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Chapter 16
Nanotheranostics-Based Imaging 
for Cancer Treatment Monitoring

Tianxin Miao, Rachael A. Floreani, Gang Liu, and Xiaoyuan Chen

16.1  Introduction

Approximately 1.7 million new cancer cases were projected in the year 2017, rec-
ognized as the one of the primary health threats in the United States [1, 2]. Thus, 
cancer research is focused on developing effective strategies for cancer diagnosis, 
treatment, and monitoring treatment response [3]. Despite the progress in the past 
20 years, early cancer diagnosis and effective treatment remain critical challenges 
[2, 4, 5]. Further, early detection of the therapeutic response in a treatment cycle 
would be beneficial for patients and insightful for physicians to gather the 
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information required to determine if an alternative therapeutic method is needed in 
cases where the current approach is not working or no longer works.

The field of biomaterials has enabled researchers to develop novel strategies to 
assist disease diagnosis and monitoring [6, 7], anticancer drug delivery [8, 9], and 
tissue regeneration [10–12]. The use of nanotechnology in medicine, also referred 
to as nanomedicine, has been widely applied in the field of biomedicine, especially 
in cancer therapy, which is an appealing and versatile strategy for selective drug 
delivery and diagnostics [13]. Nanotechnology refers to the fabrication of materials 
with dimensions between 1  nm and 100  nm [3, 14], capable of achieving high 
concentrations in targeted tissue locations [15]. With the development of 
nanotechnology, nanomedicine holds potential to integrate both diagnostic and 
therapeutic functionalities into one single material/application, playing a critical 
role in cancer therapy [14].

Recently, the idea of personal treatment monitoring has gained attention, provid-
ing a means to evaluate treatment effectiveness while protecting patients from 
adverse drug effects [16]. The goal of detecting early signs of response is to predict 
the possible outcome of treatment in general as well as to identify potential predic-
tive markers of response. The collection of such data will help physicians identify 
patient groups that are most appropriate for a specific therapy. Markers of response 
could include, for example, apoptosis or changes in metabolism (glycolysis or 
amino acid or lipid metabolism) or receptor expression associated with tumor cell 
death or inhibition of proliferation or inducing cell death, whereas predictors of 
response may include the expression of, say, hormone receptors, which predict 
response to anti-hormonal treatment, or microRNAs, or the presence of tumor 
hypoxia, which can affect the effectiveness of certain treatments like radiation 
therapy or photodynamic therapy.

The most common technology utilized for treatment monitoring is molecular 
imaging, defined as “in vivo imaging and characterization of biologic processes at 
the cellular/molecular level in a noninvasive way,” which provides comprehension 
into both cancer diagnosis and therapeutic response monitoring [2, 17]. The term 
“theranostics” is now emerging due to the exceptional ability of nanoplatforms to 
load both imaging and therapeutic cargos, resulting in multifunctional combined 
nanosystems able to simultaneously detect early signs of cancer, deliver drug, and 
monitor therapeutic response. Indeed, nanotheranostics (i.e., theranostic nanomedi-
cines) that incorporate imaging and therapeutic functions into a single system (i.e., 
nanoparticles) provide the ability to monitor drug release and circulation in real 
time and to predict and certify the effectiveness of cancer therapies [13]. The field 
of nanotheranostics is growing due to increasing medical needs, including those in 
the fields of cancer therapy and personalized disease treatments [18, 19]. 
Furthermore, theranostic nanoparticles have been developed to integrate disease 
diagnosis, targeted delivery, controlled drug release, and drug monitoring into a 
unifying platform. In combination with advanced techniques in different imaging 
instruments, nanoparticles with multimodal imaging capabilities have the potential 
to offer higher-quality images at multiple length scales and different clinical stages 
and offer more precise disease diagnosis and monitoring. The advantages of 
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nanotechnology are that particles can be designed and fabricated with controllable 
size, shape, and composition, as well as physical properties [19]. The high ratio of 
surface area to volume for nanomaterials contrary to traditional macroscopic 
materials also makes it a desirable choice for nanotheranostics [20]. In addition, 
they can be easily modified through different bioconjugation techniques to enhance 
the functionalities. An important class of nanoparticles is made of inorganic 
materials, such as metal [21], metal oxide [22], semiconductors [23], or even rare 
earth minerals or silica [24]. Organic nanoparticles have also been prepared using 
various biodegradable polymers such as polylactide-polyglycolide [25] and 
polycaprolactones [26], as well as proteinaceous materials, such as albumin [27] 
and collagen [28].

Convincing arguments have been made in the field of cancer therapy monitoring 
in favor of developing nanoprobe-based, imaging-guided therapy [29–31]. First, 
revealing the early response of tumors in regard to treatment may provide insights 
into selecting the most appropriate therapeutic method, offering benefits for patients 
and for healthcare systems [31]. In a large randomized controlled trial performed by 
the National Lung Screen Study (NLST), researchers reported that chest radiographs 
were less efficient in identifying lung cancer among older and former heavy smokers 
compared to low-dose computed tomography (CT) [32]. This is because in CT, 
X-ray has a circular movement around the body, allowing a variety of views of the 
same tissue compared to traditional chest radiographs [33]. This initial large clinical 
study showed higher efficacy in screening for lung cancer with CT compared to 
prior trials using sputum cytology and chest radiographs. Now that CT screening 
has been shown to be effective, more use of this type of screening shall become the 
next step. Second, imaging techniques allow doctors to monitor the biochemical and 
cell biology aspects of tumors, providing early indications of whether how and 
when tumors respond to treatments [31]. Third, with properly labeled cell metabolites 
or receptor ligands, radionuclide imaging techniques, such as positron-emission 
tomography (PET) and single-photon emission computed tomography (SPECT), 
can be applied to monitor tumor metabolism or receptor expression levels of target 
cancer cells [31]. Fourth, other imaging techniques such as magnetic resonance 
imaging (MRI) could not only provide high-resolution images of tissue morphology 
but also cancer cell receptor expression with the assistance of paramagnetic 
nanomaterials labeled with receptor-targeting ligands [31]. Different imaging 
techniques have their own advantages in various imaging scenarios. With the 
advantages of different imaging techniques, we are capable of obtaining images 
from tissue morphology to cellular metabolites, which have helped to better serve 
the purpose of treatment monitoring referred to as “nanotheranostics.”

This chapter will focus on the treatment monitoring aspects of nanotheranostics 
with detailed introduction on application of treatment monitoring in cancer therapy, 
including MRI [34], PET [35], SPECT [36], and optical imaging [37] since these 
techniques have been widely applied in the area of treatment monitoring with an 
extended detection limit for molecular imaging. There is also research on computed 
tomography (CT) nanoparticles with clinical application of identifying the metastatic 
lesions on lung cancer [38].
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With the development of imaging techniques, clinicians and researchers are not 
satisfied with visualizing the tumor tissue alone, but are also looking to explore the 
molecular aspect of the tumor microenvironment. In addition, certain cellular 
kinase/enzymatic reaction and gene expression will also be invaluable information 
obtained from molecular imaging. For example, acquiring information on 
angiogenesis will provide early cancer detection prior to the formation of a solid 
tumor. The monitoring of metastasis for single circulating cancer cells will enable 
physicians to initiate a preventive care regimen as early as possible. As biomedical 
researchers, we are continuously interested in improving the detection and 
therapeutic monitoring of cancer disease. Therefore, there is a great need to study 
molecular imaging for therapeutic monitoring in cancer with respect to pathological 
conditions such as angiogenesis and apoptosis.

