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Although advancements in medical technology supporting cancer diagnosis and treatment have improved survival, these
technologies still have limitations. Recently, the application of noninvasive imaging for cancer diagnosis and therapy has become
an indispensable component in clinical practice. However, current imaging contrasts and tracers, which are in widespread clinical
use, have their intrinsic limitations and disadvantages. Nanotechnologies, which have improved in vivo detection and enhanced
targeting efficiency for cancer, may overcome some of the limitations of cancer diagnosis and therapy. Theranostic nanoparticles
have great potential as a therapeutic model, which possesses the ability of their nanoplatforms to load targeted molecule for both
imaging and therapeutic functions. The resulting nanosystem will likely be critical with the growth of personalized medicine
because of their diagnostic potential, effectiveness as a drug delivery vehicle, and ability to oversee patient response to therapy. In
this review, we discuss the achievements of modern nanoparticles with the goal of accurate tumor imaging and effective treatment
and discuss the future prospects.

1. Introduction

Although patient survival periods have improved, high five-
yearmortality rates are still associated with late-stage diagno-
sis such as metastasis [1]. Early diagnosis is closely related to
survival rate formost cancer; for instance, 10-year survival for
patients with early-stage of the breast, colorectal, and prostate
cancer has a rate of about 80% [2]. Recently, the application
of noninvasive imaging for cancer diagnosis and therapy is
an essential component in the clinic. Widespread clinical
imaging systems, including magnetic resonance imaging
(MRI), computed tomography (CT), and ultrasonography
(US) [3], provide only anatomic and physiologic informa-
tion, but having their some intrinsic limitations such as
imaging contrast and tracers makes them inconvenient due
to their nonspecific distribution throughout the body, fast

metabolism, and undesirable side effects [4–7]. Nanotech-
nology developments have made noninvasive diagnosis of
molecular patterns with imaging systems feasible, by utilizing
nanoparticles as contrast agents. Different nanoparticle types
have been designed for the most popular modalities used for
molecular imaging and it has been reviewed (Table 1) [8] and
illustrated that the most appropriate modality has capability
to identify precisely for a specific application.

Recently, multiple components loaded nanostructures,
termed as theragnosis or theranostics [9], have been exten-
sively tested as a strategy to achieve simultaneous cancer
diagnosis and therapy. Interest in theranostic nanoparticles
(NPs), acting as multifunctional nanosystems by integrating
diagnostic and medicinal capabilities in a single nanopar-
ticle, has grown significantly over the past decade [10–12].
Nanoparticles capable of targeting on amolecular level can be
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Table 1: Characteristics of molecular imaging modalities and representative examples for nanoparticle-based cancer imaging probes.

Modality Spatial resolution Penetration depth Sensitivity (mol/L) Cost Nanomaterial
PET 1-2mm No limit High (10−11–10−12) High∗∗∗∗ Polymer
CT 50–200 𝜇m No limit Low (10−1–10−4) Low∗∗ Gold nanoparticle, USPIO nanoparticle
MRI 25–100𝜇m No limit Low (10−3–10−5) High∗∗∗ Paramagnetic liposome, USPIO nanoparticle
US 50–500 𝜇m mm-cm Medium Low∗ Microbubble
∗ represents cost value; the more the stars, the higher the price.

crucial inmolecular process evaluation in a noninvasiveman-
ner, identifying precise cell types in vivo, accurately diagnos-
ing molecular processes ex vivo, and targeting therapy
[13–15]. One benefit of nanomedicine is that drug conju-
gated nanoparticles administered intravenously collect in
the tumor via leaky tumor vasculature [16, 17] through a
process called enhanced permeability and retention (EPR)
effect. Although it varies among tumor types [18], they typi-
cally collect in sub-100 nm structures [19]. However, this
method also results in a fraction of the nanoparticles entering
healthy tissues, particularly the liver and spleen [20]. Thus,
nanoparticle biocompatibility must also be considered.

Nanostructures are capable of delivery several probes
for imaging, which may improve early-stage cancer iden-
tification by using multiple imaging modalities. The use
of multicomponent nanoparticles for imaging with various
modalities has the potential to conquer the limitations of
single imaging modalities by improving resolution, tissue
penetration depth, probe sensitivity, temporal resolution
time, information providing, cost, and clinical relevance [21].

