.[116] developed self-assembled 
transferrin-IR780 NPs (Tf-IR780 NPs) for targeted imaging 
and phototherapy in colon cancer cells (CT26) and normal 
fibroblasts (L929). As expected, CT26 showed a significantly 
stronger red fluorescence in the cytoplasm compared to L929, 
indicating the targeting ability of Tf toward the overexpressed 
TfR on the surface of CT26 cells. The in vivo biodistribution 
profile of Tf-IR780 NPs in CT26 bearing mice demonstrated 
a strong signal in the tumor area at 12 h post-injection, and 
reached its maximum value after 48 h (Figure 16). The ex vivo 
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Figure 16.  In vivo fluorescence imaging of Tf-IR780 NPs in tumor-bearing mice. A) In vivo NIR imaging and B) NIR intensity values of the mice 
bearing CT26 tumor injected with Tf-IR780 NPs (0.3 mg kg−1, IR780) at 2, 12, 24, 48, and 72 h post-injection, respectively; C) ex vivo imaging and NIR 
intensities of Tf-IR780 NPs in heart, liver, spleen, lung, kidney, brain, and tumor of the mice bearing CT26 tumor at 24 h post-injection. Adapted with 
permission.[116] Copyright 2016, Nature.
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imaging results revealed the accumulation of Tf-IR780 in tumor 
sites was much higher than other organs at 24 h post-injection.

In order to achieve liver tumor imaging with bi-functional 
nanoprobes, Qi et  al.[117] encapsulated SPIONs into PEG-
poly(ε-caprolactone) (PEG-b-PCL) polymeric micelles, that were 
then decorated with Tf and the NIR fluorescent dye Cy5.5 to 
produce nanosized SPIO@PEG-b-PCL-Tf/Cy5.5 (SPPTC). No 
expression of TfR mRNA in the HL7702 normal cell line was 
observed, while there was good expression in the HePG2 car-
cinoma cells. The in vivo fluorescence imaging showed strong 
fluorescence at the tumor site 8 h post-injection of SPPTC, 
while there was no detectable signal in mice that were injected 
with nontargeted NPs (SPPC). To evaluate SPPTC as an MRI 
contrast agent, MRI images of tumor-bearing mice were taken 
before and after injection. SPPTC enhanced the contrast of the 
MR signal intensity by up to 54% at the tumor site, while it 
was measured to be only 16% in SPPC-treated group. This was 
explained by the accumulation of nontargeted NPs at the tumor 
via the EPR effect.

Ferritin is the natural iron storage protein possessing a 
cage-like structure and nanometer size (around 10  nm), with 
an affinity to the TfR type 1 (TfR1). Apoferritin (APF) is the 
version of ferritin that contains no iron, but has the same tar-
geting ability.[118] Embedding melanin NPs (MNPs) and ferric 
ions into the cavity of APF were used to construct an efficient 
nanoplatform, AMF, for in vivo multimodality imaging (PET/
MRI/PAI) of colon cancer.[119] The MNPs possessed excellent 
chelating ability for metal ions (Fe3+, 64Cu2+) that can be used 
for MRI and PET, and also had suitable optical characteristic 
to be used for PAI. The targeted AMF NPs exhibited higher 
cellular uptake in HT-29 cells, which had a high TfR1 expres-
sion compared to HepG2 cells, with a lower TfR1 expression. 
It was concluded that AMF increased the PET signal intensity 
4  h post-injection in HT-29 tumor-bearing mice compared to 
controls. Similar results were achieved using MRI, and the 
relaxivity value of AMF was two times higher compared to the 
controls. Using PAI imaging with 500 µg mL−1 (based on MNP 
concentration), the PAI signal of AMF was twofold higher 
than MNPs, Fe-PEG-MNPs, and AMF without Fe.[119] This data 
suggested the TfR could be a target for future targeted cancer 
imaging.

6.2. Folate Receptor Targeting

The vitamin folic acid (FA) is transported into cells through 
receptor-mediated endocytosis mediated by the folate receptor 
(FR), which is overexpressed in cancer cell membranes com-
pared to normal cells.[120] Different fluorescent nanomaterials 
such as semiconductor QDs,[121] carbon dots (CDs),[122] and 
small molecule organic dyes[123] have been decorated with FA 
to bind to cancer cells in vitro and in vivo. Liu et al.[124] reported 
the fabrication of a turn-on green fluorescent probe based on 
FA-modified CDS (FA-CDS) prepared by hydrogen bonding, 
to detect FR-positive cancer cells. The fluorescence intensity of 
CDs at 520 nm was gradually reduced by increasing the FA con-
centration, indicating that FA could quench the fluorescence of 
the CDs. Due to the weak interaction between FA and CDS, 
when FA binds to the FR, it detaches from the surface of the 

CDs, resulting in the recovery of the CD fluorescence. Thus, 
higher concentrations of FR, as found in tumor cells, resulted 
in a stronger fluorescence intensity. There was no significant 
fluorescence when normal cells were treated with FA-CDs. FA 
was also conjugated to rhodamine B-labeled poly(propylene 
fumarate)-co-poly(lactic-co-glycolic acid)-co-poly(ethylene 
glycol) NPs (PPF-PLGA-PEG-RhB-FA NPs) to track the NPs 
in both normal osteoblast MC3T3 cells and HeLa cancer 
cells.[125] In the normal cells, there was no significant difference 
between the fluorescence intensity of PPF-PLGA-PEG-RhB-FA 
and PPF-PLGA-PEG-RhB NPs. On the other hand, FA-conju-
gated NPs showed significantly higher fluorescence in cancer 
cells. Another study incorporated FA onto the surface of dye-
loaded silica NPs as optical nanoprobes for in vitro and in vivo 
imaging. Depending on the variation of FR expression among 
the cell lines, their uptake for FA-conjugated silica NPs was 
different. In vivo imaging indicated that the targeted NPs pref-
erentially accumulated at the site of pancreatic tumor-bearing 
mice, and there were either weak signals or no signals detected 
at 24 and 96 h post-injection, respectively. With the exception 
of the liver, there was no observable fluorescence in the brain, 
kidney, heart, and spleen, demonstrating good tumor specificity 
and targeted bio-distribution of FA-conjugated silica NPs.[126]

FA has also been used as a targeting moiety for many years 
using CT and MRI imaging modalities. In one such study, FA-
linked polyethylenimine-entrapped gold NPs (FA-Au PENPs) 
were prepared for tumor CT imaging.[127] Unlike nontargeted 
Au PENPs, the tumor targeting ability of FA-Au PENPs via 
the FR was confirmed by confocal and ICP-OES. For targeted 
tumor CT imaging, the tumor bearing mice treated with FA-Au 
PENPs showed an obvious enhancement in CT contrast 5  h 
post-injection, with much higher CT values than nontargeted 
probes. In addition, 1 month later, H&E staining demonstrated 
that there were no histological changes in the liver, lungs, 
spleen, kidney, or heart of the mice, which indicated good in 
vivo biocompatibility of the FA-Au PENPs.

In another study, Zhang et al. synthesized FA-modified iron 
oxide (Fe3O4) NPs. The in vitro T2-weighted MR effect of the 
FA-modified Fe3O4 NPs on H460 lung carcinoma cells was 
evaluated using a 1.5 T MRI machine, in which the MR signal 
intensity of the cells showed a significant decrease as a function 
of Fe concentration, and the obtained images were much darker 
than those of the same cells treated with FA and nontargeted 
NPs. Moreover, at equal Fe concentrations, FR-positive cells 
absorbed more of the FA-modified Fe3O4 NPs compared to the 
FR-negative cells. MRI of H460 tumor-bearing mice injected 
with FA-modified Fe3O4 NPs at different time points was per-
formed. There was a significant reduction in T2 signal intensity 
of H460 tumors at 0.85 h post-injection.[128] Overall, FR may 
hold great promise as a target for directed tumor imaging in 
the future.

6.3. EGFR Targeting

The tyrosine kinase EGFR is a 170  kDa transmembrane 
glycoprotein, which is activated by binding to endogenous 
ligands of the EGF family. EGFR plays a critical role in cell pro-
liferation, division, inhibition of apoptosis, and angiogenesis, 
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upon activation after internalization via clathrin-mediated 
endocytosis.[129] The over-expression of EGFR in diverse kinds 
malignant tumor cells has been demonstrated.[130] With a 
high affinity for EGFR (Kd  =  2  nm), EGF proteins trigger cell 
proliferation in tumor cells.[131] Therefore, EGFR can be used 
for targeting cancer cells, using nanoplatforms that have 
been decorated with EGF proteins or EGFR antibodies for 
therapeutic and diagnostic applications. Moreover, anti-EGFR 
antibodies inhibit cell proliferation and trigger cell apoptosis 
by blocking the activation of EGFR. One study used cetuximab-
800CW (anti-EGFR probe) as a fluorescent tracer for ex vivo 
colonoscopy using a NIR endoscopy platform.[132] The EGFR 
expression was about 51–69% higher in 78 low-grade dysplastic 
(LGD) adenomas than in normal colon crypts, and could be a 
promising tool for molecular-guided endoscopy. Gao et  al.[133] 
encapsulated the t-BuPITBT-TPE fluorophore within DSPE-
PEG NPs that were decorated with humanized mAb C225 
(t-BuPITBT-TPE-C225 NPs), and used this complex for targeted 
imaging of EGFR overexpressing non-small cell lung cancer 
cells. The t-BuPITBT-TPE-C225 NPs were effectively internal-
ized into EGFR overexpressing HCC827 cells showing a strong 
red fluorescence compared to only a very weak fluorescence in 
H23 cells, which express a significantly lower amount of EGFR 
on their surface.

Recently, multispectral optoacoustic tomography (MSOT) 
has been used to detect EGFR over-expression in ortho-
topic pancreatic xenografts, using a NIR EGF-conjugated 
CF-750 fluorescent probe.[134] Because MSOT is based on the 

photoacoustic features of the targeted tissue, it is not limited 
by photon scattering, resulting in high-resolution tomographic 
images. The specificity and bioactivity of the probe were investi-
gated in different cell lines, including S2VP10L and MiaPaCa-2 
cells, with high and low EGFR expression, respectively. After 
MSOT imaging of S2VP10L-tumor bearing mice, the EGF-
conjugated CF-750 fluorescent probe showed the highest accu-
mulation within the tumor 6 h post injection, with an average 
of 318 MSOT signal units. However, in mice implanted with 
MiaPaCa-2 tumors, the MSOT signal was only <10  MSOT 
signal units. These results indicate good binding and bioac-
tivity of the EGF-conjugated CF-750 probe to EGFR in S2VP10 
pancreatic tumor cells, and the ability of MSOT to detect the 
biodistribution of fluorescent dyes in living tissue.

Wang et  al.[135] prepared a novel theranostic agent based 
on PEGylated SPIONs modified with anti-EGFR (Cetuximab) 
(anti-EGFR-PEG-SPIONs) for MRI and magnetic resonance-
guided focused ultrasound surgery (MRgFUS) of lung cancer. 
They used this platform to address some limitations, such as 
low sensitivity of MRI for visualization of small tumors, and 
the poor efficiency of in vivo ultrasonic energy deposition. In 
vivo MRI employed two groups of H460 lung tumor bearing 
nude rats that were injected with anti-EGFR-PEG-SPIONs 
and PEGylated SPIONs (Figure  17). At 4 h post-injection of 
the targeted NPs, the T2 signal to noise ratio (SNR) showed a 
significant decrease at the tumor site compared to only a slight 
decrease with nontargeted NPs. This was explained by the tar-
geting ability of anti-EGFR-PEG-SPIONs to the over-expressed 
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Figure 17.  Tumor imaging with anti-EGFR-PEG-SPIONs. T2WI MRI images a) and SNR b) of tumor after injection of 0.1 mL targeted and nontargeted 
contrast agents at different time points (0.5, 1, 4, 6, 10, 12 h). The mean T2- weighted signal intensities were measured for each tumor. The relative 
SNR was calculated. Prussian blue staining of tumor tissues after 6 h injection of c) anti-EGFR-PEG-SPIONs and d) PEGylated SPIONs. Reproduced 
with permission.[135] Copyright 2017, Elsevier.
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EGFR on the H460 lung cancer cells. They also employed Prus-
sian blue staining to confirm the targeted contrast agent had a 
higher deposition in tumor tissue than the non-targeted NPs 
(Figure 17c).

6.4. Glucose Transporter Targeting

Both primary and metastatic cancer cells consume higher 
amounts of glucose in order to provide themselves with 
energy, which is required for their rapid proliferation.[136] This 
increased glucose requirement results in upregulation of the 
glucose transporter (Glut) (e.g., Glut-1 and Glut-3) on the sur-
face of cancer cells. This observation led to clinical imaging 
being revolutionized by the introduction of a new imaging 
approach termed FDG-PET. PET imaging is able to produce 
anatomical images with high resolution based on the prefer-
ential uptake of glucose into cancer cells compared to normal 
cells, employing the glucose analogue fluorodeoxyglucose 
labeled with the PET isotope 18-fluorine (half-life 10 min).[137] 
However, this technique is not considered highly specific for 
cancer, since other biological mechanisms (such as inflamma-
tion) result in higher metabolic uptake of glucose. Therefore, 
glucose imaging probes must distinguish between cancer and 
inflammation.