16.2  MRI

MRI is a widely used, noninvasive imaging technique offering the possibility of 
penetrating into soft tissue and great spatial-temporal resolution associated with 
relative ease of operation procedures [39, 40]. The principle of MRI is similar to that 
used in chemical nuclear magnetic resonance (NMR) analysis, in which the spins of 
specific atomic nuclei are visualized within the body [41]. The altered T1 (longitudi-
nal) and T2 (transversal) proton relaxation times within various tissues generate 
autogenous contrast [13]. Generally, increased water content as well as the inflam-
mation/tumor site has a relatively black/dark signal on T1-weighted images while 
relative white/bright signal on T2-weighted images, which identifies tumor tissue 
over normal healthy region [42]. In addition to its application in disease differentia-
tion, disease diagnosis, and therapy monitoring, MRI is also exploited in nanomedi-
cine research, in order to (1) perform pharmacokinetics and biodistribution analyses, 
(2) monitor drug release, and (3) enable cell tracking studies. MRI has been inte-
grated into almost every aspect of cancer clinical practice, including diagnosing, 
assisted-surgery and radio−/chemotherapy monitoring, and so on. In general, MRI 
assists cancer treatment mainly in the following aspects: first, the high soft tissue 
resolution of MRI makes it an important tool for delineating, staging, and monitor-
ing treatment efficacy of cancer; secondly, real-time MRI utilizing various physio-
logical parameters including temperature, water content, and pH also provides 
invaluable insight on anticancer therapy; thirdly, nanoparticles with combined func-
tional groups and targeting moieties are being designed and fabricated to meet the 
dual purpose of cancer care—diagnosing/monitoring and treatment [43].

Despite being a highly useful and broadly applicable modality for clinical diag-
nosis and therapy monitoring, several disadvantages are associated with MRI in 
treatment monitoring, including (1) relatively low contrast agent sensitivity, (2) 
relatively difficult quantification procedures, and (3) the time and cost involved. To 
overcome these limitations, nano-based MR contrast agents, as opposed to 
radionuclides, could offer optimal conditions for assessing drug release due to 
access to freely diffusing water molecules to generate contrast and, therefore, render 
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different signals when present within vs outside of nanocarriers [41]. This type of 
technique has been widely applied in cancer treatment monitoring.

As stated above, by calculating the T1 longitudinal relaxation and the T2 transver-
sal proton relaxation time, images are generated by organs within the human body. 
The two separate types of signals introduce two different categories of MRI contrast 
agents into T1 and T2 [42, 44]. Commercially offered T1 contrast agents are typically 
paramagnetic complexes, for instance, gadolinium (Gd)-related compounds includ-
ing gadoterate and gadodiamide, whereas T2 contrast agents are usually iron oxides, 
such as Feridex and Resovist [44]. Due to the different imaging signals of T1 and T2, 
the design of either T1 or T2 contrast agents is very different. Cancer tissue is brighter 
in T1 and darker in T2 compared to normal tissue. Therefore, T1 contrast agents 
enhance the final signal images of tumor region; T2-weighted contrast agents actu-
ally diminish signal intensity at the same location. The boosting development of 
nanotechnology saw a number of different nanomaterials generated from basic T1 
and T2 contrast agents, including polymeric micelles, multifunctional nanoparticles, 
as well as liposomes often supplemented with basic components of contrast agents, 
such as iron oxide nanoparticles and paramagnetic metal ions [45–48]. Kaida et al. 
[49] reported an example of micelle-based MRI contrast agents. By utilizing 
multifunctional polymeric nanoparticles, anticancer drug platinum and the 
paramagnetic Gd were incorporated via reversible metal chelation reaction. The 
dual function system eliminated cancer in an orthotopic animal model of human 
pancreatic tumor while monitoring the therapeutic efficacy simultaneously [49]. 
Such polymeric micelles open exciting prospects for improving the management of 
cancer therapy [13]. Similarly, doxorubicin-loaded thermally cross-linked 
superparamagnetic iron oxide nanoparticles (Dox@TCL-SPION) is an example for 
T2-weighted nanotheranostics. By conjugating doxorubicin on the PEG-coated 
SPION nanoparticles, this multitasking “rust ball” can answer the question of where 
a tumor is located, whether drugs are properly accumulated in the tumor area, and 
how the tumor responds to therapy [50]. In another example, Ng et al. reported the 
early CRLX101 therapeutic response in a mouse model used to study tumor cell 
proliferation. CRLX101 contains camptothecin, a DNA topoisomerase I inhibitor 
with additional polysaccharide (cyclodextrin) coating to form polymeric particles. 
The drug exhibited excellent early therapeutic effect with good monitoring 
resolution in a preclinical mouse model of malignant lymphoma using diffusion 
MRI. All examples above have revealed the potential of combining MRI contrast 
agents and therapeutics together as nanotheranostics for treatment monitoring in 
cancer [51]. In the following section, we will focus on utilizing MRI for specific 
tumor pathophysiology imaging, including angiogenesis, metastasis, and apoptosis.

16.2.1  MRI for Tumor Angiogenesis Imaging

One of the main driving forces for tumor formation is the deregulation of angiogen-
esis, defined as the development of new blood vessels. This is because the new 
growth of tissue would require nutrients and oxygen, which are delivered through 
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the newly grown blood vessels. In 1971, Judah Folkman first proposed the hypoth-
esis of neoangiogenesis [52]. According to this hypothesis, the resting state of the 
mature endothelial cells can be switched to neovasculature by the activation of 
chemical signal molecules originated from the tumor cells. Positive regulators of 
angiogenesis, including vascular endothelial growth factor (VEGF), interleukin-8 
(IL-8), fibroblast growth factor-2 (FGF-2), platelet-derived growth factor (PDGF), 
placental growth factor (PlGF), transforming growth factor-beta (TGF-β), and 
angiopoietins (Angs), were discovered to be involved in the transition [53]. Generally, 
these molecules can be transported outside tumor cells, assembled from the extracel-
lular matrix or recruited by tumor. Up to now, angiogenesis has been recognized as 
one of the significant pathological features of cancer, enabling better diagnosis and 
treatment monitoring of metabolic deregulation and tumor metastasis [54].

Several main signal molecules that regulate tumor angiogenesis and cell adhe-
sion include the VEGF/VEGF receptor signaling pathway and integrin αvβ3, which 
can be used as nanomaterial targeting agents that enhance efficacy by homing to the 
tumor vasculature [55]. Dynamic contrast-enhanced MRI has been used indirectly 
in measuring vascular permeability to provide insight on tissue perfusion and 
permeability of tumor vasculature [56, 57]. Researchers have attempted to link MRI 
parameters with VEGF expression by correlative analysis of tissue morphology, 
vascular density with CD31 marker, and vascular permeability [58]; however, this 
was not applicable in some of the reports [59]. Direct evaluation of VEGF/VEGFR 
expression by MRI without the use of contrast agents has not been achieved. 
Nevertheless, targeted ultrasound and optical imaging have reported VEGF/VEGFR 
imaging in the past few decades [60], which will be discussed in a later section.