Functionalized nanoparticles have been revealed to act as
carriers for drugs [22–24] and genes [25] and can be further
covered with agents that target-specific molecular targets,
like antibodies (Abs) [26–28] and aptamers (Aps) [29, 30],
which could be used for diagnosis and targeted therapy. The
overarching goal is to treat or reduce terminal illnesses, such
as cancer, noninvasively, to reduce side effects [31]. Thus, to
improve the targeted diagnostic and therapeutic efficacy of
NPs, modifications of the nanoparticle surface with linkers
and chelators may be vital.

The purpose of this paper is to explore the interface of
cancer and nanoparticles and summarize the achievements
of the current nanoparticles, especially in accurate cancer
imaging and effective treatment. Furthermore, the prospects
will also be discussed along with the clinical applications of
nanoparticles in diagnosis and theranostics for cancer.

2. Computed Tomography

CT, measuring X-ray absorption using high-atomic number
(𝑍) content material to improve the CT image sensitivity
to targeted contrast agents, is the first method of choice
for detection of cancer. The advantages of this modality
include low cost, quick scan times, very high spatial reso-
lution, and precise signal quantification. Low contrast agent
accumulation leading to limited soft tissue discrimination
has become one of the challenges in this field. Iodine, gold,

bismuth sulfide, and composite ceramics with iron oxide
and lanthanide materials are clinically used CT molecular
imaging agents. The majority of CT molecular contrast
agents have a maximum number of X-ray-absorbing atoms
which are incorporated in a nanoparticle, at the desired
emulsions ranging [32–34], liposomes [35], lipoproteins [36],
and polymeric nanoparticles [37, 38].

Zheng et al. developed a novel lipid-based nanoliposomal
imaging agent CF800 for NIR fluorescence imaging and CT
imaging, which coencapsulated two commercially available
agents approved by the Food and Drug Administration
(FDA), indocyanine green (ICG), and iohexol [39]. Animal
cancer models in mice (breast, ovarian cancers) and rabbits
(lung, head, and neck) using CF800 demonstrated effective
accumulation and visualization in these solid tumors [40, 41].
Patel et al. [42] revealed greater contrast imaging enhance-
ment in lung tumors when CF800 was administered by CT
image analysis, which exhibited the potentiality to demon-
strate localization and visualization of CF800 in orthotopic
lung cancer tumors. Nakagawa et al. [43] prepared PEG
functionalized nanoparticles with 30 and 15 nm of gold (Au-
PEG), conjugated with the anti-HER2 (human epidermal
growth factor 2, a breast cancer biomarker) antibody via
terminal PEG chains (Au-PEGHER2ab). The results showed
that Au-PEG nanoparticles were capable of functioning as
CT imaging contrast agent in breast cancer. However, the Au
nanoparticles may present in the body for a long period of
time, so it is necessary to examine the biodistribution of Au
and analyze its safety.

Chen et al. [44] synthesized innovative iodinated gold
nanoclusters (AuNCs@BSA-I) via bovine serum albumin
(BSA) and chloramine-T, which represents remarkable bio-
compatibility, intense X-ray attenuation coefficient, and flu-
orescence/CT imaging ability. Then patient tissue derived
xenograft (PDX) mouse model from human thyroid cancer
was established for further study in translational applica-
tion, and the results revealed that AuNCs@BSA-I exerts
sensitive and accurate diagnosis characteristics. Moreover,
AuNCs@BSA-I fluorescent/CT signals could distinguish
minimal thyroid cancer, as small as 2mm3, suggesting that
AuNCs@BSA-I could potentially serve as a dual-mode fluo-
rescent/CT imaging agent intended for early precise diagno-
sis of thyroid carcinoma, and had potential to be translated
into clinical practice. Monodisperse spherical nanoparti-
cles (GNCNs) are created in nonsevere conditions from
gold nanoclusters (GNCs) (generated by Gadolinium (Gd3+)
ions-induced assembly) under mild conditions which was
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reported with high X-ray attenuation for CT and possessed
unique CT imaging ability in lung cancer cell A549 tumor-
bearing mice [45]. Zhou et al. showed that folic acid- (FA-)
conjugated silica capped gold nanoclusters were biocompat-
ible and actively target the FA (+) MGC-803 cells and small
(5mm) tissues from gastric tumors in nude mice models in
vivo [46]. This kind of nanoprobes showed high-quality CT
imaging as well as red-emitting fluorescence imaging.