Inspired by PET, many researchers have taken advantage 
of the abnormal expression of Glut (as well as increased glu-
cose metabolism) as a hallmark of cancer, in order to detect 
and image tumors. To this end, glucose (or its many deriva-
tives) has been attached to different nanoplatforms, and their 
ability to target Gluts on cancer cells has been evaluated. 
Dreifuss et  al.[138] employed glucose-functionalized gold nano-
particles (GF-GNPs) as a metabolically targeted CT contrast 
agent. They hypothesized that the cellular uptake of larger-
sized GF-GNPs via GLUT-1 was unlikely, compared to the 
easier uptake of smaller glucose molecules. This led them to 
propose that GLU-1 induced a biological cascade that eventu-
ally resulted in the increased uptake of GF-GNPs, probably 
via endocytosis. Based on the CT images, the GF-GNPs could 
differentiate between cancer and inflammation, in a mouse 
model that combined both tumor and inflammation at different 
sites, possibly because of differences in the vasculature of the 
different pathologic conditions. Singh et  al.[139] compared the 
mechanism of internalization between BSA-coated gold nano-
clusters (BSA-AuNCs) and glucose-coated gold nanoclusters  
(Glu-AuNCs) in human epithelial carcinoma (A431) cells and 
the human keratinocyte cell line (HaCaT) as examples of can-
cerous and noncancerous cells, respectively. Based on fluores-
cence imaging, Glu-AuNCs were internalized by A431 cell via 
Glut-1 receptors, while there was significantly lower internaliza-
tion by HaCaT cells. Likewise, BSA-AuNCs showed significantly 
higher cellular uptake in A431 cells than HaCaT cells, however, 
this internalization was dependent on the cell membrane poten-
tial, which affected the electrostatic interaction between cells 
and NPs. They further investigated the level of Glut-1 protein 
expression in both cell lines. As expected, the expression level of 
Glut-1 was 40% higher in A431 than HaCaT cells.

Recently, Zhao et al.[40b] reported the preparation of a novel 
dual-stimulus responsive nanoprobe for in vivo tumor-specific 

image-guided photothermal therapy. The nanoprobe called 
Pep-Acy/Glu@AuNRs, consisted of four constituents: i) gold 
nanorods (AuNRs) as the basic structure, photothermal therapy 
agent, and ultra-efficient fluorescent quencher; ii) an asym-
metric fluorescent cyanine dye (Acy), which served as a tumor-
specific imaging probe with pH-responsive near-infrared (NIR) 
absorption and fluorescence; iii) MMP-specific peptide (Pep) 
acting as a linker between the AuNRs and Acy; and iv) glycosyl 
residues (Glu) on the surface of AuNRs providing active tumor-
targeting ability. In the presence of MMP type 13 at a pH of 6.0, 
there was intense fluorescence due to the detachment of Acy 
from the AuNRs because Pep was cleaved by MMP enzyme, and 
pH-sensitive activation of Acy into its acidic fluorescent form. 
Pep-Acy/Glu@AuNRs were not fluorescent either at pH 7.4 
or in the absence of MMP-13. The in vitro cell internalization 
revealed that at pH 6.0, SCC-7 cells incubated with Pep-Acy/
Glu@AuNRs showed 2.7-fold higher fluorescence intensity 
than the Glut-blocked SCC-7 cells, indicating the critical role 
of Glut in the cellular uptake of NPs via Glu interaction with 
Glut. They then explored the ability of Pep-Acy/Glu@AuNRs 
to allow in vivo precision tumor-targeting imaging in SCC-7 
tumor-bearing nude mice (Figure 11). The fluorescence signal 
was intense and lasted for up to 12  h in the active tumors 
(R-tumor). In contrast, by manipulating the TME using either 
a MMP inhibitor (for Group A), or NaHCO3 (for Group B),  
there was almost no fluorescence signal detected in either 
group. These results demonstrated the various features of the 
designed nanoplatform, including dual-stimuli responsivity, 
accuracy, tumor targeting via the microenvironment, and over-
expression of Glut within the tumor cells.

6.5. Cathepsin Targeting

Cathepsins (Cats) are a group of lysosomal peptidases with a 
cysteine residue at the active enzymic site. Cats are proteins 
that degrade the ECM and the basal membrane, and are essen-
tial for tumorigenesis. In humans, the Cat family comprises  
11 members (Cat B, Cat C, Cat F, Cat H, Cat K, Cat L (Cat L1), 
Cat L2 (Cat V), Cat O, Cat S, Cat W, and CatZ [Cat X]). The 
majority of Cats are endopeptidases that cleave peptide bonds 
within their protein substrates (Cat C and Cat Z do not have 
any endopeptidase activity). Cat B possesses carboxypeptidase 
activity and Cat H possesses aminopeptidase activity. The func-
tional contributions of the cysteine cathepsins to tumor inva-
sion and metastasis are diverse. For example, Cat B, C, K, L, 
S, V, and X are all expressed in tumor-associated macrophages 
(TAM). Cats B, F, H, K, L, S, V, and X are all expressed in dif-
ferent tumor cells. Increased Cat expression is correlated with 
poor prognosis in breast (Cat B, L, C, and S), lung (Cat B, H, 
and S), ovarian cancer (Cat B), pancreatic (Cat B, L, and Z), oste-
osarcoma (Cat K), and colorectal cancer (Cat B, L, and S).[140]

Because Cat B an attractive target for the detection of tumor 
metastases, Ryu et  al.[141] developed a Cat B-sensitive nano-
probe (Cat B-CNP) consisting of a self-quenched Cat B-sensitive 
fluorogenic peptide (Gly-Arg-Arg-Gly-Lys-Gly-Gly) probe conju-
gated onto the surface of tumor-targeting glycol-chitosan NPs. 
This platform facilitated sensitive and specific visualization of 
Cat B activity in cells and in vivo tumor models. Cat B-CNP 
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demonstrated the potential to distinguish metastases in three 
metastatic mouse models including lung, liver, and peritoneal 
metastases. Metabolic glycol-engineering with a biorthogonal 
click reaction has been used to improve the tumor targeting effi-
ciency of NPs as delivery vehicles for imaging agents or for anti-
cancer drugs. This technique can develop metabolic agents that 
can create abnormal glycans expressed on the tumor-cell sur-
face that can then be labeled with click chemistry approaches. 
Shim et  al.[142] developed a Cat B-specific metabolic precursor 
consisting of a Cat B-specific cleavable substrate (Lys-Gly-Arg-
Arg (KGRR)) conjugated to triacetylated N-azidoacetyl-d-man-
nose amine (RR-S-Ac3ManNAz) for creation of azide-containing 
glycans on tumor cells. Subsequently these azido-glycans could 
be labeled by NIRF dyes containing triple bonds using the click 
reaction. In vivo imaging results showed this system could be a 
promising tool for tumor specific active targeting.

An amino-functionalized metal−organic framework 
(MOF) could be an efficient delivery vehicle for cell imaging 
and chemo-photodynamic therapy. Liu et  al.[143] developed a 
multifunctional MOF nanoprobe loaded with camptothecin 
(chemotherapy drug), FA (targeting moiety), and a chlorin 
(e6) (Ce6)-conjugated Cat B-substrate peptide as the activatable 
moiety. The MOF probe recognized FR-positive tumor cells, 
where Cat B activated the release of Ce6 as an imaging agent 
and a photosensitizer, and camptothecin as an anticancer drug.

Targeting cancerous tissue with iodinated CT contrast 
agents could be improved by taking advantage of enzyme over-
expression using activity-based probe (ABP) methodology. A 
typical ABP includes a recognition element that is a substrate 
for a tumor-associated protease, a contrast agent, and a “war-
head” (usually an electrophile that can form a covalent linkage 
between the target and the contrast agent). When CT is used 
for cancer imaging applications, its relatively low contrast 
requires the use of high concentrations of contrast agents. In 
order to overcome this limitation, Gaikwad et  al., prepared a 
new class of iodinated nanoscale ABPs (IN-ABPs) that could 
enrich the concentration of iodine at the targeted tumor site 
by covalent attachment in the presence of Cats that are signifi-
cantly overexpressed in cancer. The IN-ABPs were composed 
of a short targeting peptide sequence selective for specific Cats, 
an electrophilic moiety that allowed activity-dependent cova-
lent binding, and tagged with dendrimers loaded with iodine 
atoms. IN-ABPs selectively bound to tumors in the presence 
of recombinant and intracellular Cats B, L, and S. They com-
pared the in vivo biodistribution and tumor accumulation of 
IN-ABPs bearing 18 or 48 iodine atoms. The result of this study 
showed the synthetic feasibility and potential utility of ABPs 
as potent contrast agents for CT of tumors.[144] Employing a 
similar strategy, Tsvirkun et al.[145] developed nanosized Cat-tar-
geted ABPs for functional CT imaging. Their probe consisted 
of various sizes of gold NPs with varying ratios of Cat-targeted 
substrate and PEG. The results showed that GNP-ABPs were a 
promising tool for enzymatic-based CT imaging.

7. Tumor Type-Specific Targeting

The TME is characterized by altered functions of ECM mole-
cules, vascularized stroma, lymphatic networks, and abnormal 

cell phenotypes. The molecular imaging of specific cancer 
cell types plays a critical role in tumor detection, as described 
below. Depending on the type and stage of cancer, different 
antigens or receptors are overexpressed on the surface of the 
cancer cells and can be used in ligand-mediated targeted tumor 
imaging. Ligand targeting increases interactions between the 
contrast agent and the targeted cells, and also enhances the 
cell internalization of the agent without altering the overall 
biodistribution.[146] There are two types of cancer-specific 
ligands: i) serum markers that are mostly used for monitoring 
of patients with already diagnosed disease, predicting response 
to therapy, and determination of prognosis; ii) markers that 
exist within the tumor tissue (cell surface) and are used for 
molecular imaging and detection of cancer. Because serum 
markers have low sensitivity and are not useful for early detec-
tion, we have concentrated on the tumor tissue markers in 
most common cancer types with an annual incidence of 40 000 
cases, and high mortality rates according to NCI data (https://
www.cancer.gov/types/common-cancers).

7.1. Targeted Breast Cancer Imaging

Breast cancer is a multifaceted and heterogeneous disease with 
a high worldwide mortality rate.[147] Based on NCI data, breast 
cancer was the most common type of cancer diagnosed in 2018, 
with 266 120 new cases and 409 20 deaths.[148] Specific breast 
tumor tissue markers used in diagnosis and therapy, such as 
estrogen receptor (ER), progesterone receptor (PR), hormone 
receptor (HR), HER2 gene (also known as c-erbB-2 or neu), 
urokinase plasminogen activator (uPA), and plasminogen acti-
vator inhibitor 1 (PAI-1) are covered in Table 4. These are the 
most promising biomarkers in lymph node-negative breast 
cancer. However, only a select few of these markers have been 
clinically used for imaging. Depending on changes in the levels 
of ER, PR, HR, and HER2, breast cancer is often character-
ized into subtypes: luminal A (ER+/PR+/HER2−), luminal B 
(ER+/PR+/HER2+), HER2 overexpressing (ER−/PR−/HER2+), 
and TNBC (ER−/PR−/HER−).[149] Luminal tumors (≈70% of 
invasive breast cancers) respond to hormonal therapy, and the 
HER2 overexpressing subtype responds to targeted antibody 
therapy. TNBCs are more aggressive and difficult to treat, but 
may respond to chemotherapy. Breast cancer is classified into 
five stages (0, I, II, III, IV) with different marker expression, 
biology, and therapeutic responses. Hence, a full understanding 
of breast cancer subtypes is important for the success of treat-
ment outcomes.

A recent report described a CD44-targeted nanomicellar pay-
load delivery platform for selective tumor-specific imaging and 
therapy of triple negative breast cancer.[150] Several mAbs, e.g., 
trastuzumab (Herceptin) and pertuzumab, or small-molecule 
tyrosine kinase inhibitors (TKIs), such as neratinib and lapa-
tinib, have been utilized for targeting HER2+-overexpressing 
breast tumors.[151] A range of specific molecules such as, “pro-
tein-phosphatase 2A-regulatory molecule (B) 55 β-subunit” 
(PP2A-B55β), P7170 (synthetic inhibitor), IL-15 receptor and 
it’s α subunit (IL15RA), and progesterone receptor (PgR) 
have been used for clinical targeting and inhibition of TNBC 
subtypes.
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Table 4.  Summary of imaging platforms used for the detection of a range of human cancers.