The integrin signaling pathway plays an important role in tumor angiogenesis, 
cell migration, survival, and metastasis. Integrin αvβ3, in particular, is significantly 
upregulated on tumor microenvironment blood vessels but not on inactive 
endothelium [61]. Most imaging studies of αvβ3 integrins have used arginine- 
glycine- aspartic acid (RGD)-based probes to which integrins bind [61, 62]. Targeted 
contrast agents have incorporated Gd(III) chelates and targeting agents (i.e., RGD) 
via a direct conjugation reaction. Nevertheless, due to the low sensitivity of MRI 
and the relatively low concentration of integrin in targeted tissues, such directly 
conjugated contrast agents with MRI are not as effective as radionuclide imaging. 
Therefore, different types of carriers, including polymers, dendrimer, liposomes, 
and micelles, have been designed to deliver sufficient amount of Gd(III) to enhance 
tumor site MRI signal [63]. Liposomes with paramagnetic Gd3+ chelates at sizes of 
300–350 nm in diameter were reported to image αvβ3 expression with MRI [64]. In 
the study, Sipkins et al. designed a novel approach to detect angiogenesis using MRI 
with αvβ3 monoclonal antibody in rabbit carcinomas. Significant tumor contrast was 
found in T1-weighted images after injection of targeted liposomes but not control 
liposomes without conjugating targeting moieties [64]. These promising results 
have led to many other designs of nanocarrier-based MRI contrast agents for 
angiogenesis [65].
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16.2.2  MRI for Evaluating Cancer Metastases

Evaluating the treatment effect in patients with metastatic cancer is very important 
in daily oncology practice, especially for patients with metastases to the bone, 
which are often difficult to detect. This difficulty is due to the nature and complexities 
of fixed bone defects, which range from sclerotic to osteolytic, as well as the low 
specificity, sensitivity, and spatial resolution of the previously available bone 
imaging methods, primarily bone scintigraphy. The process by which cancer cells 
infiltrate the bone marrow can be detected and quantified using morphological 
imaging with functional approaches, such as MRI or CT [66]. With the injection of 
cancer cells pre-labeled with iron oxide particles with diameter in micron into the 
left ventricle of a beating mouse heart, Heyn et al. were able to track exogenous 
cancer cells after transportation into the murine brain [67]. This approach allowed 
the imaging of the early delivery and distribution of cells, as well as new tumor 
tissue growing from a subset of these cells within the whole intact brain. The particle 
being used here was a commercially available micro-sized iron oxide and highlights 
the application of MRI to monitor the metastatic process during treatment [67]. 
More importantly, nanoparticles possess a large surface area for conjugation to 
several therapeutic and diagnostic agents and are able to pass the blood-brain barrier 
to reach the target cancer tissue [68].

16.2.3  MRI for Apoptosis

Apoptosis is a mechanism of programmed cell death that is activated during embry-
onic development, during the normal maintenance of homeostasis, and under patho-
logical circumstances [69]. Successful cancer treatments, such as radiation [70], 
chemotherapy [71], thermal therapy [72], and photodynamic therapy [73], could 
induce apoptosis [74]. Imaging apoptosis will give doctors a general idea of when 
cancer cells start dying and the tumor starts shrinking. Considering the essential role 
of apoptosis, a robust imaging method is needed to detect and monitor this process. 
One of the initial biochemical events that occurs during the apoptotic process is the 
externalization of phosphatidylserine (PS) [75]. PS is normally constrained to the 
inner membrane layer. However, when PS is externalized, phagocytes recognize the 
cells initiating the apoptosis process. Apoptotic cells are phagocytosed by macro-
phages in a manner reliant on externalized PS prior to an increase in plasma mem-
brane permeability. Thus, PS is an important marker for apoptosis and has been 
used as a potential cancer marker for MRI-based detection of apoptosis [76]. The 
surface PS can be detected with a human protein named annexin V in a Ca2+ depen-
dent, which has been used in the design of molecular imaging probes. Jung et al. 
reported conjugation of biotinylated annexin V-glutathione onto streptavidin-conju-
gated SPIO or Gd chelate avidin could elevate T2- and T1-weighted MRI signal in 
detecting apoptotic murine lymphoma cells (Fig. 16.1) [77]. In addition, annexin 
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V-SPIO conjugates were tail vein injected to characterize the distribution within the 
tumor region. TUNEL assay of one tissue section from a slice of the tumor indicated 
the annexin V-SPIO conjugates were localized throughout the tumor region [78].

As one of the most widely applied imaging techniques in both clinical and 
research applications, MRI can provide useful information regarding cancer 
metabolic activity evaluation of treatment effects [79]. The hyperpolarized MRI 
(allows to measure the enzymatic conversion of administrated hyperpolarized 
molecules) [80] and chemical exchange saturation MRI (external compounds 
containing exchangeable protons that can be electively saturated and detected 
implicitly from water signal with better quality of sensitivity) [81] may lead to a 
future role for cancer treatment monitoring [55]. However, the inherently low 
sensitivity of MRI limits its application, which can only be remunerated by greater 
magnetic fields (4.7–14 T) with exogenous contrast agents and longer periods of 
data acquisition. Functional MRI including dynamic contrast-enhanced MRI (DCE- 
MRI) is one solution that has been used in the clinic for acquisition of serial MRI 

Fig. 16.1 MRI signal of PS-targeted contrast agents. (a) T1- and (b) T2-weighted MR imaging of 
apoptotic cells after incubation with biotin-annexin V at different concentrations and then 
subsequently incubated with avidin-GdDTPA or streptavidin-SPIO. (1) Pure apoptotic cells, (2) 
apoptotic cells with avidin-GdDTPA or streptavidin-SPIO. (3–5) Apoptotic cells with avidin- 
GdDTPA or streptavidin-SPIO with elevated biotin-annexin V concentration at 1.5 μM, 4.5 μM, 
and 15 μM. The signal intensity was presented in the bar chart below. Significant MRI signal was 
observed between the experimental group and the control group, where there were only apoptotic 
cells or avidin-GdDTPA or streptavidin-SPIO [77]. (Reprint with permission)
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images before, during, and after the administration of an MR contrast agent, 
allowing the visualization of contrast kinetic changes over long periods of time in 
addition to the bulk property of the tumor tissue. With the help of pharmacokinetic 
modeling, color-encoded images can be generated to characterize the tumor masses, 
identify stage, and even noninvasively monitor therapy [56]. Almost 100 clinical 
trials have utilized DCE-MRI to evaluate the therapeutic efficacy of antivascular 
agents [82]. Advanced techniques to enhance image processing, as well as 
multiparametric analysis, are needed to extend application of DCE-MRI and new 
purposeful imaging technologies in drug development for cancer therapy [82].

16.2.4  MRI for Detecting Other Markers of Treatment 
Response

With high spatiotemporal resolution, MRI can also be used to noninvasively detect 
gene expression in live animals. Mukherjee et  al. report of using human water 
channel aquaporin1 as potential MRI reporters to produce MRI contrast. With 10% 
aquaporin-expression cells, the cell populations showed enhanced MRI signal. The 
researchers also explored the efficacy of using this system in a tumor xenograft 
model. With good contrast ability, biocompatibility, and engineering potential, 
aquaporin reporter genes could be remarkably applied to molecule imaging of MRI 
in cancer diagnosis and treatment monitoring.

16.3  Nuclear Imaging

Nuclear imaging is another type of a noninvasive imaging modality that utilizes 
radioactive isotopes to enable the imaging of biochemical components under normal 
and diseased conditions in living subjects. Based on the characteristics of the 
radiotracer, numerous aspects of biological processes can be aimed and visualized 
by using either PET or SPECT [83]. As discussed above, MRI plays an important 
role in visualizing the morphology of lesions and locating malignant sites. However, 
some biochemical processes inside a given tissue are difficult to detect with MRI 
due to the low sensitivity of the technique [84–86]. Therefore, PET and SPECT 
have become valuable techniques for monitoring the pharmacokinetics, 
biodistribution, and target site accumulation of nanomedicine formulations.