Additionally, some other new type CT contrast agents
have been developed recently. WS

2
nanosheets could be used

as an X-ray computed tomography (CT) contrast agent for
bioimaging of tumors [47]. Bovine serum albumin-coated
WS
2
nanosheets (BSA-WS

2
) were injected into nude mice

bearing HeLa tumors, and strong signals from WS2 at the
tumor site were clearly observed from the CT image [48].
Recently, oxygen-deficient tungsten oxide WO

2.9
nanorods

were reported to act as a promising theranostic agent for
simultaneous CT imaging [49]. Rb

𝑥
WO
3
(rubidium tung-

sten bronze, Rb-TB) nanorods can be employed as a new
dual-modal contrast agent for photoacoustic tomography
(PAT) and CT imaging, which suggest possibility of the
multifunctional Rb

𝑥
WO
3
nanorods for applications in cancer

theranostics [50].

3. Magnetic Resonance Imaging

Compared to other imaging modalities, the advantages pos-
sessed by MRI are high soft tissue contrast and good spatial
resolution. Additionally, MRI provides more viable and safe
modality with vulnerable patients sinceMRI does not require
radioisotopes or radiation. On the other hand, the insensi-
tivity of magnetic resonance imaging (MRI) to contrast
agents makes it an unideal modality for target-specific imag-
ing. However, owing to the marked advances inMRI contrast
agent design, molecular imaging usingMR has become prac-
tical [51]. Molecular MR imaging contrast agents typically
contain nanoparticulate probes with a high concentration of
contrast-generating metals and hone in on a specific target
with a ligand-bound contrast agent. Having its low sensitivity,
MRI is limited by target-specific contrast agents in clinical
application, but techniques that exploit amplification may
solve this problem.

Superparamagnetic iron oxide nanoparticles (SPION) are
the first objects which have been clinically approved for use
as MRI contrast agents. SiO2 coated SPION core-shell nano-
particles labeled with near infrared fluorescence (NIRF) dye
and anti-CD146 monoclonal antibody [52] could be used for
NIRF imaging or MRI. It revealed that the gastric cancer
xenograft model was identified 30min after this nanoparti-
cles administration.

Derivatized dextran coated magnetic nanoparticles [53]
form a multipurpose platform for targeting ligand conjuga-
tion, as they support diagnostic imaging by MRI. Studies
have showed that these nanomaterials are sufficiently not
harmful and biodegradable [54, 55] and stay in the blood
for an extended period of time. Experimentally dextran
coated superparamagnetic iron oxide nanoparticles are a
well-established platform for the generating multifunctional
imaging agents likemonocrystalline iron oxide nanoparticles

(MION) [56, 57] and similar nanoparticles cross-linked to
dextran (cross-linked iron oxide nanoparticles, or CLIO) to
form substrates ready to be linked to targeting ligands. The
MR imaging ability of these nanoparticles has led to the
development of probes capable of imaging cellular and sub-
cellular events with high resolution [58–61], allowing for early
detection, prognosis, and cancer monitoring. For instance,
MRI with lymphotropic superparamagnetic nanoparticles
used with MION was sufficient to detect all patients with
nodal metastasis although the sensitivity of node-by-node
analysis was significantly higher than conventional MRI in
prostate cancer [54], suggesting that usingmagnetic nanopar-
ticles for high resolution MRI enables virtually undetectable
prostate cancer lymph node metastases to be detected. 20 to
50 nm superparamagnetic MION are covered with varying
thicknesses of dextran T10 to alter pharmacokinetic prop-
erties and macrophage recognition [54, 62]. Carboxymethyl
dextran (polyglucose sorbitol carboxymethylether) nanopar-
ticles with improved surface coatings, carrying higher iron
payloads and capable of undergoing bolus injection, have also
been developed.