Biomarker (Target) Ligand Imaging platform Status References

Breast cancer

gC1q receptor p32 protein Peptide, CGNKRTRGC (LyP1) Bi2S3-LyP-1 In vitro/in vivo [223]

Phosphatidylserine (PS) monoclonal antibody (mAb), PGN635 PGN-L-IO/DiR In vitro/in vivo [224]

urokinase plasminogen activator 

receptor (uPAR)

Amino-terminal fragments (ATF) NIR830-ATF-IONP In vivo [225]

Epithelial cell adhesion 

molecule  (EpCAM)

Aptamer Apt-QD-Nut-NPs In vitro/in vivo [226]

Macrophage mannose receptor 

(MMR; CD206)

Anti-CD206 Ab Dye-anti-CD206 In vitro/in vivo [227]

CD44 Hyaluronic acid HA-dOG-PTX-PM In vivo [228]

HER2 Trastuzumab 89Zr-Trastuzumab Clinical trial [229]

Gastrin releasing peptide (GRP) 

receptors

Bombesin (BBN) DSPION–BBN In vitro/in vivo [230]

Chemokine Receptor CXCR4 Pentixafor 68Ga-Pentixafor In vitro/in vivo [231]

Sodium iodide symporter (NIS)-

mediated nuclear reporter

I-124 I-124 In vitro/in vivo [232]

CD146 YY146 Ab 64Cu-NOTA-YY146 In vitro/in vivo [163]

CD38 IgG Ab 89Zr-Df–IgG In vitro/In vivo [233]

Subtype somatostatin receptor 2 

(SSTR2)

PA1 peptide 68Ga-DOTA–PA1 In vitro/In vivo [234]

CD30 Brentuximab vedotin (BV) 89Zr-Df-BV In vitro/In vivo [235]

Monoclonal antibody, h173 mAb, h173 64Cu-DOTA-h173 In vitro/In vivo [236]

Colorectal cancer

Translocator protein (TSPO) [18F] FEPPA (N-acetyl-N-(2-[18F]-fluoroethoxyben-

zyl)-2-phenoxy-5-pyridinamine)

TSPO-PET tracer [18F] FEPPA In Vitro [237]

VEGFR-1 and NRP-1 (neuropilin-1) CPQPRPLC Peptide [99mTc] Tc-HYNIC-D(LPR) peptide for SPECT 

imaging

In vitro/In vivo [238]

Metastatic SW620 membrane 

protein

SW620-specific DNA aptamer Aptamer XL-33 In vitro/Ex vivo [239]

EpCAM Anti EpCAM mAb UCNP@SiO2 Rose Bengal (RB)- Linker−Protein G 

(LPG)-Anti EpCAM

In vitro [240]

Colon cancer secretedprotein-2 

(CCSP-2)

Anti–CCSP-2 antibody Anti–CCSP-2 antibody-FPR-675 In vitro/In vivo [241]

Hexosaminidase Probe for β-galactosidase Hexosaminidase (HMRef-βGlcNAc) In vitro/Ex vivo [242]

Carcinoembryonic antigen (CEA) Anti-CEA Ig G IgG-conjugated fluorescent nanoparticles In vivo [243]

Claudin-1 RTSPSSR Peptide Cy5.5- a GGGSK Linker-Peptide In vivo [244]

Delta-like ligand 4 (Dll4) Dll4 mAb (61B) 61B-DOTA-64Cu PET probe In vitro/In vivo [245]

Prostate cancer

PSMA HBED (PSMA-targeted probe) 68Ga‑HBED‑CC PSMA PET In vivo (PCa 

patients)

[246]

PSMA Anti-PASMA Ab QD- PEG -PSMA Ab In vivo [247]

Gastric-releasing peptide receptors 

(GRPR)

Bombesin (BBN) BBN-conjugated Cy5.5 – N-acetyl histidine – 

Glycol chitosan NPs

In vitro/In vivo [248]

PSMA xPSM-A9 and xPSM-A10 (RNA aptamers)/RGD/

Ab

G4.5 PAMAM dendrimer- iron oxide In vitro/In vivo [249]

SPARC glycoprotein M13 filamentous bacteriophage M13-SBP-MNP In vitro/In vivo [250]

Androgen receptor (AR)  Peptide SP204 Superparamagnetic iron oxide nanoparticles 

(SPIONs- SP204

In vitro/In vivo [183]

Prostate stem cell antigen (PSCA) Anti PSCA mAb GO-DEN(Gd-DTPA)-mAb In vivo [251]
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Biomarker (Target) Ligand Imaging platform Status References

Gastric-releasing peptide receptors 

(GRPR)

Bombesin (BBN) analogue (named SCH1) 

based on JMV594 peptide

68Ga-NODAGA-SCH1 In vitro/In vivo [252]

Insulin-like growth factor 1 receptor 

(IGF1R)

Ab clone (1A2G11) 64Cu-NOTA-1A2G11 In vitro/In vivo [253]

urokinase-type plasminogen 

activator receptor (uPAR)

AE105 Ab 64Cu-DOTA-AE105 In vitro/In vivo [254]

GRPR Peptides NOTA-BBN2 68Ga-NOTA-BBN2 in vivo [255]

Pancreatic cancer

CD47 iExosomes iExosomes In vitro/In vivo [256]

Bombesin (BN) receptors BN peptide BN-CLIO(Cy5.5) In vivo [257]

Toll-like receptor 2 (TLR2) TLR2 agonists TLR2 agonists-IR800CW In vitro [258]

Insulin-like growth factor-1 (IGF1) 

receptor

IGF1 IGF1-IONP-Dox In vitro/In vivo [189]

Claudin-4 Anti-Claudin-4 QDs- anti-Claudin-4 In vitro [259]

uPAR Amino-terminal fragment (ATF) peptide ATF-IONP-(GFLG)-Gem In vitro/In vivo [260]

KRAS2 mRNA KRAS2 PNA-D (Cys-Ser-Lys-Cys) [111In]DOTAn-Poly (diamidopropanoyl)

m-KRAS2 PNA-D(Cys-Ser-Lys-Cys)

In vivo [261]

Neurotensin receptors (NTRs) Neurotensin (NT) Aluminum-18F-NOTA-NT In vivo [262]

CA19.9 Anti-CA19.9 Ab 5B1 89Zr-5B1 In vivo [263]

Bladder cancer

CD44 CD44v6 Ab Liposomal nanoprobe In vivo [264]

CD47 CD47 Ab Antibody-functionalized SERS nanoparticles In vitro/In vivo [265]

Prostate stem cell antigen (PSCA)  Anti PSCA mAb QD-PSCA In vitro [266]

Carbonic anhydrase IX (CAIX) Anti-CAIX Ab Anti-CAIX-Qdot625 In vitro/ ex vivo [267]

Argininosuccinate synthetase 1 

(ASS1) 

Fluoro-L-thymidine (FLT) [18F]-fluoro-L-thymidine (FLT) In vitro/In vivo [268]

CD47 CD47 Ab Anti-CD47–FITC In vivo [200]

IL-5Rα mAb A14 64Cu-A14 In vitro/In vivo [269]

Brain cancer

Transferrin receptor Transferrin peptide (Tfpep) Tfpep-Au NPs In vitro [270]

TfR & HER2 Poly (β-l-malic acid) polymeric nano-imaging 

agents (NIAs)

Gadolinium-DOTA- Poly (β-l-malic acid) 

polymeric nano-imaging agents (NIAs)

In vitro/In vivo [271]

EGFR & CD105 Denoted as Bs-F (ab) 2] 64Cu-NOTA-Bs-F (ab)2 In vitro/In vivo [272]

Lipoprotein receptor-related protein 

(LRP) receptors & αVβ3

Angiopep-2 peptides & cyclic [RGDyK] peptides PAMAM-G5 dendrimer In vitro/In vivo [273]

LRP-1 ANG ANG -Tetrahedral DNA nanostructures (TDNs) In vivo [274]

LRP-1 Angiopep-2 (ANG, TFFYGGSRGKRNNFKTEEY) ANG/PLGA/DTX/ICG In vitro/In vivo [275]

CD146 YY146, a high affinity anti-CD146 mAb 89Zr-Df-YY146 In vitro/ex vivo [276]

Ovarian cancer

IL-16 anti-IL-16 Ab Microbubbles- anti-IL-16 In vivo [277]

Death receptor 6 (DR6) Anti-chicken DR6 Ab Microbubbles-anti-chicken DR6 Ab In vivo [278]

CD276 Anti-CD276 Ab Microbubbles- anti-CD276 Ab In vivo [279]

HER2 Trastuzumab 89Zr-trastuzumab In vivo [280]

HER3 HER3-antibody RG7116 89Zr-RG7116 Phase I [281]

Mesothelin Anti-Mesothelin nanobody (NbG3a) NbG3a-IONP In vivo [282]

HER-2 anti-HER-2 mAb Optical viral ghosts (OVGs)–ICG-anti-HER-2 In vitro/In vivo [283]

Cyclooxygenase-1 (COX-1) P6 [18F]-P6 In vivo [284]

Poly (ADP-ribose) polymerase (PARP) FluorThanatrace (FTT) [18F] FTT In vitro/in vivo [285]

Table 4.  Continued.
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Radiolabeled fluoroestradiol (18F-FES) PET/CT imaging has 
been utilized for primary ER+ breast cancer detection, evalu-
ation of metastases and monitoring response to endocrine 
therapy. FES is an estrogen hormone (EH) with the affinity to 
bind to ERα, and has been used as a targeted contrast agent for 
18F-FES PET/CT imaging.[152] Heat shock proteins (Hsps) can 
function as a marker of breast cancer, and have been targeted 
using multifunctional NPs based on perfluoropolyether 
(PFPE)-conjugated peptide aptamers that specifically bind to 
Hsp70, and act as fluorescent and MRI contrast agents. The in 
vivo results demonstrated the platform possessed high tumor 
accumulation with a specific affinity to Hsp70. These peptide 
aptamers could effectively target the TME (surface of the tumor 
cells) and the interior of the tumor cells.[153]

Neu or HER2 is a proto-oncogene that is overexpressed in up 
to 30% of breast cancers. Kievit et al.[154] developed an imaging 
probe constructed from superparamagnetic iron oxide nanopar-
ticles (SPIONs) coated with copolymer chitosan grafted PEG, 
and then conjugated with an anti-neu antibody. MR imaging 
demonstrated the probe was able to target neu receptors in 
vitro and also in vivo in a transgenic mouse model. Further-
more, this probe was able to recognize and tag spontaneous 
micrometastases in the liver, bone marrow, and lungs of tumor-
bearing mice.

The overexpression of the chemokine receptor (CXCR4) 
plays an important role in breast cancer cell proliferation, inva-
sion, and metastasis. One study developed 64Cu-doped gold 
nanoclusters conjugated to AMD3100, a ligand that specifi-
cally binds to CXCR4. The 64Cu-AuNC-AMD3100 was used for 
detection of lung metastasis in a mouse model bearing 4T1 
metastatic breast cancer. The PET imaging results showed 
that the contrast agent had excellent affinity and sensitivity 
for targeting CXCR4, both in early stages of tumor, and in 
micro-metastases in the lungs.[155] Y1 receptors (Y1Rs) are also 
highly overexpressed in human breast cancer and its metas-
tases. Fluorescent nanobubbles (NBs) were fabricated from 
tetradecafluorohexane and biodegradable photoluminescent 
polymers, and then conjugated to a PNBL-NPY ligand devel-
oped for specific targeting of Y1Rs both in vitro and in vivo. 
The results showed PNBL-NPY-modified NBs had good disper-
sity, biocompatibility, stability, and also possessed high affinity 
and specificity for Y1Rs.[156] In order to increase the specificity, 
probe circulation time, and precise targeting, a dual targeting 
strategy was described using hybrid GNRs conjugated to Her-
ceptin (HER) and PEG. The imaging results showed good 
accumulation of the Her-PEG-GNRs in tumors compared to 
Her-GNR and PEG-GNR tested alone.[157]

7.2. Targeted Lung Cancer Imaging

Lung cancer is highly invasive and metastatic, with one of the 
cancer highest mortality rates worldwide.[158] According to the 
NCI, an estimated 234 030 new cases and 154 050 deaths from 
lung cancer were reported in 2018. Lung cancer is a heteroge-
neous disease and is difficult to diagnose early in many cases. 
The disease is often diagnosed only in advanced stages (stage 
III or VI). The lung cancer subtypes include i) squamous cell 
lung cancers (SQCLC), which account for ≈25–30% of all cases 

and arise from the main bronchi and spread to the carina; 
ii) adenocarcinomas (adenoCA), which represent about 40% of 
all lung cancers and arises from peripheral bronchi; iii) lung 
cell anaplastic carcinomas (LCAC), which represent about 10% 
of all lung cancers and lack classic glandular or squamous mor-
phology in the tumor; and iv) small cell lung cancer (SCLC), 
which accounts for ≈10–15% of all lung cancers and arises from 
the lung neuroendocrine cells, and disseminates into the sub-
mucosal lymphatic vessels and regional lymph nodes without 
any bronchial invasion. Based on histological data, lung cancer 
is divided into two classes, with different growth and spread 
profiles: non-small-cell lung carcinomas (NSCLC), which con-
sist of adenoCA, LCAC, and SQCLC subtypes, and accounts 
for ≈85–90% of all lung cancers; and SCLC accounting for 
≈10–15% of lung cancers. All lung cancer subtypes can become 
multifocal within the part of the lung they first occur (T3), 
spread throughout the lung of origin (T4), or spread to the con-
tralateral lung (M1).[159]

Metastatic lung cancer can be diagnosed in inaccessible sites 
such as the bone, liver, or brain before any symptoms occur 
due to the primary lung lesion. Depending on genetic altera-
tions, lung cancer can be classified in several ways, including: 
i) activation of mutations in proto-oncogenes such as BRAF, 
MEK, KRAS, PI3K, HER2, FAT2, GPR87, LYPD3, SLC7ALL, 
and especially EGFR; ii) amplification of proto-oncogenes, such 
as fibroblast growth factor receptor 1 (FGFR1) and discoidin 
domain receptor (DDR2) in SQCLC, and MET in adenoCA; 
iii) gene activation in anaplastic lymphoma kinase (ALK), rear-
ranged during transfection (RET), or c-ros oncogene 1 (ROS1); 
iv) overexpression of miRNAs; v) inactivation of tumor sup-
pressor genes (TSG), including RB1, CDKN2A, TP53, PTEN, 
FHIT, RASSF1A; and vi) increased telomerase activity.[160]

EGFR is mutated and overexpressed in almost 80% of 
NSCLC cases. Anti-EGFR Abs have been used as contrast agents 
in lung cancers. However, Ab production is difficult and costly, 
and Abs have rather low tumor penetration due to their large 
size. Therefore, a short peptide sequence (P75) was introduced 
as an EGFR-targeting peptide and used for CT/photoacoustic 
dual-modality image-guided photothermal therapy, Zhao 
et al.[161] designed P75-modified triangular gold NSs (P75-PEG-
TGN). The in vitro and in vivo results showed high affinity to 
EGFR+ cancer cells, and increased accumulation on the tumor 
cell surface. The cytotoxic T-lymphocyte-associated protein 
4 (CTLA-4) is a marker of immune T cells and also some lung 
cancer cells. The Ehlerding group[162] used 64Cu-radiolabeled 
ipilimumab (anti-CTLA-4 mAb) for PET imaging of human 
NSCLC cells. In vivo results showed the radiolabeled Ab effec-
tively accumulated in CTLA-4+ NSCLC.