PET is an imaging technique that is used to visualize and quantify positron- 
emitting radionuclides [41], which facilitates four-dimensional (three spatial- 
dimensions plus temporal) quantitative measurements of the radioactive distribution 
within the human body in several medical fields including oncology [87]. The 
principle of dynamic detection by PET is based on annihilation, which occurs when 
the collision alters the mass of the positron and the electron into electromagnetic 
radiation after emitting a positron upon decay [83]. SPECT is similar to PET and 
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also utilizes radioactive isotopes. Nevertheless, SPECT isotopes emit a single 
photon upon decay, and detection of a single photon involves physical collimators, 
which shows low geometric competences to reject scattered photons as well as to 
adjust the vision field. Therefore, this technique is less sensitive than PET, limiting 
quantitative determinations of tracer accumulation [83, 88].

PET is widely applied to image tumor invasion and the interaction of tumor cells 
with stroma, including supporting proliferative signaling, avoiding growth 
suppression, and resisting cell death (apoptosis). The possibility of longitudinal 
assessment of specific biological processes rather than anatomic changes in tumor 
size increased the popularity of PET in recent years, providing insights into cellular 
metabolism for doctors, who are able to then direct further therapy plans for cancer 
patients. The previous section discussed some applications of MRI for imaging 
cellular activity, such as apoptosis. However, such markers serve as potential targets 
for enhancing contrast agent delivery rather than cellular activities that can be 
monitored by researchers. In contrast with nuclear imaging, monitoring of cellular 
activity, such as glucose metabolism, could be revolutionized with the use of 
isotope-labeled substrates [89]. The imaging of these specific types of cellular 
activity via PET was summarized in a recent review article [83]. For example, PET 
imaging utilizes 18F, which is the most widely used radionuclide and has become an 
established clinical tool for whole-body imaging. Sgc8, which is a 41-oligonucleotide 
that targets protein tyrosine kinase-7 (PTK7), was labeled with F-18 via a two-step 
chemical synthesis. In the first step, 18F-fluorobenzyl azide reacted with a spirocyclic 
hypervalent iodine(III) precursor via a one-step radiofluorination. The product was 
then conjugated with Sgc8-alkyne through copper-mediated “click” chemistry. The 
synthesized 18F-Sgc8 was able to label aptamers (single-stranded DNA) robustly, 
allowing the quantification of PTK7 and colon carcinoma kinase-4 (CCK-4) [90]. 
PTK7 is upregulated in several human carcinomas and plays a major role in 
canonical Wnt signaling. The level of PTK7 strongly indicates the occurrence of 
colon carcinoma and thus is worth monitoring for diagnostic and prognostic 
purposes. An in vivo mouse xenograft study suggested that the 18-F radiolabeling 
methodology presented here is a powerful technique for tagging aptamers and 
chemical moieties with similar structures that are suitable for different targets. The 
quantification of PTK-7 using 18F-Sgs 8 may be a potential strategy for cancer 
treatment monitoring [90] (Fig. 16.2).

16.3.1  Nuclear Imaging in Monitoring Tumor Growth

PET imaging has become a clinical keystone in cancer staging and restaging, serv-
ing as an important parameter in cancer therapeutic monitoring. The most frequently 
used PET contrast agent is [18F]fluorodeoxyglucose (FDG), which is a glucose 
equivalent that is electively taken up by malignant cells with a high rate of glucose 
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metabolism [91, 92]. FDG-PET imaging has been widely applied in staging multi-
ple cancer types, including colorectal cancer, esophageal cancer, melanoma, head 
and neck cancer, non-small cell lung cancers, breast cancer, and lymphoma [91]. 
For example, FDG-PET was used to monitor patient treatment outcome after the 
first and third cycle of neoadjuvant chemotherapy in patients with late-stage ovarian 
cancer [93]. The results suggested sequential FDG-PET was capable of predicting 
patient therapeutic effects as early as immediately after the first cycle of neoadju-
vant chemotherapy and was more accurate than traditional clinical or histopatho-
logical response criteria [93].

In addition to the tumor staging agent FDG, PET contrast agents for specifically 
monitoring the growth and death of tumor cells have also been reported. The essence 
of this strategy is to develop radiolabeled nucleoside equivalents like thymidine 
compounds that are able to incorporate into DNA, serving as convenient biomarkers 
of cell proliferation. Yaghoubi et  al. reported PET imaging of thymidine kinase 
(herpes simplex virus type 1) or mutant HSV1-sr39tk reporter gene expression in 
mice and humans using 9-4-[18F]fluoro-3-(hydroxymethyl)butyl]guanine ([18F]
FHBG) [94]. Another aspect of PET-based cell monitoring is the ability to utilize 
radiolabeled monoclonal antibodies specific for tumor-associated antigens, 
including Her2 and carcinoembryonic antigen. However, large protein-based 
contrast agents are slowly cleared from the blood stream and thus produce a high 
background signal [92]. Therefore, short-chain, engineered antibody fragments may 
enhance the signal by improving the signal-to-noise ratio, as they are vacant more 
speedily [91].

Fig. 16.2 Coronal (upper) and transaxial (lower) PET images of mice with HCT116 (a) and 
U87MG (b) xenograft injected with 18F-Tr-Sgc8 at 30 min (0.5 h), 1 h (and 1 h co-injection with 
an excess amount of unlabeled aptamer (a, right panel) [90]. (Reprint with permission)
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16.3.2  Nuclear Imaging in Monitoring Angiogenesis

As stated above, angiogenesis is a well-established marker for tumor growth, inva-
sion, and metastasis [95]. Integrin αvβ3 represents an excellent molecular marker for 
angiogenesis, as it is significantly upregulated in activated endothelial cells in com-
parison to quiescent endothelial cells [96]. The Arg-Gly-Asp (RGD) tripeptide 
sequence is one of the most popular currently available integrin-targeted imaging 
probes because of its high affinity and specificity for integrin αvβ3 [97]. 18F-Galacto- 
RGD was the first published RGD peptide conjugates in human subjects [98]. Upon 
that time, limited RGD containing PET probes have been designed and tested in the 
clinic. As their structures are different, all of the clinically studied RGD peptides, 
counting both monomers and dimers, exhibit very analogous in vivo pharmacokinetic 
properties [99]. The modification of the RGD sequence onto PET probes helps 
achieve multifunctional probes for accurate tumor metastasis monitoring. Zheng 
et  al. assessed the diagnostic value of 68Ga-NOTA-PRGD2 (NOTA-PEG4- 
E[c(RGDfK)2]) for PET/CT dual-modality imaging in 91 lung cancer patients (48 
men and 43 women). The results of that study suggested an equal diagnostic efficacy 
for lung cancer but a better effect in assessing lymph node metastasis than 18F-FDG 
[100] (Fig. 16.3).