Nanoparticle ferumoxytol, a third-generation magnetic
nanoparticle, reduces immunologic sensitivity. This particle
has an iron oxide core with a diameter of 6.8 ± 0.4 nm [63].
It was reported to modulate nodal signal intensity at the
appropriate circulation interval, in order for malignant nodal
activity to be detected by MRI [59], which may be used as
a safer lymph node staging agent that is easier to deliver in
prostate cancer. Magnetic nanoparticles (MNPs) introduced
to the bloodstream by injection enhance MRI and provide
a noninvasive and precise method of accurately evaluating
vascular volume fraction (VVF) in various xenograft murine
models, which is shown to be an alternative marker of micro-
vessel density (MVD) and vessel development [64, 65]. Sonic
hedgehog (Shh) expression promotes the formation and
progression of pancreatic tumors and inhibits tumor cell
death after treatment, demonstrating the vital function of Shh
signaling in pancreatic tumor progression and survival [66].
Guimaraes et al. [58] imaged pancreatic ductal adenocar-
cinoma cell xenograftmodels withMRI enhanced withMNP
following a treatment targeting the Hh pathway. The study
revealed thatMRI VVF andVVF quantity changes correlated
with histopathologic indices of MVD viable gland index
and proliferative index, which suggested that MRI VVF
may serve as a surrogate marker of angiogenesis and an
early predictive marker of therapeutic efficacy. Fluorescent
magnetic nanoparticles conjugated by BRCAA1 monoclonal
antibody were reported to target gastric cancer tissues in
mice and could potentially be detected cancer by fluorescent
imaging and MRI [67].

Superparamagnetic iron oxide nanoparticulate ferumox-
tran-10 (Combidex) was highly effective at detecting meta-
static lymph nodes in different cancer types. Report by Tat-
sumi et al. [68] also revealed that ferumoxtran-10-enhanced
MRI effectively diagnoses gastric cancer lymph node metas-
tases. However, despite this proven efficacy, ferumoxtran-
10 has some logistical disadvantages, including the need for
a slow infusion to minimize hypersensitivity-related side
effects.
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4. Ultrasonography Imaging

Recently, targetedUS imaging (molecular US) with enhanced
contrast has revealed itself to be a novel noninvasive molec-
ular imaging strategy. US imaging has several advantages
including transportability, cost-effectiveness, no ionizing
irradiation involvement, better spatial and temporal resolu-
tion which allows for the images to be evaluated in real-time,
global availability, and the capacity formolecular information
extraction [69, 70]. The use of the latest US hardware with
advanced contrast agent design is predicted to improve the
sensitivity in assessing the targeted molecular expression,
whichwould be used for clinical application in the near future
[71].

A recent study found that drug delivery guided by imag-
ing offered a noninvasive alternative to both surgical resec-
tion and systemic drug delivery for higher drug concentra-
tions at tumor sites and side effects reduction [72]. Despite
the known advantages of US, it could trigger drug release
via inertial cavitation causingmechanical damage to the drug
carriers [73]. US provided precise control over spatiotempo-
ral drug release and drug transport into solid tumors, which
were different from other stimuli including temperature, pH,
and enzymatic degradation [74, 75].

The US intensity is easily adjustable according to the pur-
pose, low intensities used for diagnosis (<720mW/cm2), and
high-intensity therapeutic irradiation (up to 105W/cm2) for
tumor treatment [76]. Owing to the high loading capacity and
easily adjustable composition and properties, polyelectrolyte
multilayer microcapsules have emerged as promising US-
sensitive drug delivery carries [77]. Chen et al. [78] demon-
strated that hydrogen-bonded multilayers of tannic acid and
poly(N-vinylpyrrolidone) (TA/PVPON) microcarriers had
possessed a high US imaging contrast and could deliver
encapsulated therapeutics under both low-intensity diagnos-
tic (power intensities of 0.1W/cm2) and high-intensity ther-
apeutic (>10W/cm2) US irradiation in tumor tissues. This
provided insights for the design of theranostic microcarriers
in imaging-guidedUS-triggered cancer therapy. Recent study
showed that US contrast agents have been developed in quan-
tification of angiogenesis and US imaging was used to assess
tumor angiogenesis at a molecular level and in a noninvasive
way [69]. Deshpande et al. [79] have evaluated tumor angio-
genesis and associated markers by targeted microbubbles
using US imaging. Microbubbles bound to antibodies against
vascular endothelial growth factor receptor 2 were injected
to murine tumor models and found that the US contrast
agent bound to the antibodies showed significantly higher
adherence to tumor blood cells [80]. Yang et al. [81] showed
that interleukin-4 receptor-targeted liposomal doxorubicin
promoted targeted drug delivery using US in brain tumor
animal models.