Other CD markers (i.e., CD30, CD48, CD146, CD44, and 
CD133) are overexpressed on the surface of lung cancer cells. 
Overexpression of CD146 (or MUC18) is associated with meta-
static potential and is detectable in 50–75% of lung cancers. The 
YY146 mAb was radiolabeled using 64Cu (64Cu–NOTA-YY146) 
as a targeted contrast agent for in vitro and in vivo PET imaging 
of CD146+ intrapulmonary metastases of NSCLC cells.[163] 
Additionally, the delta-opioid receptor (бOR; a member of the 
G protein receptor family) is overexpressed in human lung 
cancer cells, but not expressed in normal lung cells. Cohen 
et al.[164] described an imaging system using synthetic Dmt-Tic 
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peptide (a бOR antagonist) and IR800 NIR dye that had excel-
lent affinity for бOR for in vitro lung cancer cell imaging. More 
examples are provided in Table 4.

7.3. Targeted Colorectal Cancer Imaging

Colorectal cancer (CRC) is the second-most and third-most 
common cancer in the United States for women and men, 
respectively. More-developed regions of the world have a higher 
incidence than less-developed regions. Based on the standard-
ized incidence rate (ASRi), the majority of patients with spo-
radic CRC are >50 years of age, and both genetic factors (e.g., 
mutations in the DNA mismatch-repair genes, proto-onco-
genes, and tumor suppressor genes) and environmental fac-
tors (e.g., smoking, alcohol intake, and increased body weight) 
contribute to the etiology of CRC. Furthermore, epigenetic 
alterations seem to affect gene expression to trigger changes 
in benign polyps into malignant tumors.[165] Nowadays, CRC 
diagnosis relies on assessment of patient symptoms and is 
followed by an instrumental approach if needed (i.e., colonos-
copy, capsule endoscopy, CT colonography, and measurement 
of prognostic/predictive biomarkers of CRC). CRC biomarkers 
can be categorized into diagnostic, pharmacological, predic-
tive, prognostic risk/predisposition, screening, and surrogate 
response biomarkers.[166] The most important DNA biomarkers 
are microsatellite instability (MSI), aberrant methylation of 
septin 9 (SEPT9) (a GTPase), mutation of adenomatous poly-
posis coli (APC), and Kirsten rat sarcoma (KRAS).[167] CRC 
(colon and rectal cancers) and their stages are important for the 
treatment of CRC. Surgery and targeted therapy using mAbs 
against over-expressed factors (e.g., EGFR, VEGF-A, HER) is 
the mainstay potentially curative treatment for patients with 
non-metastatic tumors (stages I–III), while fusion proteins 
that target multiple proangiogenic growth factors have been 
utilized for metastatic CRC (Stage IV).[168] Beyond conventional 
imaging modalities, PET-CT is a novel molecular imaging 
approach employing radiolabeled Abs or Ab fragments to detect 
CRC overexpressing EGFR[169] (Table 4).

If metastatic disease becomes clinically established, the 
long-term patient outcomes are not favorable, and current 
imaging rarely detects the early stages of cancer development 
at either the primary or metastatic sites. NPs have been found 
to accumulate in tumors in high amounts.[170] CRC diagnosis 
and treatment could also by improved by employing NPs or 
nanoprobes. Detection of small polyp was enabled using a 
nano-beacon composed of polystyrene NPs with coumarin 
6 dyes encapsulated within the core, and a surface decorated 
with poly(N-vinylacetamide) (PNVA), and coated with peanut 
agglutinin (PNA). These NPs showed a high binding affinity to 
the CRC-associated Thomsen–Friedenreich (TF) antigen. The 
designed nano-beacon could be used for the clinical detection 
of hidden polyps, early quantitative detection of CRC, and for 
distinguishing adenomas and adenocarcinomas from normal 
colonic tissue.[171]

The multiple vibrational modes of NIR emission can be 
improved by using QDs. Unlike organic dyes, QDs can allow 
for multiplexed imaging due to the narrow-band emissions. 
Development of a protease-activatable QD (PbS/CdS/ZnS 

core/shell/shell) probe emitting in the NIR-II spectral region 
(PA-NIRQD) showed selective fluorescence activation and a 
high signal peak in the presence of MMP enzyme activity at 
tumor sites in a colon cancer mouse model.[172] In order to over-
come poor tissue penetration of light and the background auto-
fluorescence of traditional fluorescence-based imaging probes, 
one study used multifunctional silica-based nanocapsules, 
which contained two distinct triplet−triplet annihilation upcon-
version (TTA-UC) chromophore pairs, and were then conju-
gated with TCP (a vasculature-targeting peptide for CRC). The 
experimental results demonstrated that this platform bound 
only to CRC cells with differential-color imaging and greater 
accumulation at targeted tumor sites, and was a promising tool 
for CRC diagnosis within the heterogeneous TME.[173]

Images generated using fluorescent microscopy/
endomicroscopy (such as two-photon microscopy [TPM]) have 
high resolution, which enables visualization of biological 
processes (such as cell trafficking and cell–cell interaction). 
The morphology of biopsies taken from diseased colon could 
be visualized without fixation and staining. Beack et  al.[174] 
developed PNA-conjugated hyaluronate (HA) with high affinity 
to CD44/CD44v6 receptors, for colon cancer detection and to 
enable image-guided endoscopic resection of a large colorectal 
polyp. TPM of rhodamine B (RhoB) fluorescence has been used 
for bioimaging of CRC. Another strategy to improve detection 
of smaller or non-polypoid lesions that have miss rates of up 
to 24% during colonoscopy, is to combine advanced imaging 
technology and targeted molecular probes, preferably using bio-
markers that apply to the whole surface area of the colon. c-Met 
is a human cell membrane tyrosine kinase that is overexpressed 
in the early stages of the colorectal adenoma-carcinoma pro-
gression. GE-137 is a fluorescently labeled peptide agent with a 
high affinity for c-Met. After being conjugated to a fluorescent 
cyanine dye and administered to mice and human patients, 
fluorescence colonoscopy enabled visualization of neoplastic 
polyps.[175] The altered pHe of cancer tissue could lead to drug 
resistance and has been considered as an imaging target. One 
study used fluorescent probes, two-photon probes (XBH1–3),  
and a two-photon microscope for the in-situ measurement of 
pHe. Ex vivo and in vivo results suggested that the XBH1 plat-
form selectively stained cells in the acidified cancer tissue. This 
probe could directly monitor pH values both inside and outside 
the cells in colon cancer tissue, as well provide information on 
morphological aspects.[176]

7.4. Targeted Prostate Cancer Imaging

Prostate cancer (PCa) is the second most frequently diag-
nosed solid-organ malignancy in men in the United States 
and the second most common in males worldwide. Age range 
(50–74 years), race (African–American race), and family history 
(e.g., BRCA mutations) are the most established risk factors 
for prostate cancer.[177] FDA-approved prostate specific antigen 
(PSA or human kallikrein-3), ProPSA, and prostate cancer 
antigen 3 (PCA3) are noninvasive biomarkers that are currently 
used for prostate cancer detection.[178] However, most modali-
ties have poor sensitivity and specificity at low PSA levels. 
Advancements in the field of molecular imaging are important 
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for developing multimodality imaging for biopsy guidance 
aimed at early detection of PCa, or recurrence posttreatment 
(Table 4).

Prostate-specific membrane antigen (PSMA) is a membrane 
glycoprotein that is strongly upregulated at all stages of PCa. 
Numerous studies have employed Abs targeting PSMA for 
improving the imaging sensitivity. At present, only the radiola-
beled anti-PSMA Ab targeting the intracellular epitope (7E11) 
(ProstaScint, Jazz Pharmaceuticals, USA) has been approved 
by the FDA. The rapid clearance of PET tracer labeled, anti-
PSMA Ab from off-target tissues made it an ideal tracer for PCa 
detection, staging, and clinical decisions.[179] The heterogeneity 
of PCa motivated an increased focus on the tumor vascula-
ture for imaging. Agemy et  al.[180] designed a PCa vasculature 
homing-based (synoptic) targeting agent using iron oxide NPs 
coated with CREKA, a blood clotting peptide that recognizes 
the fibrin-fibronectin complexes. The CREKA-PEG-NPs self-
amplified their tumor accumulation, enhanced tumor imaging, 
and allowed for optimized treatment.

Hepsin (HPN) is a type II transmembrane serine protease 
that is expressed in the precursor lesions of prostate cancer, 
high-grade prostatic intraepithelial neoplasia (HG-PIN), and 
hormone-refractory metastatic tumors. HPN binding peptides 
conjugated to imaging nanoprobes bound to PCa with high 
affinity in vivo. In situ histochemical analysis of patient tissues 
demonstrated the potential of this nanoprobe as an imaging 
agent for PCa.[181] Likewise, GRPRs are overexpressed in pros-
tate tumor cells. One study conjugated a GRPR bombesin 
(Bom) peptide to the PET isotope 64Cu. In vitro micro-PET/
CT imaging results confirmed the binding specificity of this 
platform to GRPR on the prostate cancer cell surface. Further-
more, in vivo results demonstrated that these NPs exhibited 
no acute toxicity in treated mice, suggesting that Bom-PEG-
[64Cu] CuS NPs were ideally suited for PET imaging of ortho-
topic prostate tumors.[182] Another study synthesized SP204 and 
PC204 peptide-conjugated SPIONs that accumulated in a PCa 
xenograft model, with potential for PCa-targeted imaging and 
diagnosis.[183]

The robust molecular structure of tobacco mosaic virus 
(TMV) offers a versatile platform for theranostic applications. 
The Hu group[184] synthesized a bimodal imaging agent by 
loading the internal cavity of TMV self-assembled NPs with a 
NIRF dye Cy7.5 dysprosium ions (Dy3+) to produce a complex. 
The imaging probe was then conjugated with Asp-Gly-Glu-Ala 
(DGEA) peptide that targets integrin α2β1. NIRF imaging and 
T2-mapping (using ultra-high-field MRI [UHFMRI]) confirmed 
that this biocompatible probe effectively targeted PC-3 PC cells 
and tumors. The Dy-Cy7.5-TMV-DGEA was suitable for multi-
scale MRI scanning of the entire body, particularly in the con-
text of UHFMRI.

7.5. Targeted Pancreatic Cancer Imaging

Pancreatic cancer (PC) is a gastrointestinal tumor and is the 
fourth leading cause of cancer mortality in the United States 
due to its late diagnosis, early metastasis, and resistance to 
chemotherapy. The 5 year patient survival rate for all patients 
is less than 5%.[185] Based on NIH statistics, 55  440 newly 

diagnosed cases and 44  330 deaths were reported in the year 
2018. The pancreas acts as both an endocrine and exocrine 
gland. Tumors originating from endocrine tissue are termed 
islet cell tumors (or neuroendocrine). More than 90% of PC 
tumors originate from the ductal epithelium of the pancreas, 
called pancreatic ductal adenocarcinoma (PDAC).[186]

Several tyrosine kinases, including VEGFR-2, c-KIT, FGFR-1, 
colony stimulating factor 1 receptor (CSF1R), and SRC are 
overexpressed on the surface of PC cells. Other receptors (such 
as SRC, CSF1R, VEGFR-2, c-KIT, PDGFR, TβRI, TβRII, and 
FGFR-1) are also overexpressed on the surface of PC cells.[187] 
PC is diagnosed in three stages (I, II, and III). The relative 
expression of targetable molecules differs in each stage[188] 
(Table 4). PC has a dense tumor stromal barrier, which limits 
diffusion and the accessibility of contrast agents (as well as 
drugs) to the cancer cells. Thus, targeting of both stromal and 
PC cells is required. In PC, insulin-like growth factor 1 receptor 
(IGF1R) is overexpressed in both stromal and tumor cells. 
Zhou et al.[189] used iron oxide NPs, IGF1 as a ligand, and doxo-
rubicin to form IGF1-IONPx-Dox. Non-invasive MRI results 
demonstrated that it could act as an effective theranostic system 
to improve PC targeted imaging and therapy.