16.3.3  Nuclear Imaging for Apoptosis

As stated in the previous section, strategies that enable the visualization and detec-
tion of apoptosis would have enormous benefits for treatment monitoring. Utilizing 
the interaction between Annexin V and PS is one of the most successful and widely 
applied strategies in apoptosis imaging [74]. This mechanism applies not only to 
MRI (previous section) but also to nuclear imaging and optical imaging (later sec-
tion in this chapter). In 1998, Blankenberg et al. reported the preparation of 99mTc-
hydraziononicotinamide-Annexin V (99mTc-HYNIC-Annexin V). HYNIC is a 
nicotinic acid analogue with a bifunctional chelator that is capable of binding pro-
teins on the one hand and sequestering 99mTc on the other. This molecule was con-
jugated to human rh-Annexin V and labeled with 99mTc using tricine as a co-ligand 
in the presence of stannous ions [101] (Fig. 16.4). A previous study demonstrated 
that the administered radiolabeled annexin V was able to locate and concentrate for 
apoptotic cells in vivo [101]. A two- to sixfold increase in the internalization of 
radiolabeled annexin V at sites of apoptosis was observed in the murine model of 
Fas-mediated apoptosis and treated murine lymphoma, suggesting that radiolabeled 
annexin V could be applicable for the detection and monitoring of tissues and 
organs undergoing programmed cell death [101]. In another study, Kartachova et al. 
reported the benefits of using 99mTc-HYNIC-annexin V assisting Pt(IV) chemother-
apy in high-staged lung cancer. Significant correlation was observed between the 
monitoring of annexin V metabolic change via SPECT and the treatment outcome 

T. Miao et al.



407

from platinum chemotherapy, indicating 99mTc-HYNIC- annexin V is a promising 
therapeutic monitoring agent in human clinical application [102]. In addition to 
radiotracer 99mTc in nuclear medicine, many other radioligands are being used to 
image PS during apoptosis, as summarized in a published review [74].

In addition to radiolabeled protein probes, radiolabeled small-molecule probes 
are also available for apoptosis imaging via nuclear imaging. Compared with protein 
and peptide probes, small molecules have their own merits for clinical applications, 
including docile structural optimization and favorable pharmacokinetics such as 
organ distribution profiles, rapid diffusion rates, and blood clearance rates. 
Therefore, it is highly desirable to develop various small-molecule imaging probes 
with the same target binding affinity as proteins [74]. Zinc dipicolylamine (Zn-DPA) 
coordination complexes can be alternatives to Annexin V for PS targeting [103]. 

Fig. 16.3 CT, 18F-FDG, and 68Ga-NOTA-PRGD2 PET/CT images of primary lung cancer for four 
different patients (A, B, C, D). Patient A had an abstemiously differentiated adenocarcinoma in the 
inferior lobe of the left lung at the age of 76. Patients B and C were female with an exceedingly 
distinguished adenocarcinoma in the superior lobe of the right lung at the age of 37 and 61, 
respectively. Patient D was a 61-year-old woman with highly developed adenocarcinoma in the 
inferior lobe of the left lung. Patient A and B’s lesions are strongly visualized on 68Ga-NOTA- 
PRGD2 PET as the tumor sections show positive integrin αvβ3 staining. Arrows point to tumor 
[100]. (Reprint with permission)
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Zn2+ ions that mediate the cooperative association of the dipicolylamine ligand and 
the anionic head group of membrane-bound PS account for the targeting function of 
Zn-DPA [104]. Based on this information, to further develop this molecular strategy, 
Oltmanns et al. developed an 18F-labeled zinc-cyclen probe that targets apoptosis 
[105]. With the 18F label on zinc-cyclen, higher uptake was achieved in an exposed 
Dunning R3327-AT1 prostate tumor in comparison to the contralateral control 
tumor in PET imaging. This result suggests the great promise of this probe as a new 
agent for in  vivo applications of treatment monitoring regarding cell death after 
different types of cancer therapy [105].

Radionuclide-based imaging techniques have been used routinely in clinics since 
the twenty-first century [55]. The use of molecular-targeted nanoparticles holds 
many benefits over conventional approaches to cancer treatment monitoring. First, 
a single nanoparticle can incorporate multiple imaging labels or combinations of 

Fig. 16.4 The early 99mTc-HYNIC-annexin V tumor uptake could be a predictor of response to 
treatment in cancer patients [93], as demonstrated with a significant correlation between early 
therapy-induced changes in the probe tumor uptake and tumor response. SPECT images of tumor 
uptake in the rib region of metastasis before (a) and after (b) 48 h administration of cisplatin with 
99mTc-HYNIC-annexin V [102]. (c) Radiochemistry of 99mTc-HYNIC-annexin V [74]. (Reprint 
with permission)
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labels from different modalities, dramatically increasing the signal intensity. 
Second, nanoparticles with different chemical modification and conjugation target 
moieties are able to bypass biological barriers to improve the treatment monitoring 
efficacy [55]. Furthermore, recent advances in nuclear imaging systems provide 
high spatial and temporal resolution for treatment monitoring [106]. With the efforts 
of researchers in molecule imaging, we foresee the wide application of real-time 
monitoring with nuclear imaging to be a personalized patient-based treatment 
approach [107].

16.3.4  Nuclear Imaging for Detecting Other Markers 
of Treatment Response

Hormone receptors, such as estrogen receptors and progesterone receptors, have 
been identified as imaging targets in assisting breast cancer therapy staging and 
therapeutic monitoring. Therefore, many molecular imaging probes have been 
designed utilize this specific molecular cellular marker. Currin et  al. reviewed 
current progress in predicting breast cancer endocrine responsiveness using 
16-α[18F]-flouro-17β-estradiol PET (FES-PET). In general, estrogen-receptor 
imaging provides accurate measuring tumor response to endocrine therapy in 
patients [108]. Sun et al. also reported clinical evaluation of FES PEG/CT assisted 
in making personalized treatment decisions [109] for 33 breast cancer patients who 
underwent both 18F-FES and 18F-FDG PET/CT.  With the three selected lung 
lesions, FES PET/CT showed one lesion with high update, and the other two lesions 
were negative, indicating an ER-positive metastasis or secondary primary tumor. 
Overall, 16 patients received adaptable treatment plans (different than original 
treatment plan) after FES PET/CT results [109]. These results indicated a good 
application of PET in assisting personalized adjustable treatment plans, beneficial 
for cancer treatment monitoring.

16.4  Optical Imaging

As a non-ionizing, noninvasive technique based on the precise optical characteris-
tics of tissue components at different wavelengths, biomedical optical imaging has 
been developed to deliver quantitative measurements nearly in real time and with a 
wide range of resolutions, therefore providing high-quality images for the diagnosis 
and monitoring of treatment efficacy in cancer [110, 111]. However, there are limi-
tations to the therapeutic monitoring of some treatments in patient responders and 
nonresponders. Researchers have been working to design reporter nanoparticles that 
can not only deliver chemotherapy or immunotherapy to the tumor but also report 
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back the efficacy in real time. Kulkarni et al. reported a reporter nanoparticle that 
monitors its efficacy in real time by presenting a dye activate/quench system inside 
the particle in addition to antitumor drug. If the experimental mice respond to the 
therapy, the activation of caspase-3 as part of the cellular apoptosis process will 
trigger the dye to show fluorescence. However, when the cells develop resistance to 
this treatment, no apoptosis or activation of caspase-3 will be available, leaving the 
quenched dye inside particles at the tumor site [112].

Fluorescence reflectance imaging (FRI) is by far the most extensively used opti-
cal imaging technique [41]. The ease, versatility, and sensitivity of optical imaging 
make it possible to image multiple fluorophores in the same animal, which is the 
most significant benefit of this technique. Kumar et al. reported a mitochondrial- 
targeting antitumor drug that consists of both 5′-deoxy-5-fluorouridine and apoptotic 
marker ethidium. By targeting the elevated expression level of H2O2 inside 
mitochondria, 5′-deoxy-5-fluorouridine and ethidium will be released. By 
monitoring the intrinsic fluorescence changes of ethidium, therapeutic effect would 
be monitored both in vitro and in vivo [113].