An innovative ultrasound-mediated chemotherapy
method was established by systemic injection of phase shift
drug-loaded nanodroplets, which could vaporize into micro-
bubbles under the action of US. Acoustic phase shift nano-
droplets effectively accumulated in tumor tissue by indirect or
direct targeting and then converted into microbubbles in situ
by US [82]. Expansion of nanodroplets from acoustic droplet

vaporization (ADV) induces mechanical tissue erosion and
cell damage [83] and promoted vascular permeability and
ultrasound ablation for tumor tissue [84, 85]. Ultrasound-
responsive nanodroplets comprise a perfluorocarbon (PFC)
core and a solid shell composed of lipids, polymer, and/or
proteins. Various PFCnanodroplet formulations for drug and
gene delivery have been generated by ultrasound controlled.
Most of them comprised a block copolymer shell such as
poly(ethylene oxide)-co-poly(L-lactide) (PEG-PLLA) or
poly(ethylene oxide)-co-poly(caprolactone) (PEG-PCL)
[86, 87], a lipid shell (DPPC, DSPE-PEG/cholesterol) [88],
a protein shell (lung surfactant, albumin) [89–91], or a
surfactant shell (perfluorooctanoic acid) [92].

Baghbani et al. [93] developed smart curcumin-loaded
chitosan/perfluorohexane nanodroplets capable of several
functions. These nanodroplets were developed for contrast-
ultrasound imaging and evaluated its cytotoxicity in vitro on
4T1 human breast cancer cells. In effects of curcumin-loaded
nanodroplets the cell growth was significantly decreased
by ultrasound exposure, which suggested that curcumin-
loaded chitosan/perfluorohexane nanodroplets might have
great potential for imaged-guided cancer therapy.

Another contrast agent, fluorescent nanobubbles (NBs),
was engineered for targeted US breast cancer imaging. NBs
are made by capturing liquid tetradecafluorohexane (C6F14)
inside a biodegradable photoluminescent polymer (BPLPs).
This is done through an emulsion-evaporation process. The
product is then linked with PNBL-NPY ligand in order
to target Y1 receptors overexpressed in breast tumors [94].
This developed PNBL-NPY modified NBs exhibit excellent
aqueous stability, photostability, low toxicity, and improved
contrast ability for US imaging of Y1R-overexpressing breast
cancer, which provides a novel nanoplatform that can be used
to detect early-stage cancer and for treatment.

Ma et al. [95] constructed a double-targeted nanoparticle:
monomethoxypoly(ethylene glycol)-poly(lactic-co-glycolic
acid) (mPEG-PLGA) was modified by double-targeted anti-
body, anticarcinoembryonic antigen (CEA) and anticarbo-
hydrate antigen 19-9 (CA19-9), and encapsulated with anti-
tumor drug paclitaxel (PTX). The results showed that much
more NPs may be facilitated to ingress the cells or tissues
with US or US targeted microbubble destruction (UTMD)
transient sonoporation in vitro, and US contrast-enhanced
images revealed NPs with prolonged imaging time in nude
mice of pancreatic cancer, which make it possible to further
enhance antitumor effects by extending retention time in
the tumor region. This novel double-targeted NPs capable
of ultrasound contrast-enhanced imaging and antitumor
therapy may be promising in clinic.

5. Positron Emission Tomography

Positron emission tomography (PET) is commonly used
to diagnose abnormalities at the cellular/molecular level
by providing quantitative imaging [96–98]. Highly specific
radiopharmaceutical activity is utilized to obtain quality
images for diagnosis [99, 100]. Although PET is suitable for
monitoring biological processes with high sensitivity and
specificity, high cost limited its clinical application. In the
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Figure 1: Schematic diagram of LNP constructs. DSPE-PEG-acetBr (acetBr-LNP) and DSPE-PEG-maleimide (mal-LNP) were conjugated
to the DOTA-anti-PSMA scFv-cys or DOTA-monoacetamidoethanethiol (DOTA-thiol). LNP, lipid nanoparticles; DSPE, distearoyl
phosphatidylethanolamine monomethoxy; PEG, polyethylene glycol; DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; PSMA,
prostate specific membrane antigen.

emerging era of increased personalization of oncology treat-
ments, nanoparticles can provide an extremely useful tool for
cancer treatment and subsequent follow-up monitoring.