P32 (gC1qR) is a multifunctional cellular receptor protein 
that is overexpressed on the surface of PC. The Jiang group 
designed multifunctional core-shell magnetic nanospheres 
prepared from iron oxide NPs and silica labeled with FITC 
and LyP-1 peptide that targets the P32 receptor called (Fe3O4@
SiO2-FITC@mSiO2-LyP-1; Figure 18). In vivo MRI and fluores-
cence imaging confirmed specific accumulation of the designed 
nanospheres in the tumor tissue, allowing MRI of orthotopic 
PC xenografts.[190] Despite its name, prostate stem cell antigen 
(PSCA) has been reported to be overexpressed in primary pan-
creatic ductal adenocarcinoma. PSCA has been employed to 
distinguish PC from chronic pancreatitis, and higher PSCA 
levels have been correlated with poor prognosis and metas-
tasis of PCa. Zettlitz et  al.[191] developed a dual-labeled probe 
based on anti-PSCA A2 cys-diabody (A2cDb) with a specific 
conjugation site for IRDye800CW and random 124I-labeling 
(124I-A2cDb-800). In mice bearing PC xenograft tumors, immu-
noPET allowed non-invasive, whole-body imaging to localize 
PCs, and NIRF image guidance could allow identification of 
tumor margins during resection.

Another overexpressed marker in PCa is the receptor for 
advanced glycation end products (RAGE), which plays a critical 
role in the transition of premalignant epithelial precursor cells to 
pancreatic ductal adenocarcinoma. The Kim group has synthesized 
a fluorescent dye (Cy5), labeled anti-RAGE scFv antibody, with 
high binding affinity to murine RAGE and no internalization in 
PC cell lines. The anti-RAGE scFv successfully visualized RAGE 
expression in a KRASG12D mouse bearing PC tumors. In vivo 
biodistribution studies used the 64Cu-labeled scFv Ab fragment in 
a syngeneic mouse model, demonstrating receptor specific uptake 
in RAGE-overexpressing tumors. PET imaging data showed 
anti-RAGE scFv had a high affinity to RAGE in vivo.[192]

7.6. Targeted Bladder Cancer Imaging

Nearly 380 000 new cases and 150 000 deaths caused by bladder 
cancer are reported annually. Bladder cancer is the fifth most 
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common type of cancer, and is responsible for nearly 3% of all 
cancer related deaths in the United States.[193] Bladder cancer 
develops as two distinct forms, papillary and non-papillary, 
which are pathologically and clinically distinct. The majority 
of bladder cancers are superficial papillary lesions (NMIBC: 
non-muscle-invasive bladder cancer) that originate from 
hyperplastic changes in the mucosa (referred to as low-grade 
intraepithelial neoplasia), and account for ≈70–80% of cases. 
In the early stages of NMIBC, tumors penetrate the epithelial 
basement membrane, but have not invaded into the bladder 
wall. The opposite is true for most high grade, muscle-invasive 
bladder cancers. These tumors can be multifocal and tend to 
recur after local excision. However, they usually do not metasta-
size to other organs.[194]

Aggressive bladder cancers are usually the solid non-
papillary type, which originate from in situ precursor lesions 
(i.e., dysplasia or severe carcinoma in situ). These tumors 
frequently give rise to distant organ metastasis and are more 
likely to invade the bladder wall. Clinically, the non-papillary 
and papillary forms are separately classified, however, there is 
some overlap between them. Patients with external papillary 
tumors generally experience multiple recurrences, but only a 
small fraction progress to high-grade invasive bladder tumors. 
Conversely, the majority of high-grade invasive bladder can-
cers develop in patients with no history of superficial papillary 
lesions. This dual-track concept of bladder carcinogenesis was 
developed on the basis of correlation between pathological and 
clinical observations.[194,195]

Classification of bladder cancer into different subtypes is 
based on several factors. Damrauer et al. divided bladder cancer 
into luminal and basal subtypes,[196] while Sjödahl et  al.[197] 
classified bladder cancer, according to four mRNA expression 
profiles, into five major subtypes: urobasal A (UroA); urobasal 
(UroB); genetically unstable (GU); squamous cell carcinoma-
like (SCCL); and infiltrating. According to the Cancer Genome 
Atlas (TCGA), bladder cancer can contain four defined expres-
sion clusters, (I–IV). Choi et  al.[198] classified bladder cancer 

into three luminal, basal, and p53like subtypes. Figure  19 
schematically depicts the subtype classification, overlap 
between them, subtype markers, and possible targets.

Studies have shown that CD47 is overexpressed in >80% of 
bladder cancer cells. CD47 binds to the signal regulatory protein 
α, which is expressed on dendritic cells and macrophages to 
provide signals to prevent phagocytosis. Targeting CD47 in the 
cancer tissue can be accomplished using different ligands (such 
as anti-CD47 Abs). In order to evaluate the expression and 
function of CD47 in bladder cancer, Pan et al. evaluated fluores-
cently labeled anti-CD47 Ab as an intravesical imaging contrast 
agent. The results of fluorescence imaging, confocal micros-
copy, and cystoscopy showed the imaging agent possessed high 
sensitivity and specificity for CD47-targeted imaging.[200]

Chemokine receptors (CKRs) are a superfamily of small 
transmembrane G-protein coupled receptors involved in 
inflammatory and immune reactions. Different chemokine 
receptors, including CCR1-CCR10, CXCR1-CXCR6, XCR1, and 
CX3CR1, have been identified. CXCR4 is the only type of CKR 
that is upregulated in MIBC tissue samples. Currently, CXCR4 
could be a new molecular probe target with high affinity for 
imaging of high-grade superficial bladder cancer. Nishizawa 
et al.[201] used T140 (14-mer peptide) as an antagonistic ligand 
for developing a TY14003 molecular probe for targeting of 
CXCR4. The in vivo results of fluorescent imaging indicated 
that the probe was promising for detection of flat high-grade 
superficial bladder cancer lesions.

NMIBC lesions are generally localized to the bladder lumen, 
while a targeted-imaging probe can only detect luminal surface 
biomarkers. CA9 and CD47 are biomarkers that are expressed 
on the luminal surface. Davis et al. synthesized gold-silica NPs 
as surface-enhanced Raman scattering (SERS) capable NPs, 
that were targeted with Abs s420-anti-CA9, s440-anti-CD47, and 
s421-anti-IgG4 for active and passive targeting (Figure 20). The 
main results of this study were i) evidence of passive targeting 
of intra-vesical NPs; ii) the EPR effect operated for topically 
applied NPs; and iii) the bladder tissue could be classified 
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Figure 18.  Tumor targeting with multifunctional silica nanospheres. (I) Synthetic route and structure of multifunctional nanospheres. a) Coating a 
layer of FITC-incorporated silica via the co-condensation of TEOS and APTS-FITC. b) Further growth of a CTAB/SiO2 composite layer using CTAB as 
a structure directing agent. c) Removal of CTAB producing mesopores in the outer shell. d) Insert thiol groups via the surface modification of NS 
with MTPS. e) Immobilization of LyP-1 via the “Click” reaction between thiol groups anchored on the NS and the terminal maleimide group in the 
cyclic LyP-1 derivative. (II) T2 weighted MRI of orthotopic pancreatic cancer before and after admin istration of the Fe3O4@SiO2-FITC@mSiO2 or 
Fe3O4@SiO2-FITC@mSiO2-LyP-1 systemically at different time points (The inset is enlarged picture of corresponding tumor region). Reproduced 
with permission.[190] Copyright 2017, Elsevier.
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as normal or cancerous using multiplexed molecular SERS 
imaging.[202] More examples of targeted imaging systems for 
detection of bladder cancer are summarized in Table 4.

7.7. Targeted Brain Cancer Imaging

Brain cancer describes a heterogeneous group of primary 
and metastatic tumors occurring in the central nervous 
system (CNS). The annual incidence of primary malignant 
brain tumors is ≈24  000 cases worldwide. Brain cancer is the 

leading cause of death in children under the age of 15.[203] 
The failure of early diagnosis is mostly due to the absence of 
targeted imaging systems with high selectivity, and poor treat-
ment outcome is due to the failure of current chemotherapy 
regimens or incomplete surgical resection (because of the 
inherent infiltrative character of brain tumors).[204] Primary 
brain tumors (composed of cells derived from astrocytes, oli-
godendrocytes, or ependymal cells) are known as astrocytoma, 
oligodendrogliomas, and ependymomas, respectively.[205]

Unlike the normal capillaries in the brain, the tight junctions 
between the ECs of brain tumors are seriously compromised, 
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Figure 20.  SERS NPs for bladder cancer imaging. A) Proposed application of intraluminal SERS NPs. a) Patient presents with potential NMIBC (red 
color tissue). b) Before cystoscopy, intraluminal SERS nanoparticles are administered. Each NP color represents a different targeting mechanism 
(passive, blue; CA9, red; and CD47, green). c) Patient receives standard of care, which is guided transurethral resection. Regions ambiguous on white 
light cystoscopy (WLC) are subsequently interrogated with Raman endoscopy. d, e) Based on absolute and relative binding levels of each channel, 
flat lesions can be identified, and cancer tissue is resected. B) Schematic representation of the SERS NPs. The blue IgG4 NPs are used as negative 
experimental control for active binding of CA9- and CD47-targeted SERS NPs. Adapted with permission.[202] Copyright 2018, American Chemical Society.

Figure 19.  Different subtypes classification of bladder cancer. UNC, University of North Carolina; MDA, MD Anderson Cancer Center; TCGA, the 
Cancer Genome Atlas; Genom. Unst., genomically unstable; Inf. Epi., infiltrated epithelial; Inf. Mes., infiltrated mesenchymal; UroA, urobasal A; UroB, 
urobasal B; SCC, squamous cell carcinoma; Sc/Ne, small cell/neuroendocrine; TFs, transcription factors. Adapted with permission.[199] Copyright 
2015, Elsevier.
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producing a leaky tumor vasculature, while the high intratu-
moral interstitial pressure, limits drug penetration from the 
bloodstream into the brain tumor. Moreover, the remaining 
blood–brain barrier (BBB) limits transportation of targeted 
agents. In order to overcome these problems, multitargeting 
imaging probes need to display high permeability across the 
BBB and overcome other penetration impediments. Targeting 
brain tumors can be improved by targeting receptors, such 
as integrin αVβ3, or aminopeptidase N. These receptors are 
distributed on proliferating ECs within the brain tumor (sites 
that are in direct contact with circulating NPs in the blood-
stream) and are overexpressed on brain capillary ECs.[89,206]

Glioblastoma multiforme (GBM), is the most malig-
nant grade (IV) of astrocytoma, and requires complete sur-
gical resection for long-term cures. Although traditional 
chemotherapy does not work well against GBM, innova-
tive dual-targeted imaging and therapy nanoconstruct have 
been investigated with high permeability across the BBB. Ni 
et  al.[207] developed a bimodal imaging agent for MR/fluores-
cence imaging of intracranial GBM, benefiting from the MRI 
and upconversion luminescence (UCL) capabilities of upcon-
version nanoparticles (UCNPs). CD13 is overexpressed in 
glioma, and can be recognized by a tumor-homing NGR pep-
tide motif. Huang et  al.[208] synthesized an ANG-conjugated 
PEG-CdSe/ZnS quantum dot-based imaging probe. Fluores-
cence imaging results showed that the probe could cross the 
BBB and target CD13-overexpressing glioma tumors. The 
PEGylated UCNPs were modified with angiopep-2 (ANG/PEG-
UCNPs) as a targeting ligand with high affinity to the low-den-
sity lipoprotein receptor related protein (LRP), overexpressed 
on both BBB and glioblastoma cells. The ANG/PEG-UCNP 
platform displayed higher transcytosis across the BBB and 

endocytosis into glioblastoma cells compared to nontar-
geted PEG-UCNPs, with no significant cytotoxic effect. The 
MR images of glioblastoma-bearing mice showed the T1-
weighted contrast was enhanced at the tumor site 1 h post-
injection of ANG/PEG-UCNPs. The tumor was barely visible 
in mice injected with PEG-UCNPs or the clinically employed 
Gd-DTPA contrast agent. The results were better than those 
with the commonly used fluorescent dye 5-ALA. In a similar 
study taking advantage of the EPR effect in brain tumors and 
its angiogenic blood vessels, Li et  al.[209] fabricated a dual-
modality Gd-Ag2S nanoprobe to take advantage of the deep 
tissue penetration of MR and high spatiotemporal resolution 
of fluorescence imaging, in order to help surgeons conduct 
more precise surgery for GBM.