Recent studies focused on addressing the drawbacks of optical imaging, includ-
ing autofluorescence, poor penetration depth, and limited anatomical information 
[41]. For example, nanomaterials labeled with fluorescent dyes often tend to use 
longer wavelengths for excitation (e.g., Alexa Fluor 647, Cy5, or Cy7), which are 
outside the range of natural autofluorescence [114]. On the other hand, some in vivo 
studies have validated the potency of quantum dots accumulation in cancer region 
for optical imaging to enhance the tissue penetration depth [115]. The fluorescent 
nanoparticles that are currently being used in noninvasive imaging include organic 
dye-doped nanoparticles, quantum dots, and upconversion nanoparticles. The 
emergent development of innovative multifunctional nanoparticles can easily be 
combined with therapeutics to form nanotheranostic materials. For example, NIR 
dye Cy5.5-labeled chitosan nanoparticles with encapsulated paclitaxel were able to 
image and assess therapeutic efficacy in mice with SCC7 murine squamous 
carcinoma tumors [116]. In addition to encapsulating chemotherapeutics, optical 
imaging-guided photodynamic therapy is a widely exploited technique for cancer 
treatment [13]. Through the activation of the administered tumor-localizing 
photosensitizing agents by particulate wavelength photons, the surrounding tumor 
tissues can be irreversibly photodamaged after a series of biological processes 
[117]. Luo et  al. reported the synthesis of a mitochondria-targeted near-infrared 
(NIR) photosensitizer for simultaneous cancer photodynamic therapy (PDT) and 
photothermal therapy. The small-molecule photosensitizer was designed utilizing 
many synthesized heptamethine cyanine dyes that are able to concentrate in cancer 
cells via organic-anion transporting polypeptide-mediated active delivery and are 
retained in mitochondria due to their cationic properties. Furthermore, these 
photosensitizers for NIR imaging can distinguish the tumor margins from healthy 
tissue, serving as excellent candidates for precise imaging-guided phototherapy and 
treatment monitoring [118].
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16.4.1  Optical Imaging in Monitoring Angiogenesis

As stated in the previous section, VEGF plays an important role in angiogenesis 
activity. Here we use one specific example to discuss the use of potential dye- 
conjugated anti-VEGF to obtain quantitative information about VEGFR expression. 
Wang et al. developed an Avidin-tagged VEGF121 protein, which could form a stable 
complex with streptavidin-IRDye800 (SA800) after being biotinylated with the 
bacterial BirA biotin ligase. The dye-associated complex is capable of interacting 
with VEGFR in  vitro at high affinity. In addition, the complex also displayed 
efficacy for receptor-specific targeting in a 67NR mice xenograft model [119]. 
Figure 16.6 presents the in vivo imaging of 67NR tumors with IRDye800 conjugates. 
The VEGF121-Avid/SA800 complex may be a potential clinical tool for quantitative 
and repetitive NIR imaging of VEGFR expression for monitoring cancer treatment 
(Fig. 16.5) [119].

Fig. 16.5 In vivo NIR imaging of 67NR tumor models with IRDye800 conjugates. (a) Sagittal 
images were taken at 2, 18, 40, and 66 h after administration of chemically modified VEGF121- 
Avi- IRDye800 (VEGF-Avi/800) intravenously (a–d), VEGF121-Avi-biotin/streptavidin- 
IRDye800 (VEGF-Avib/SA800) (e–h), VEGF mutant-Avi-biotin/streptavidin-IRDye800 
(VEGFm-Avib/SA800) (i–l), and streptavidin-IRDye800 (SA800) (m–p). Total fluorescence 
signals were acquired under the same conditions and normalized by exposure time and ROI area 
(total signal/ms mm2). (b) Light intensity of tumor and (c) tumor to muscle light intensity 
proportion at multiple time points were presented as bar graphs after administration of certain type 
of dye complexes [119]. (Reprint with permission)
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16.4.2  Optical Imaging in Monitoring Apoptosis

In the field of optical imaging, researchers are attempting to monitor apoptosis via 
advanced probes. The design of optical imaging probes for apoptosis usually falls 
into two strategies. The first strategy is to conjugate a fluorophore on the probes as 
a reporter signal. Similar to the strategy described above, utilizing the annexin V-PS 
binding mechanism, researchers attempted to label annexin-V with the near-infrared 
fluorophore Cy5.5 [121]. As expected, the conjugation preserves the binding affinity 
to PS. However, when more than 2 dyes are conjugated, annexin no longer binds to 
PS [74]. To overcome these limitations, Ntziachristos et al. demonstrated that tumor 
responses to chemotherapy can be resolved accurately via fluorescence tomography 
with PS fluorescent probe based on a Cy 5.5 modified annexin V (two types of 
modification were performed with annexin C. The ratio of Cy 5.5 to annexin V was 
either 1.1 or 2.4) [122]. A tenfold increase in the fluorescent signal in cyclophospha-
mide-sensitive tumors and a sevenfold increase in resistant tumors were observed 
for monitoring apoptosis [122].

The other strategy is to design fluorophore-quenching probes. These activatable 
probes do not emit a signal continuously and thus allow researchers to control and 
manipulate the outputs of maximized target signal and minimized background 
signal by altering the chemical environments. Lee et  al. reported an apoptosis 
nanoprobe that is able to deliver chemically tagged, dual-quenching caspase-3- 
sensitive fluorogenic peptides into cells, allowing caspase-3-dependent fluorescence 
intensification to be imaged real-time in apoptotic cells with high resolution [123]. 
The self-assembled hyaluronic acid nanoparticles were conjugated with a caspase- 
3- specific substrate to detect apoptosis in cells. The NIR fluorescence quencher 
BHQ3 and the dye Cy5.5 was conjugated onto hyaluronic acid particle. When 
interacting with apoptotic cells, the active caspase-3 in apoptotic cells will cleave 
the bond that connects BHQ3 and Cy 5.5. When Cy 5.5 is cut free from the particle, 
it would induce strong fluorescent signal of the cells. The system is shown to 

Fig. 16.6 Schematic 
diagram of multimodality 
imaging probes. 
Radioactive isotopes, 
magnetic particles, 
fluorophores, and targeting 
motifs can be integrated 
into one single system with 
different combinations. 
NIR near-infrared, NP 
nanoparticles, QD quantum 
dot [120]. (Reprint with 
permission)

T. Miao et al.



413

effectively identify not only for apoptotic cells in vitro but also in vivo tumor tissue 
in mice treated after DOX [123].

In contrast to the fluorophore-quenching strategy, aggregation-induced emission 
properties have also been designed for monitoring drug-induced apoptosis inside 
single cell. Yuan et  al. reported a chemotherapeutic Pt(IV) prodrug with the 
conjugation of cyclic-RGD peptide as well as caspase-3 enzyme peptide (Asp-Glu- 
Val-Asp, DEVD) conjugated tetraphenylsilole (TPS) fluorophore (TPS-DEVD). 
While TPS-DEVD is non-florescent under normal aqueous condition, TPS residue 
after dissociation with DEVD tends to aggregate to emit fluorescent. The cleavage 
of DEVD process is controlled by caspase-3, which only happens in response to 
apoptotic cells. The smart design of nanomaterial could be potentially used as 
molecular imaging probes for early cancer therapeutic evaluation.