A single chain against prostate membrane antigen
(PSMA) was conjugated to the copolymer, DSPE-PEG male-
imide, that spontaneously assembled into a homogeneous
multivalent lipid nanoparticle [101] (Figure 1) and then
was expressed and evaluated by 64Cu PET imaging in a
prostate cancer xenograftmodel, and the results revealed that
the targeted anti-PSMA scFv-LNP showed enhanced tumor
accumulation, which may provide evidence for targeted
therapy of this system in drug delivery. In the area of cancer
treatment, PET is primarily used to find localized radiola-
beled nanoparticles for nanoparticle-mediated photothermal
cancer therapy [30, 102]. Therefore, PET could potentially
be used to assess patient response to treatment in order to
improve patient outcome, reduce costs, and reduce time. [F-
18] PET tracer fluoro-D-glucose (18F-FDG) is commonly
used due to the high metabolism of tumor cells, and it has
been used to diagnose tumors and evaluate treatment res-
ponse [103, 104].

Jørgensen et al. [105] developed a single particle and PET-
based platform in order to associate plasmonic nanoparticle
heat with their ability to kill cancer cells.They investigated the
effect of nanoparticle generated heat generation on human
lung carcinoid tumor xenografts in mice with 2-deoxy-2-
18F-FDG PET imaging. The research team found that PET
imaging successfully tracked patient response to photo-
thermal treatment in the early stages of the cancer.This inter-
disciplinary method provides a way to assess and compare
emerging plasmonic nanoparticles for their potential as a
cancer therapy.

Nanomaterials are commonly used to target angiogenic
markers on tumor vasculature [106]. G-protein coupled

transmembrane receptor follicle-stimulating hormone recep-
tor (FSHR) is a common receptor concentrated in the vascu-
latures of primary tumors andmetastatic sites [107–109]. PET
imaging using FSHR targeting was first demonstrated using
18F-labeled FSH 𝛽 33–53 (a FSH fragment) in prostate tumors
[110]. 64Cu-labeled monoclonal antibody (mAb) used to
image FSHR in tumors via PET imaging further showed the
value of FSHR as a cancer tissuemarker [111]. FSH fragments-
conjugated polymer [112] or dendrimer [113] based nanoma-
terials improve drug delivery to ovarian cancer cells by bind-
ing to FSHR-positive ovarian cancer cells. Utilizing mono-
clonal antibody against FSHR (FSHR-mAb) on polyethylene-
glycol- (PEG-) functionalized graphene oxide (GO) nano-
sheets and 64Cu as a radiolabel to visualize GO conjugate
distribution via PET imaging, Yang et al. [114] showed meta-
static tumor targeting of GO conjugates in breast cancer and
lung metastasis mouse models and high specificity for FSHR.
Serial PET imaging also found that tumors take up 64Cu-
NOTA-GO-FSHR-mAb and this marker stays stable over
time and this FSHR-targeted, GO-based nanoplatform could
be used for early metastasis detection and drug delivery.

6. Prospect and Conclusion

Nanoparticles applications of theranostics or multimodal
imaging, which offers the possibilities to surpass these lim-
itations of single imaging modalities, have been well-studied.
To date, various combinations have been reported that cover
dual-modal, trimodal, or other imaging modalities, such as
MR-optical imaging [115], MRI-PET [116], optical imaging-
CT [117], and MRI-CT [118] (Figure 2) [119].

A modern multifunctional drug carrier for image guided
catheter-directed procedures is critically needed in order
to improve therapeutic outcomes. Incorporation of imaging
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Figure 2: Incorporation of multicomponent imaging agents with various nanoparticles for multimodal imaging.

agents into the drug source itself (i.e., a radiopaque/magnetic
microspheres) should offer several advantages over current
embolization agents not visible with clinical imaging modal-
ities [120]. Multimodal MRI/CT visible microspheres would
be able to permit direct visualization of these drug carriers
during the delivery of the antitumor drugs.