However, these studies did not address how the NPs could 
cross the tight junctions of the BBB. Diaz et  al.[210] employed 
MRI-guided transcranial focused ultrasound (TcMRgFUS) as a 
non-invasive technique to increase the permeability of the BBB 
to allow SERS imaging. They used silica shell-coated GNPs, 
where after BBB disruption using TcMRgFUS, the delivery of 
50 and 120  nm GNPs to the tumor periphery was achieved 
without any vascular damage. This approach could pave the 
way for specific delivery of a wide range of therapeutic and 
diagnostic agents. Applying a resonating magnetic field allowed 
magneto-responsive nanoplatforms (such as magnetic-fluid-
loaded liposomes [MFLs]) to target and monitor malignant 
brain tumors.[211] The in vivo results showed that after 4 h expo-
sure to a focused 190 Tm−1 magnetic field gradient, MFLs could 
pass through the BBB, and accumulated only in U87 human 
glioblastoma xenografts, and were retained therein for almost 
24 h, as shown by MRI. There was no sign of MFLs in other 
areas of the brain (Figure 21).
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Figure 21.  Glioblastoma imaging with magnetic field responsive MFLs and MRI. Series of brain MR images versus time from glioblastoma bearing 
mice injected with MFLs and at 4 h post injection receiving magnetic targeting by external application of 0.4 T magnet (A–E) or not (F–J); the spin echo 
T2–weighted (SE T2) baseline acquisitions performed before MFLs injection show the tumor locations as hyper-intense lesions (A,F); the T2*-weighted 
gradient echo (GE T2*) sequences reveal the presence of the contrast agent as hypointense areas (B–E and G–J); the persistence of the hyposignal at 
the targeted tumor level remains clearly visible 24 h post injection (E). Relaxation rate difference (R2*post – R2*pre) for the targeted (▴) and nontargeted 
(•) tumors as a function of the time period following MFLs administration (K); the magnet was removed at 4 h for the targeted tumor. White bars 
represent 1 mm. Reproduced with permission.[211] Copyright 2015, Wiley-VCH.
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GLUT-1 and ASCT2 (an important l-isomer-selective amino-
acid transporter) are found in high density in the BBB and in 
brain tumors. Zhang et  al.[212] prepared CDs that were tagged 
with l-Asp, glucose, and/or l-Glu. These groups allowed the 
CDs to cross the BBB via ACT2 and GLUT-1 transporters. Since 
the RGD tripeptide is known to act as an αVβ3 integrin tar-
geting agent, they asked whether CD-Asp, could also act as a 
RGD-like functional group and bind to the αVβ3 integrin on 
the immature ECs in the glioma. In vitro and in vivo results 
showed that the CD-Asp NPs could act as an excellent fluores-
cence imaging and targeting agent for safe and noninvasive 
glioma imaging.

SPIONs possess negative contrast capability in MRI, and 
have emerged as a versatile agent in magnetic targeting. Xu 
et  al.[213] described a theranostic liposome (QSC-Lip) prepa-
ration based on QDs, SPIONs, and cilengitide (CGT, a cyclic 
RGD pentapeptide) for in vivo dual-MRI/NIR imaging. The 
data revealed that the QSC-Lip imaging probe not only pro-
duced negative-contrast enhancement in gliomas using MRI, 
but also created tumor-localized fluorescence under magnetic 
targeting, and could be used to guide the surgical resection of 
the glioma. More examples of targeted brain cancer imaging 
are summarized in Table 4.

7.8. Targeted Ovarian Cancer Imaging

Ovarian cancer is known as the “silent lady killer,” and is the 
fifth leading cause of cancer-related death in women. Because 
this cancer is frequently diagnosed at the later stages of the 
disease (stage 3 III or stage IV), it has the highest morbidity 
and mortality of all gynecological cancers. Epithelial ovarian 
cancer (accounting for ≈90% of cases) is classified into four 
histological subtypes: serous, endometrioid, clear-cell, and 
mucinous carcinomas. Of these types, high-grade serous carci-
noma (HGSC) is the most commonly diagnosed, and unlike the 
other subtypes, it probably originates in the fallopian tubes.[214] 
The risk of developing ovarian cancer is determined by genetic 
factors, age, postmenopausal hormonal therapy, infertility, 
and nulliparity. In terms of screening, germline mutations in 
BRCA1 or BRCA2 present a high risk for developing ovarian 
cancer. In women with an average risk of developing ovarian 
cancer, the biomarker CA125 has been the primary focus for 
screening. The combination of CA125 blood test and radio-
graphic imaging (transvaginal ultrasonography) has been evalu-
ated as a screening strategy.[214]

Based on grade, size, symptoms, etc., several markers 
including VEGFR, EGFR, and PDGF, and their receptors 
(PDGFR, KIT pathways, ERBB2, and α-folate receptor [αFR]) 
have been selected to be implemented in targeted therapy.[215] 
These therapeutic strategies could be improved by using 
targeted imaging techniques. SPECT and PET are molecular 
imaging techniques that have been used in the imaging of 
ovarian cancer. Ovarian cancer-specific molecules including 
cell surface receptors, hormone receptors, receptor tyrosine 
kinases, angiogenic and immune-related factors can be labeled 
using radioactive nuclides.[215] Although 18F-FDG PET has been 
studied in the diagnosis of ovarian cancer, it is not thought to 
be a good option for the primary diagnosis of ovarian cancer. 

Hence, discovering other options is necessary. Some ovarian 
tumors show overexpression of ERα (≈70% of patients). The 
use of PET imaging mediated by 18F-FES demonstrated that this 
platform could provide reliable information about tumor ERα 
status and whether endocrine therapy could be employed.[216] 
HER3 overexpression has been found to be a mediator of 
tumor resistance to HER1 and HER2-targeted therapies in both 
breast and ovarian cancer. However, imaging of this receptor 
using a radiolabeled anti-HER3 mAb showed a long biological 
half-life and relatively poor tumor penetration. The Chiara Da 
Pieve group chose to use an affibody with rapid clearance by 
the kidneys, biocompatibility, and good specificity and affinity. 
They developed an [18F] aluminum fluoride radiolabeling proce-
dure for the HER3-targeted affibody (ZHER3:8698). This platform 
showed successful tumor targeting with clear visualization of 
HER3-over-expressing xenografts in tumor-bearing mice, 1 h 
post injection.[217] The overexpression of folate receptor-α (FR-α) 
found in 90–95% of epithelial ovarian cancers prompted the 
investigation of an FR-α–targeted fluorescent agent for intraop-
erative tumor-specific fluorescence imaging in ovarian cancer 
surgery. Nanoemulsions (NEs) were loaded with imaging con-
trast and decorated with folatet-PEG3400-DSPE in platinum (Pt) 
resistant ovarian cancer cells.[218] Another study used folate-
FITC as an FR-α targeted fluorescent imaging agent in patients 
with ovarian cancer.[219] They proved that FR-α–FITC had a 
good pharmacodynamic profile after systemic administration in 
patients, and could improve tumor staging and allow real-time 
visualization of the tumor tissue during surgery.

Combining the overexpressed CA-125 membrane marker 
with ultrasound (US) contrast agents could allow the detection 
of early stage ovarian cancer. The Yong Gao group formulated 
CA-125 targeted nanobubbles (NBs) to detect CA-125+ ovarian 
cancer.[220] Their results demonstrated that the targeted NBs 
were stable, specific, and selectively bound to CA-125+ ovarian 
cancer cells in vitro, with strong accumulation in ovarian cancer 
tissue in vivo and long-lasting contrast enhancement. Human 
epididymis protein 4 (HE4) is one of two U.S. FDA-approved 
serum biomarkers in ovarian cancer. Tissue concentrations of 
HE4 are greater than serum concentrations, hence HE4 may be 
a target for ovarian cancer imaging. Recently, Williams et al.[221] 
developed a carbon nanotube (CNT)-based probe using an 
immobilized Ab that recognized HE4. NIR bandgap photolu-
minescence from CNTs between 800 and 1600 nm successfully 
allowed detection of HE4 in patient serum and ascites samples, 
and in orthotopic murine models of ovarian cancer. HER-2 is 
expressed in a high percentage of ovarian cancers, and systemic 
delivery of an HER-2 affibody attached to magnetic iron 
oxide nanoparticles (IONPs) into mice bearing HER-2 posi-
tive SKOV3 tumors demonstrated potential for image-guided 
surgery.[222] However, it would be desirable to simultaneously 
target multiple cell surface biomarkers to increase the speci-
ficity and sensitivity for ovarian cancer detection (Table 4).

8. Tumor-Specific Imaging Probes in Clinical Trials

There are many nano-delivery vehicles in ongoing clinical 
trials for the delivery of therapeutic agents to tumors. However 
most of these are not typically surface-modified with targeting 
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moieties, or equipped for tumor detection and imaging. 
Tumor-selective imaging probes need to satisfy critical safety 
and toxicity standards, and overcome limitations, such as 
sub-optimum pharmacokinetics, resource-intensive scale-up, 
reimbursement issues, and an evolving regulatory framework 
for good manufacturing practice. Addressing these criteria is 
essential for evaluating the probes that are undergoing pre-
clinical testing, or are transitioning into early-phase clinical 
trials. Some of these probes are being investigated in phase 1 
clinical trials in patients with solid tumors, while other specific 
cancer indications are being explored in advanced clinical trials 
(phases 2 and 3) [7b] (summarized in Table 5).

Bevacizumab (Avastin) is an anti-VEGF-A MAb that is used 
in the clinic for several purposes. PET imaging using (89Zr)-
bevacizumab has indicated that VEGF-A is a suitable target for 
imaging purposes in various tumor types. For the first time, 
Weele et al.[286] developed and tested the safety of clinical grade 
fluorescent-labeled Bevacizumab-800CW for non-invasive 
NIFR imaging of VEGF-A in patients with high-grade dysplasia 
in Barrett’s esophagus. The aim of this project was to validate 
the formulation, production, quality control, stability, extended 
characterization, and preclinical safety of a fluorescent imaging 
agent suitable for first-in human application (Clinical Trial 
identifier: NCT02129933).

C dots (Cornell dots) are 6–7 nm diameter, core–shell, hybrid 
silica particles that could allow simultaneous PET/optical 
imaging for the detection of metastatic melanoma. One study 
reported an ultra-small, cancer-selective, silica-based imaging 
probe, which was recently approved for first-in-human clinical 
trials, and could overcome a number of limitations of conven-
tional imaging probes. This multimodal platform consisted of 
Cy5 fluorescent dye and 124I in a nanoconstruct functionalized 
with the cRGDyK peptide that targets αvβ3 integrin receptors. 
As part of a larger pilot study consisting of 30 patients from 
Memorial Sloan Kettering Cancer Center, these probes were 
evaluated for intraoperative mapping of sentinel lymph nodes 
in patients with melanoma, breast, cervical, and uterine cancer. 
Its applications included real-time lymphatic drainage patterns 
and intraoperative detection and imaging of nodal metastases 
of melanoma (Clinical Trial identifier: NCT02106598).[7b,287]

The kinase insert domain receptor (KDR) is an important 
regulator of neoangiogenesis in human tumors. Willmann 
et al.[288] carried out the first human clinical trial using USMI 
in 24 women with ovarian cancer and 21 women with breast 
cancer using KDR targeted contrast microbubbles (MBKDR). 
The imaging probe was injected intravenously, and USMI was 
conducted from 5 to 29 min post injection. USMI mediated 
by MBKDR was well tolerated by all the patients without any 
safety concerns. Among the 40 patients undergoing analysis, 
KDR expression determined by immunohistochemical (IHC) 
staining matched well with the imaging data for both cancer 
types (EudraCT Number: 2012-000699-40).

9. Challenges and Future Directions

Currently, cancer patients are categorized based on the site and 
tissue of origin of the disease. However, it is becoming increas-
ingly clear that the wide heterogeneity seen in tumors and in 

patients calls for the use of more targeted therapy as opposed 
to conventional cancer treatment methods. Cancer is a world-
wide health issue, and there is an urgent need to identify more 
effective and non-invasive biomarkers for early diagnosis, prog-
nosis, and therapeutic targeting based on individual patient 
characteristics. Several relatively new approaches may be used 
to facilitate imaging for cancer detection and treatment, as 
described below.

9.1. Dual-Targeted Imaging Platforms

Conventional single-targeted delivery systems have several limi-
tations, including a lack of specificity for cancer cells, inability 
to cope with the emergence of drug resistance, and the lack of 
commonality between targetable receptors in different cancer 
types. Dual targeting strategies are promising alternatives 
to single-targeted delivery systems, taking advantage of two 
different types of cell surface receptors or TME-associated prop-
erties. Bi-specific Abs that incorporate amino acid sequences 
that recognize two different antigen epitopes for dual targeting 
have been shown to enhance targeting and optimize tumor 
specificity. CD105 and TF are two biomarkers which are both 
over-expressed in pancreatic cancer. Luo et  al.[289] designed a 
dual receptor-targeted construct consisting of a bi-specific het-
erodimer of Fab’ antibody fragments recognizing CD105 and 
tissue factor, using a click chemistry approach. It was dual-
labeled with NIRF and PET imaging reporters (64Cu-NOTA-
heterodimer-ZW800) and used for the imaging of pancreatic 
tumors (Figure  22). The PET imaging results showed higher 
tumor uptake in comparison with either Fab fragment 
homodimer used alone. PET and NIRF imaging allowed for 
clear delineation of the cancer. However, the NIRF signal was 
significantly weaker than the PET signal.[289]

Many chemotherapeutic agents enter into cells and are 
active only in the nucleus. Therefore, it is crucial to develop 
an improved delivery system to be able to target the nucleus. 
Surface ligand density is also an important factor that must 
be considered in order to achieve optimum real-time imaging 
of tumors. In this context, bi-specific targeted imaging con-
structs may be a promising approach to overcome physical bar-
riers, enhance biocompatibility, lengthen circulation time, and 
improve cellular uptake, for clinical diagnosis and treatment.[290] 
The Xiaoting Liu group[291] constructed a dual-targeted DNA 
tetrahedron nanocarrier loaded with Dox, with two aptamers, 
one to bind to MUC-1 on the cell surface, and another AS1411 
to bind to nucleolin. The Dox@MUC1-Td-AS1411 construct 
was used for breast cancer cell imaging and drug delivery. Fluo-
rescence imaging results showed that MUC1-Td-AS1411 could 
differentiate MUC1+ from MUC1− cells. The Dox-loaded drug 
platform was effectively delivered into the nucleus, thereby 
killing the breast cancer cells.