16.4.3  Intraoperative Positioning

In addition to traditional optical imaging examination for cancer diagnosis and 
prognosis, surgery also plays a key role in cancer treatment. In fact, tumor dissection 
is the initial treatment for most benign tumors and many malignant tumors. The 
inherent difficulties in distinguishing tumor and normal tissue make it difficult to 
perform the procedure. Intraoperative positioning is defined as fluorescent labeling 
routine that utilizes an imaging system to enable surgeons to distinguish between 
healthy and malignant tissues that are labeled with a fluorescent detection agent 
[124]. Despite the wide application of CT, MRI, PET, and SPECT for preoperative 
tumor diagnosis, such techniques are typically not applicable for intraoperative 
tumor surgery, and palpation and graphic inspection remain the leading approaches 
[124, 125]. On the other hand, fluorescence molecular imaging (FMI) has been well 
known as a dominant tool for guiding accurate intraoperative positioning [126–
129]. To facilitate more discriminating tumor detection, fluorescent dyes can be 
modified with targeting moieties (i.e., peptides, antibodies, or sugars) that are 
processed systemically and accumulate at lesion sites. Still in the preclinical stage, 
such fluorescent imaging probes show potential as markers for cancer cells and 
tumor angiogenesis, making them a desirable surgical guide for imaging tumor 
microenvironments (Table 16.1), although some of these probes may require a long 
time for FDA approval [124].

Over the past decade, this technology has enhanced the ability to surgically 
remove liver metastases[128], breast cancer[129], ovarian cancer[130], 
melanoma[131], vulvar cancer[132] and cervical cancer[133]. Recently, Kircher 
et al. reported the use of a gliosarcoma model to explore functional nanoparticles as 
intraoperative optical probes[134]. Such nanoparticles can be synthesized simply 
with a strong NIRF signal, enabling real-time imaging for surgical procedures. The 
intracellular infiltration, extended degradation, and combined optical and magnetic 
properties of nanoparticles allow radiologists and neurosurgeons to identify the 
same probe in the same cells, augmenting the precision of surgical resection and the 
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outlook for many brain cancer patients[134]. Similarly, they also developed 
nanoparticles containing a gold core with Raman-active layer and a silicone coating 
with Gd-DOTA to precisely identify the margins of brain tumors in living mice both 
preoperatively and intraoperatively. The nanoparticles injected intravenously 
accumulated at the tumor cite whereas none was found in the surrounding healthy 
tissue, indicating the potential in brain tumor imaging and resection[135].

16.5  Multimodality Imaging for Cancer Treatment 
Monitoring

In the design of novel clinical diagnostic probes, several parameters are generally 
considered, including detection sensitivity, spatial resolution, tissue penetration, 
temporal resolution, signal-to-noise ratio, and quantitative accuracy [136]. 
Therefore, the design and utilization of multiple modalities simultaneously have 
become popular in clinical research to overcome the limitations of single imaging 
techniques [137]. Since the first PET/CT multimodal instrument was introduced in 
1997, the sales of monomodal, PET imaging equipment have gradually declined 
[138–140]. In 2007, the first commercial PET/MRI hybrid prototype human-size 

Table 16.1 Examples of ongoing optical probe clinical trials

Name Sponsor Phase Patient population
ClinicalTrials.gov 
Identifier Function

RACPP 
AVB-620

Avelas 
Biosciences, 
Inc.

I Women with primary, 
nonrecurrent breast 
cancer undergoing 
surgery

NCT02391194 Surgical 
margins; 
sentinel 
lymph node 
biopsy

LUM105 David Kirsch
Lumicell, Inc.

I Patients with the 
following conditions: 
sarcoma, soft tissue 
sarcoma, breast cancer, 
colorectal cancer, 
pancreatic cancer, 
esophageal cancer

NCT01626066, 
NCT02438358, 
NCT02584244

Surgical 
margins

Tumor 
Paint 
(BLZ- 
100)

Blaze 
Bioscience 
Australia Pty 
Ltd,
Blaze 
Bioscience 
Inc.,

I Patients with the 
following conditions: 
skin neoplasms, soft 
tissue sarcoma, central 
nervous system tumors, 
glioma, breast cancer

NCT02097875, 
NCT02464332, 
NCT02462629, 
NCT02234297, 
NCT02496065

Surgical 
margins

OTL38 On Target 
Laboratories, 
LLC

II Intraoperative imaging 
of folate receptor 
α-positive ovarian 
cancer

NCT02317705 Surgical 
margins

T. Miao et al.

http://clinicaltrials.gov


415

scanner was released, triggering tremendous research in probe design for such dual- 
imaging techniques [141]. Considering the continuing development of multimodal 
instrumentation, researchers are currently focused on tracking several molecular 
targets simultaneously or using different imaging approaches in combination to 
more precisely identify the localization and expression of certain biochemical 
markers [141, 142]. A single probe with multimodal detectability is not necessary 
when designing imaging probes but could help guarantee the same pharmacokinetics 
and localization of signal from each modality, reducing the stress on the body’s 
blood clearance system. Due to the different sensitivity of each imaging modality 
(may vary by three orders of magnitude), the concentrations of contrast agents of 
each modality within a single probe must be carefully considered to meet the 
requirements for imaging while remaining nontoxic to the human body [137]. Lee 
et  al. summarized the design of multimodality probes for molecular imaging 
(Fig. 16.6) [120].

An example of an imaging probe for nuclear and MRI combinations was reported 
by Lee et al. [143]. Polyaspartic acid-coated iron oxide nanoparticles with superficial 
amino groups were conjugated to cyclic-RGD peptides for integrin αvβ3 targeting 
and macrocyclic 1, 4, 7, 10-tetraazacyclododecane-N, N′, N″, N″’-tetraacetic acid 
(DOTA) chelators for PET after labeling with 64Cu. The modified iron oxide 
nanoparticles were further evaluated in vitro and in vivo to demonstrate the efficacy 
and feasibility of receptor targeting for dual PET/MRI (Fig. 16.7) [143].

In another case, amine-functionalized quantum dots (QD) were modified with 
RGD peptides and DOTA chelators for integrin αvβ3-targeted PET/NIRF imaging 

Fig. 16.7 (a–h) T2-weighted MR images of mice with U87MG tumor before injection of unmodi-
fied iron oxide nanoparticles (a and e) and at 4 h after tail-vein injection of DOTA-labeled iron 
oxide nanoparticles (b and f), DOTA−/RGD-labeled iron oxide nanoparticles (c and g), and 
DOTA−/RGD-labeled iron oxide nanoparticle with blocking dose of c(RGDyK) (d and h). (i) 
Entire body coronal PET images of mouse with human U87MG xenograft at 1, 4, and 21 h after 
injection of 3.7  MBq of 64Cu-/DOTA-labeled iron oxide nanoparticles, 64Cu-/DOTA−/RGD- 
labeled iron oxide nanoparticles, or 64Cu-/DOTA−/RGD-labeled iron oxide nanoparticles with 
c(RGDyK) peptide per kilogram (300 mg of iron equivalent iron oxide nanoparticles per mouse) 
[143]. (Reprint with permission)
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[144]. PET/NIRF imaging, tissue homogenate fluorescence measurements, and 
immunofluorescence staining were performed with human glioblastoma tumor 
xenograft-bearing mice to determine the probe uptake amount at the malignancy 
site and in the major organs (Fig. 16.8) [144]. The liver and spleen exhibited the 
highest signal intensity for both PET and NIRF. However, the signal at the tumor 
site was enhanced in comparison to other organs. Cornell dots (C dots) are another 
categorized optical dye for cancer therapy [145]. The Bradbury group reported the 
first-in-human clinical trial of using 124I-cRGDY-PEG-C dots in patients with meta-
static melanoma. 124I-cRGDY-PEG-C dots were intravenously introduced into 
patients followed by serial PET and CT assessment to identify the safety pharmaco-
kinetics, clearance profiles, and radiation dosimetry. No adverse effects were 
observed in metabolic profiles with conventional tests of blood and urine samples 

Fig. 16.8 (a) Synthesis of dual-function PET/NIRF probe DOTA–QD–RGD. (b) PET and (c) 
NIRF image of harvested tissues 5 h after administration of 64Cu-labeled DOTA–QD–RGD [144]
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from the patients injected with 124I-cRGDY-PEG-C dots during a 2-week period, 
indicating the safety of using this PET/optical dual probe for melanoma diagnosis 
[145].

An easy strategy for designing an optical/MRI dual-functional probe is to fuse 
MRI contrast agents with QDs through a doping procedure. While doping into bulk 
semiconductors with transition metals is routine, doping into nanocrystals has been 
demanding owing to the small size and confined structure. Researchers have 
attempted to dope manganese into different QDs, such as ZeS [146], ZnS [147], 
CdSe [148], and InP [146]. In addition, ZnO QDs have also been doped with a num-
ber of other transition metals, including Ti, Cr, Co, Ni, Mn, Ru, Pd, Fe, and Ag. 
However, considering the toxicity of such heavy metals, the clinical applications of 
transition metal doped QDs are not feasible [137, 149]. In 2012, Bourlinos et al. 
described Gd(III)-doped carbon dots served as fluorescence-MRI probes for ther-
anostic applications [150]. The obtained Gd(III)-doped carbon dots stably disperse 
in water, with a size of 3–4 nm in diameter and an even gadolinium distribution on 
the surface. An ex vivo study suggested that these dots exhibit strong T1-weighted 
MRI contrast, bright fluorescence, and low cytotoxicity [150].

Multimodal imaging probes have been designed to visualize apoptosis in vitro 
and in vivo. In 2004, Schellenberger et al. reported the synthesis of a magneto/opti-
cal form of annexin V via the conjugation of Cy5.5 and annexin to an amino- CLIO 
(cross-linked iron oxide) nanoparticle. The conjugation process preserves the 
strength of the interaction between annexin V and apoptotic Jurkat T cells while 
making it possible to detect the particles by using either MRI or NIRF optical meth-
ods [105]. Small-molecule multimodal probes are also available, such as the molec-
ular probe LS498, which consists of DOTA for chelating the radionuclide 64Cu, an 
NIR fluorophore-quencher pair and caspase-3-specific peptide substrates, which is 
able to trace cellular apoptosis via PET and optical imaging both in vitro and in vivo.

Recently, photoacoustic imaging has gained popularity in the field of multimodal 
imaging, which has the potential to image animal and human organs with both 
high- contrast and good spatial resolution [151]. The photoacoustic consequence is 
the physical basis for photoacoustic imaging and denotes to the creation of acous-
tic waves by the absorption of electromagnetic energy, including optical or radio- 
frequency waves [152]. With the current introduction of targeted contrast agents, 
photoacoustics is capable of molecular imaging in  vivo, thus expediting further 
molecular cellular characterization of cancer in the context of both diagnostic and 
therapeutic monitoring [153]. Photoacoustic imaging enables the visualization of 
tumor locations deep within a tissue and provides information about the vasculature 
[154]. This approach is also able to offer details about hemoglobin oxygen saturation 
at high resolution with high contrast, without the use of exogenous contrast agents 
[155], which is superior to other imaging techniques such as blood oxygen level- 
dependent- MRI and PET [153]. Wang et al. reported the synthesis of ferritin (Fn) 
nanocages with ultrasmall copper sulfide (CuS) nanoparticles inside the nanocage 
cavities using a biomimetic synthetic approach. The biological function of Fn is to 
remove superfluous iron ions in body fluids and accumulate inside its own interior 
cavity, making it good iron bank as our photoacoustics imaging probes. CuS–Fn 
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nanocages (CuS–Fn NCs) showed robust near-infrared absorbance and extraordinary 
photothermal conversion efficiency. Following the guidance of PAI and PET, 
photothermal therapy with CuS–Fn NCs exhibited great cancer therapeutic 
efficiency with low toxicity effect both in vitro and in vivo, demonstrating the great 
potential of bioinspired novel CuS–Fn NCs as clinically translatable cancer 
theranostics while monitoring tumor/tumor vasculature shrinkage simultaneously. 
This highly sensitive, noninvasive, and quantitative in vivo guidance method may be 
suitable for cancer theranostics in applications such as cancer diagnosis, treatment, 
or drug delivery [156]. Though recent studies are still at the preclinical research 
stage, movement toward clinical trials is expected for these novel and intricately 
designed multimodality imaging probes [120]. In another example, Nie et  al. 
reported of synthesizing plasmonic gold nanostars conjugated with cyclic-RGD 
peptides (RGD-GNS) for photoacoustic imaging to target tumor vasculature 
environment with elevated αvβ3 expression. After injection of the RGD-GNS, tumor- 
associated blood vessels were clearly visualized, and tumor size was significantly 
shrink after photoacoustic application [151].

16.6  Conclusion and Challenges

The development of nanotheranostics principles and techniques requires a multidis-
ciplinary approach (including chemistry, physics, material science, drug delivery, 
and pharmacology) to work toward the common goal of improving the management 
of cancer. As stated earlier in this chapter, the synchronized delivery of imaging 
agents and therapeutics will provide the possibility of early diagnosis and feedback 
on treatment efficacy in real time without the need for traditional endpoints.

However, despite the enthusiasm concerning the use of sophisticated nanother-
anostics for cancer applications, many improvements are needed before nanother-
anostics can become an effective therapy in clinical practice. Many of the techniques 
discussed above have only been evaluated in vitro and may not prove to be feasible 
as imaging and theranostic agents in vivo. Some of the nanotheranostic agents have 
been investigated in vivo; however, such studies focused on imaging functionality, 
while the therapeutic effectiveness was largely unknown. Nevertheless, for those 
nanotheranostics whose imaging and therapeutic efficacy have been investigated, 
the path for clinical translation is still challenging and strewn with impediments. 
Drug/imaging agent loading capability, biocompatibility, pharmacokinetic/pharma-
codynamics parameters, and risk/advantage estimation must to be investigated. It is 
worth noting that the dose for nanotheranostics may be different than the dose 
needed for single therapeutics or imaging probes because the simultaneous thera-
peutic and diagnostic effect may be altered by several orders of magnitude com-
pared to the effect of a single probe [13, 157]. Additionally, there is a great need for 
better predictors (biomarkers) of therapeutic response that can be monitored using 
imaging via nanoparticles early in the treatment cycle, such as hormone receptors 
discussed in the previous study. Recently, the development of tumor-derived extra-
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cellular vesicles could also be used to identify cancer biomarkers, such as ephrin 
type-A receptor 2 in pancreatic cancer [158]. With further specific biomarkers iden-
tified, biomedical engineers can utilize engineering techniques to refine assays for 
clinical use. Furthermore, multiple in  vivo studies and clinical trials would be 
needed in collaboration with clinicians. Ultimately, the key considerations in the 
design of an effective therapeutic and an effective imaging agent will be (1) the 
good biocompatibility and controlled clearance rate for better therapeutic monitor-
ing, (2) the identification and understanding of cancer biomarkers and how molecu-
lar imaging agents interact with the biomarkers, (3) the rational design of materials 
to target cancer tissue environment to better serve the purpose of molecular engi-
neering, and (4) the capability to manufacture the materials in large scale under 
sterile condition for clinical application [159, 160].

The successful use of noninvasive imaging techniques will improve cancer diag-
nosis and therapeutic effects. As each of the modalities discussed above has its own 
advantages and disadvantages, dual- or multimodality theranostic will demonstrate 
their benefits and synergy in the context of the need to accurately and quantitatively 
resolve biomedical questions [41]. Ultimately, in theory, theranostic agents can 
deliver therapeutics to tumors and can use imaging functions to improve the appli-
cation of diagnosis and therapeutic monitoring.
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