Peptide targeting can also provide a modular strategy for 
targeting tumor tissue and molecular imaging of extracellular 
protease activity in vivo. For instance, activatable CPP (ACPP) 
is a MMP-cleavable linker that can be used in combination with 
cyclic-RGD binding to integrin αvβ3 for the targeting of the 
ECM in murine breast tumors. The cyclic-RGD-PLGC(Me)AG-
ACPP loaded with chemotherapy agents allowed imaging and 
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Table 5.  Summary of nanotechnology-assisted cancer specific molecular imaging probes in clinical trials.

Imaging modality Nanoplatform Cancer type Receptor Status ClinicalTrials.gov Identifier

PET/CT [18F] Fluoroestradiol (FES) Breast cancer ER+ Phase 1 NCT02559544

PET/CT 68Ga-NOTA-BBN-RGD Breast cancer GRPR Phase 1 NCT02749019

PET [18F]-ML-10 Metastatic brain cancer EPR Phase 2 NCT00805636

PET/CT (99m Tc) ECDG Lung cancer EPR Phase 3 NCT01394679

PET/CT 68Ga-NOTA-3P-TATE-RGD Lung cancer Integrin αvβ3 Early Phase 1 NCT02817945

PET/CT 124I Breast cancer NIS Early Phase 1 NCT01360177

PET/CT 89Zr-trastuzumab Breast cancer HER2 Phase 1 NCT02286843

PET 64Cu- TP3805 Bladder carcinoma EPR Early Phase 1 NCT03039413

PET 68Ga-labeled HBED-CC PSMA Prostate cancer PSMA Phase 1 Phase 2 NCT02611882

dPET-CT 18F-FMISO NSCLC hypoxia – NCT01617980

PET 89Zr-trastuzumab Breast cancer HER2 – NCT01081600

PET/CT (18F-3c) ([18F]ISO-1) Breast cancer Sigma-2 receptor Phase 1 NCT02762110

PET 64Cu-DOTA-AE105 Breast, Prostate and Bladder cancer uPAR Early Phase 1 NCT02139371

PET/CT [18F]ISO-1 Breast cancer Sigma-2 receptor – NCT03057743

IOI OTL38 Ovarian cancer Folate Receptor-α Phase 2 NCT02317705

PET 68Ga-NOTA-AE105 Breast, Prostate and Bladder cancer uPAR Phase 1 NCT02437539

PET 89Zr-GSK2849330 cancers HER3 Phase 1 NCT02345174

PET 89Zr-AMG211 Gastrointestinal

cancer

CEA, CD66e and CD3 Phase 1 NCT02760199

PET/CT 68Ga-PSMA Prostate cancer PSMA Phase 2 NCT03689582

SPECT/CT 99mTc-ABH2 Breast cancer HER2 Early Phase 1 NCT03546478

MRI/PET 64Cu-MM-302 Brain solid tumors HER2 Early Phase 1 NCT02735798

PET/CT 18F-EF5 Ovarian cancer Hypoxia – NCT01881451

PET/CT 68Ga-NODAGA-Ac-Cys-ZEGFR:1907 Cancers EGFR – NCT02916329

NIRF OTL38 Lung cancer Folate Receptor Phase 2 NCT02872701

PET 89Zr-labeled KN035 Solid tumors PD-L1 – NCT03638804

PET 68Ga-Labeled F(ab’) 2- Trastuzumab Solid tumors HER2 Phase 1 NCT00613847

PET/CT 68Ga-PSMA Recurrent Prostate Carcinoma PSMA Phase 3 NCT03582774

PET/CT 18F-FMISO NSCLC Hypoxia – NCT02016872

PET/CT 89Zr-daratumumab Multiple Myeloma CD38 Phase 1 Phase 2 NCT03665155

PET 18-F-MISO Prostate Adenocarcinoma Hypoxia Phase 2 NCT01898065

PET/CT 18F-DCFPyL RCC PSMA – NCT02687139

NIRF bevacizumab-IRDye800CW Breast cancer VEGF Phase 1 NCT01508572

PET/CT 89Zr-trastuzumab Breast cancer HER2 – NCT02286843

NIRF Bevacizumab-IRDye800CW Rectal cancer VEGF Phase 1 NCT01972373

NIRF Indocyanine green Lung cancer EPR Phase 1 NCT00264602

PET/CT 18F-FDG NSCLC Metabolism targeting Phase 3 NCT02938546

PET 18F-Fluoroazomycin arabinoside Tongue cancer Hypoxia Phase 1 Phase 2 NCT03181035

Theranostic 177Lu-PP-F11N Thyroid cancer cholecystokinin-2 

receptors

Phase 1 NCT02088645

PET/CT 18F-DCFPyL Prostate cancer PSMA Early Phase 1 NCT02691169

Ultrasound Imaging Perflutren Lipid Microsphere Prostate cancer EPR Phase 2 NCT02967458

PET/CT 18Fluciclatide Solid tumors αvβ3 Phase 1 Phase 2 NCT01176500

PET/CT 64Cu-plerixafor Cancers CXCR4 Early Phase 1 NCT02069080

Ultrasound Imaging BR55 Prostate cancer VEGFR2 Phase 1 Phase 2 NCT02142608

PET/MRI [89Zr]-Df-Trastuzumab Breast cancer HER2 Early Phase 1 NCT03321045

PET/CT 111In-folic acid Prostate cancer Folate receptor – NCT00003763

NIRF OTL38 Ovarian cancer Folate receptor Phase 3 NCT03180307

*Abbreviations: CEA, human carcinoembryonic antigen; PSMA, prostate specific membrane antigen; GRPR, gastrin-releasing peptide receptor; uPAR, urokinase 
plasminogen activator receptor; NSCLC, non-small-cell-lung cancer; RCC, renal cell carcinoma; (18F-3c) ([18F]ISO-1), N-(4-(6,7-dimethoxy-3,-4-dihydroisoquinolin-2(1H)-yl)
butyl)-2-(2-[18F]- fluoroethoxy)-5-methylbenzamide; ECDG, ethylenedicysteine-deoxyglucose; NIRF, near infrared fluorescent image NIS, [Na+I- symporter, sodium iodide 
symporter]; [18F]-ML-10, 2-(5-fluoro-pentyl)-2-methyl-malonic-acid. All information obtained from (https://clinicaltrials.gov).
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potent chemotherapeutic activity in mouse tumor models.[292] 
To achieve higher sensitivity and specificity of contrast imaging, 
and to overcome the poor tumor penetration of a VEGFR2 
single-targeted agent, the Jing Du group[293] developed a novel 
dual-targeted US imaging agent using C3F8-flled PLGA NBs 
that were attached to dual anti-VEGFR2 and anti-HER2 mAbs. 
This construct could effectively penetrate the leaky tumor 
vasculature to target the cancer cells, and led to higher US 
imaging contrast compared to either of the single-targeted NBs 
in tumor-bearing mice.

9.2. Cell Membrane-Coated Imaging Agents

The complexity of biological interactions and the synthetic 
nature of most NPs have led to relatively poor performance 
of some imaging platforms within body. Overcoming these 
barriers using a more biomimetic design, including compo-
nents of the cell membrane and its derivatives, can produce 
nanovesicles that can be more effectively transported within 

the body and interact with complex biological systems. Mem-
brane-derived molecules and components including lipids, 
simple sugars (e.g., mannose, galactose, sialic acid), and 
peptides (e.g., CD47, MUC1, fibronectin-binding protein 
B, HER2/neu, etc.) have been widely explored for func-
tionalizing NPs[294] (Figure  23). In order to replicate natural 
membrane structures, new approaches have focused on mem-
brane-bound biomacromolecules, carbohydrate chains, and 
proteins.[294]

One strategy to produce biocompatible and non-immu-
nogenic NPs, involves using a layer of cell membrane coated 
around a preformed NP core. The NPs could be further func-
tionalized with tumor-homing ligands, enhancing their circula-
tion, active targeting, and therapeutic efficacy. Red blood cells 
(RBC), cancer cells, stem cells, white blood cells (WBC), and 
platelet cells have all been used as a source for the membrane 
material used as the NP coating. Each type of particle has the 
potential to create the next-generation of nanotherapeutics and 
nanodiagnostics platforms.[295] In order to overcome the BBB, 
the Zhilan Chai group[296] incorporated the biotinylated form 
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Figure 22.  Dual NIRF and PET imaging of pancreatic tumors. I) Manufacturing of 64Cu-labeled heterodimer and homodimers of ALT836-F (ab′) 2 and 
TRC105-F (ab′) 2. II) NIRF/PET imaging in mice bearing PANC-1 or BxPC-3 tumors with 64Cu-NOTA heterodimer-ZW800 as a targeted imaging probe. 
Serial maximum intensity projections PET/NIRF images of mice bearing PANC-1 or BxPC-3 tumors at 3, 12, and 24 h following injection of targeted 
imaging probe. Reproduced with permission.[289] Copyright 2017, American Chemical Society.

Figure 23.  Scheme illustrating the synthesis of different types of cell membrane-coated nanoparticles.
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of DCDX (candoxin-derived peptide) into streptavidin/RBC 
membrane-coated NPs loaded with DOX. Targeting efficiency 
was studied in an in vitro BBB model, and in vivo studies dem-
onstrated that the platform was capable of traversing the BBB 
to target brain tumors, resulting in a significant increase in 
the median survival of glioma-bearing mice. Because cancer 
cell membranes carry the full array of cancer cell membrane 
antigens, these antigens could be coupled to NPs and loaded 
with an immunological adjuvant. The resulting formulation 
can be used to promote a tumor-specific immune response (i.e., 
taken up by antigen presenting cells, APCs) for use in cancer 
vaccine applications.[297] Cell membrane-coated NP platforms 
can bridge the gap between synthetic and natural biological 
materials. The surface modification of imaging contrast agents 
with polymers could activate the immune system to different 
degrees. Therefore, cell membrane-coated imaging platforms 
could be a new approach to diagnosis and therapy. An imaging 
system prepared by coating UCNPs with cancer cell mem-
branes (CCM) was shown to enhance the binding to the iden-
tical source cancer cells by flow cytometry and UCL imaging.[298] 
Macrophages are capable of tumor homing and can avoid 
reticuloendothelial system (RES) uptake, therefore cell mem-
brane vesicles derived from macrophages (MM-vesicles) were 
coated onto Fe3O4NPs for photothermal therapy (PTT). Fe3O4@
MM NPs showed good biocompatibility, immune system 
evasion, and breast cancer targeting arising from the source 
macrophages.[299]

One dual-modality image-guided cancer theranostic system, 
was described by the Yanyu Huang group,[300] who developed 
a multifunctional smart nanosystem based on CCM vesicles 
(derived from leukemic cells) mixed with IDINPs and loaded 
with DOX-GFP-SPIO/ICG. The in vitro results showed that 
the CCM-camouflaged IDINPs produced ROS, induced cell 
death, and were “disguised” as leukemic cells, thus avoiding 
phagocytosis by macrophages in vivo. Furthermore, NIR laser 
and X-ray irradiation triggered the release of DOX from the 
CCM/ IDINPs in GSH-enriched tumor cells with an efficient 
tumor-homing targeting capability in vivo. The loading of SPIO 
and ICG into the CCM/IDINPs enabled precise MRI and NIR 
imaging of the CCM/IDINPs in the tumor.

Cancer-associated fibroblasts (CAFs) make up the majority 
of tumor stromal cells in the TME, and are induced by several 
pathways operating in cancer biology. Semiconducting polymer 
NPs (SPNs), have been used as theranostic/imaging agents, 
and upon laser irradiation can generate not only NIR fluo-
rescence and PA signals for imaging, but also singlet oxygen 
(1O2) and heat for combined photodynamic and photothermal 
therapy. In one recent study, the Jingchao Li group[301] cam-
ouflaged SPNs with fibroblast cell membranes for enhanced 
multimodal cancer photo theranostic. In vivo fluorescence and 
PA imaging of tumors in living mice revealed that the plat-
form preferentially targeted CAFs, providing amplified NIR 
fluorescence and PA signals for tumor imaging, and enhanced 
the phototherapeutic efficiency of treatment. Likewise, mes-
enchymal stem cell (MSC) membrane-derived vesicles, with 
long circulation times and good tumor targeting properties, 
were studied to camouflage polydopamine (PDA)-coated hydro-
phobic Fe3O4 NPs, as an image-guided photothermal and 
siRNA delivery platform. The experimental results showed that 

the Fe3O4@PDA-siRNA@MSCs NPs displayed good MSC-
mimicking ability for tumor targeting, photothermal conver-
sion efficiency, allowed MR imaging, and also silenced the 
target gene in a DU145 xenograft mouse model.[302]

9.3. Circulating Marker-Based Imaging

9.3.1. Tumor-Derived Extracellular Vesicles

Tumor-derived extracellular vesicles (TEVs) include microvesi-
cles, exosomes, ectosomes, oncosomes, and so on. Exosomes 
are nano-sized (30–150 nm) vesicles that are secreted by many 
different cell types from both the host and the tumor, and have 
been detected in blood, urine, saliva, and ascites fluid. They are 
proposed to play an important role in intercellular communi-
cation. They also reflect the phenotypic state of the parental 
cell, such as genetic or signaling alterations that can occur in 
cancer cells. Exosomes are surrounded by a bilayer lipid mem-
brane, and contain many bioactive molecules such as proteins, 
enzymes, lipids, mRNAs, circular RNA, and microRNAs. 
Exosomes can pass through tissue barriers within the body 
and can carry out horizontal transfer of biological information 
between cancer cells. Exosomes are involved in cancer devel-
opment and progression by various mechanisms, including 
angiogenesis, EMT, migration, metastasis, immune escape, 
and expansion of therapy-resistant cancer cells.[303] Circulating 
tumor-derived EVs can act as noninvasive biomarkers by meas-
urement of their cargos, for instance caveolin-1/S100B in 
melanoma, EpCAM in ovarian cancer, glypican-1 in pancreatic 
cancer, integrin α6β4 and integrin α6β1 in lung metastases, 
miR-17-92a in colon cancer recurrence, etc.[304] In comparison 
with traditional tissue biopsies, the higher sensitivity and speci-
ficity of exosomes as tumor-specific diagnostic markers could 
be used for early stage cancer diagnosis, monitoring, and prog-
nostic evaluation.

Exosomes possess inherent biocompatibility, the ability to 
evade the immune system, resistance to degradation, stability 
in the blood circulation (due to the possession of a negative 
zeta potential), and the ability to target particular cell types via 
recognition of transmembrane proteins expressed on the exo-
some surface. Drugs including curcumin, paclitaxel, doxoru-
bicin, exogenous siRNAs, and antitumor miRNAs are some 
examples of cargos that have been delivered when encapsulated 
in EVs employed as delivery vehicles.[305] The exosomal mem-
brane can be further modified by attaching targeting moieties 
to enhance tissue-specific homing and facilitate targeted drug 
delivery. For example, mesenchymal cell-derived exosomes 
were engineered to carry siRNA specific to oncogenic KRASG12D  
(a common mutation in pancreatic cancer) and could enhance 
micropinocytosis by a CD47 dependent pathway, increasing 
the overall survival rate of mice with pancreatic cancer.[256] 
Bose et al.[306] constructed Cy5-antimiR-21-loaded TEVs derived 
from 4T1 cells that were used to camouflage gold-iron oxide 
NPs (GIONs). The multifunctional TEV-GION-NP theranostic 
platforms acted as a multimodal contrast agent for T2-weighted 
MRI in vitro. The in vivo biodistribution, tumor accumulation, 
and antitumor activity suggested it was promising for cancer 
imaging and therapy (Figure 24).
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The biodistribution and targeting of EVs administered via 
various delivery routes, has been studied by in vivo tracking of 
the EVs to target organs. Monitoring over time has been per-
formed both directly (e.g., lipophilic tracer dyes, radionuclides, 
and magnetic particles) and indirectly (e.g., transduction of a 
reporter gene).[308] Specific labeling of EVs has been carried out 
by expression of fluorescent proteins fused with the EV mem-
brane proteins CD63 proteins, C1C2 peptide, and luciferase 
mRNA.[309] The bioengineering of the parental cells and the 
use of extracellular vesicle mimetics (EVMs or artificial nano
vesicles) might be helpful to improve the performance of EVs, 
and overcome the problem of the small quantities of exosomes 
naturally produced by cells.[305] The development of exosomal 
proteomics related to cancer, as well as improved microfluidic 
techniques for detecting and isolating exosomes, will likely 
improve their utility for cancer diagnosis.

9.3.2. Circulating Tumor Cells and Cell-Free Nucleic Acids

Another novel and non-invasive approach to the early diagnosis 
of cancer is the detection of liquid biopsy-based biomarkers, 
such as cell-free DNA (cfDNA) or circulating tumor DNA 
(ctDNA). cfDNA can be isolated from the plasma and urine of 
cancer patients. However, the dynamic changes (both qualita-
tive and quantitative) in cfDNAs occurring throughout the 
different stages of cancer progression, require to be fully under-
stood before they can be used as biomarkers for cancer and for 
identifying cancer relapse. The average length of cfDNA frag-
ments found in the blood of healthy individuals and in patients 
diagnosed with malignant tumors is 70–200 bp and 1–200 kb, 
respectively.[310] These high- and low molecular-weight DNA 
strands are likely be derived from the necrotic and apoptotic 
cells that enter the circulation.[311] Circulating biomarkers are 
of great interest, especially when biopsies of the primary or 
metastatic tumor are not available. They could provide a longi-
tudinal analysis method for molecular profiling of cancer cells, 

assessing minimal residual disease in the non-metastatic set-
ting, and monitoring response to systemic therapy.[312]

CtDNAs are generally detected using microarray-based 
comparative genome hybridization (CGH), single nucleotide 
polymorphism (SNP) analysis, massively parallel sequencing 
(MPS), or next-generation sequencing (NGS). The low sensi-
tivity and the expense of these methods are limitations for the 
widespread and accurate detection of cfDNAs.[313] One strategy 
to improve the methylation-specific PCR (MSP) technique, is 
to use fluorescence-based (i.e., TaqMan) probes to facilitate the 
quantitative detection of DNA methylations without requiring 
further manipulation in the PCR step.[314] Similar to TaqMan 
probes, QDs possessing high photostability and a large dynamic 
range, have also been used as FRET donors to detect methyl-
ated DNA. 5-Amino-propargyl-2′-deoxycytidine 5′-triphosphate 
coupled to a Cy5 fluorescent dye served as a FRET acceptor 
in an assay for methylated DNA targets. The sensitivity of the 
Cy5-dCTP QD-FRET system was best when using multilabeled 
products.[315]

Whole circulating tumor cells (CTCs) are a rare and hetero-
geneous population of cancer cells found in peripheral blood, 
which are a marker of tumor dissemination and progression. 
They are an attractive surrogate biomarker that could be useful 
in cancer diagnosis and as a prognostic indicator. The HER2 
status in patients with breast cancer has been established 
by the analysis of CTCs.[312] The assessment of ctDNAs and 
CTC biomarkers is currently being incorporated into clinical 
trials. The in vivo monitoring of CTCs via targeted imaging 
modalities might provide more information about the role 
of these markers in tumor metastasis, mechanisms of drug 
resistance, and improved patient assessment.

9.4. Targeted Cancer Stem Cell Imaging

CSCs represent a minor sub-population (≈1% of all cancer cells) 
within human tumors. They possess the highest tumorigenic 
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Figure 24.  Scheme of preparation of TEV-GION-NPs nanotheranostic platform and applications for therapy and imaging. Reproduced with 
permission.[307] Copyright 2018, American Chemical Society.
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potential, can generate heterogeneous progeny within the 
bulk cancer fraction, and are thought to be responsible for 
much (if not most) treatment resistance. CSCs are character-
ized by features including the ability for self-renewal, devel-
oping into multiple lineages, and the potential to proliferate 
extensively.[316] CSCs are also involved in invasion and distant 
metastasis through the EMT/MET phenomenon. Targeting 
CSCs by binding to their over-expressed specific biomarkers 
(Table  6) might provide information about tumor prognosis 
and response in the future.[316–317] Some CSC targeting strate-
gies are shown in Figure 25.

Therapies that target CSCs in combination with conventional 
chemotherapy have already reached clinical trials. However, 
within the field of imaging and diagnosis, CSCs remain a topic 
of intense debate. Similar to cancer cells, in vivo imaging modali-
ties using optical, nuclear, and magnetic resonance reporters are 
currently being employed to investigate the complexity under-
lying the behavior of CSCs. Furthermore, since CSCs are very 
rare in biological samples, the main concern in optical imaging 
is choosing a sufficiently sensitive reporter molecule and the 
best imaging modality. The leucine-rich repeat-containing 
G-protein coupled receptor 5 (LGR5) is considered to be a bona 
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Table 6.  A list of known solid tumor CSC-related molecular markers for targeted therapy and diagnosis.

Breast Colorectal Glioma Lung Ovarian Pancreatic Prostate Bladder

a6-Integrin

ALDH1+

CD24−

CD44+

CD90+

CD133+
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ALDH1+

b-Catenin

CD24−

CD26+

CD29+

CD44+

CD133+

CD166+

EpCAM+
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CD15+

CD90+

CD13+
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ALDH1+
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CD133+
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Side
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Figure 25.  Strategies to target cancer stem cells. Many strategies aimed at eradicating CSCs have been developed. Targeting strategies consist of: cell 
surface markers, modulation of the immune system, cell signaling pathways, and inhibiting drug efflux pumps to sensitize cells to imaging.
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fide marker of CSCs. Researchers have used 89Zr immunoPET 
to evaluate and select efficient anti-LGR5 mAbs (8F2 and 9G5) 
for the development of Ab-drug conjugates (ADCs), imaging, 
and monitoring of LGR5-positive tumor response to therapy.[318] 
They demonstrated that the 8F2-based ADC was more effective 
for toxin delivery to LGR5-positive tumors, and suggested 89Zr-
labeled anti-LGR5 mAbs could be used to stratify tumors, for 
best response to LGR5-targeted ADC therapy. Another study 
evaluated the potential of a PCa-specific PC204 peptide to target 
CD133, and the epithelial cell adhesion molecule (EpCAM), two 
known transmembrane glycoprotein markers that are overex-
pressed on PCa CSCs.[183] They found that PC204 had a strong 
affinity for EpCAM+, CD133+, and CD133− CSCs in the PCa cell 
line, and may be a promising molecular imaging platform for 
resistant solid tumors.

As an example of a surface marker for targeting CSC 
signaling pathways, the Tang group[319] targeted the 
ϒ-secretase enzyme, which plays an important role in the 
Notch signaling pathway. They used N-[N-(3, 5-fluorophe-
nylacetyl-l-alanyl)]-S-phenylglycine-methyl ester (DAPT) 
as an inhibitor of ϒ-secretase, plus HA to increase the 
biocompatibility and biodegradability. More specifically, HA 
could bind to CD44+ CSCs. In vivo MR and PA imaging 
results showed that the nanoprobe accumulated in the CSC 
microenvironment. Another approach for targeting CSCs 
is the use of reporter genes. The Liu group used luc2 fused 
to the eGFP coding sequence for designing a dual-function 
bioluminescence-fluorescence imaging reporter probe for 
breast CSCs. In vitro and in vivo results demonstrated the 
reporter gene was suitable for CSC targeting.[320] Proteasome 
activity is another candidate as a target for CSCs. Considering 
the fact that 26S proteasome activity is reduced in CSCs, 
Vlashi et  al.[321] engineered cancer cells to a express fluores-
cent fusion protein ZsGreen-ornithine decarboxylase that 
accumulated in cells with reduced 26S proteasome activity. 
The ZsGreen-positive cells could be tracked using in vivo 
fluorescence imaging. Results showed that the proteasome 
could be a suitable candidate for targeting of CSCs. The devel-
opment of better techniques with higher imaging resolution, 
and better contrast to localize CSCs will be required for their 
clinical detection and eradication.

10. Perspectives and Conclusion

Selective tumor targeting and effective delivery systems 
utilizing NSs have resulted in the development of novel tar-
geting methods. Targeted nanodelivery systems are able to 
reach, detect, and treat various types of tumors. Many types of 
targets and targeting agents overlap among different human 
tumors. Thus, the exploration of novel molecular targets ena-
bles us to improve delivery to tumors with decreased off-
target activity and less toxicity. With the aim of categorizing 
cancer targeting based on tumor biology, we have divided  
targeting strategies into five subsets including, passive tar-
geting, TME targeting, endothelial cell targeting, general cancer 
cell targeting, and specific cancer cell targeting. We have also 
discussed new techniques and methods used for more precise 
cancer targeting. Despite many recent advancements in targeted 

delivery, there is still a long way to go, and there are many prob-
lems to overcome. These include, targeted delivery structures 
may still possess toxicity, the targeting moieties may not be spe-
cific, resistance or relapse is often observed in patients treated 
with targeted nanosystems, and most tumors currently cannot 
be targeted with the presently established targeted delivery 
systems.

Although passive and active targeting improves the accu-
mulation and cellular uptake of NCs in tumor sites and cancer 
cells, even small differences in the NC size have an impact 
on cellular uptake and localization. In order to establish links 
between the nanosized particles and the targeting mechanism, 
the NCs need to be the ideal size to be transported out of the 
vasculature, penetrate into the tumors, and localize to the 
intended cellular compartment. On the other hand, the amount 
of targeted agent that can be delivered is largely independent of 
the percentage of the administered dose and is dependent on 
the precision of the targeting and the balance between passive 
and active targeting. In addition, an insignificant amount of the 
administered NCs actually interact with the cancer cells (<14 
out of 1 million NPs injected intravenously), indicating that the 
majority of intratumoral NCs are either trapped in the ECM or 
taken up by TAMs. These off-target delivery limitations demand 
the re-evaluation of current targeting strategies using more 
quantitative approaches.

Going forward, the consideration of the cancer type, subtype, 
and stage are critical steps in the diagnostic process by: i) helping 
the clinician develop a treatment plan; ii) giving an indication of 
prognosis; iii) aiding the evaluation of the results of treatment; 
iv) facilitating the exchange of information between treatment 
centers; and v) contributing to further investigation regarding 
human cancer. Researchers need to focus on carrier-dependent 
targeting, combination targeting, protocols for patient selection, 
and routes to enable rapid and efficient clinical translation.
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