MRI/CT visible microspheres with gold nanorods and
magnetic clusters were engineered, and the drug carriers
would be best suited for administration by an intra-arterial
catheter to liver tumors while allowing for imaging to verify
tumor-targeted delivery [121]. MRI was used for identifying
tumor regions and MRI/CT was used to confirm successful
microspheres delivery to the targeted HCC following selec-
tive arterial infusion, which should allow timely prediction
of therapeutic outcome and patient prognosis.

Photoacoustic imaging (PAI), which is an emerging,
hybrid, and noninvasive biomedical modality, has been
extensively explored for its applications in cancer imaging
[122, 123], and exogenous contrast agent is preferably used
to achieve high sensitivity PAI at the cellular level [124, 125].
Large amount of nanoparticles has been used for PAI, such
as plasmonic gold nanoparticles (AuNPs) [125, 126] and
plasmonic titanium nitride nanoparticles (TiN NPs) [127].

Following the disclosure of human genome, individual-
ized medicine combining with targeted imaging and therapy
toward neoplasm is in great demand. However, the combined
treatment agent was not possible until the development of
theranostic nanomedicine was fulfilled.The adenovirus (Ad),
a vector commonly used for cancer gene therapy is limited in
its therapeutic application by low coxsackievirus and adeno-
virus receptor (CAR) expression in tumors and its inability to
specifically target [128, 129].

Combining Ad viruses to polyethyleneimine- (PEI-)
coated superparamagnetic iron oxide (Fe

3
O
4
) nanoparticles

enhances gene transfection efficiency when the vectors are

aimed at a specific magnetic field (MGF) located externally
[130]. During the past ten years, major advances in oncolytic
virus development have allowed for the development of clini-
cal use of OV therapy. Ad-based cancer gene therapy con-
tinues to evolve with novel and more cancer cell-specific
oncolytic Ads [131]. Choi et al. [132] linked GFP-expressing,
replication-incompetent Ad (dAd) with PEGylated and
cross-linked iron oxide nanoparticles (PCION), to create
dAd-PCION complexes, and found these complexes showing
independence of CAR expression and increased transduction
efficiency and oncolytic Ad (HmT)-PCION replication inside
the cell. The results suggested that MGF-responsive PCION-
coated oncolytic Ads might be used as smart complex cancer
gene therapy vehicles.

The PEG/lipids/calcium-phosphate- (CaP-) oncolytic
adenovirus (PLC-OncoAd) delivery system was constructed
for ZD55-IL-24 (an oncolytic adenovirus that carries the
IL-24 gene) and was less toxic to the system, lowered liver
sequestration, and was not affected by the immune sys-
tem response. Meanwhile, efficient targeted delivery and
improved therapeutic efficacy were achieved without induc-
ing toxicity in hepatocellular carcinoma [133].

This novel transfer system could potentially improve
oncolytic adenovirus-based cancer gene therapy. Several
studies have described noninvasive imaging of oncolytic
viruses [134, 135]. In light of this development, it has become
evident that there is a significant need for an exact, respon-
sive, and reproducible way of noninvasively imaging the OV-
combined nanoparticles cluster complexes after application
to patients.

Although current studies suggest promising future direc-
tions, many challenges can arise in actual clinical trials
because multiple components exist in these nanostructures,
such as species-dependent immune responses, higher toxic-
ities, and the great gaps between the current in vivo mouse
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model and actual cancer patients imaging which will be very
useful or perhaps indispensable in the future cancer detection
andmanagement of patients if these current challenges could
be overcome.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Ying-Yu Ma and Ke-Tao Jin contributed equally to this work.

Acknowledgments

This work was supported by Zhejiang Provincial Natural Sci-
ence Foundation of China (nos. LY15H160051, LQ16H160017,
and LY16H160042), the National Science Foundation of
China (nos. 81672430, 81602706, and 81602174), Funds of
Science Technology Department of Zhejiang Province (no.
2016C33055), and Zhejiang Province Bureau of Health (nos.
WKJ-ZJ-1502 and 2015ZA009).

References

[1] A. H. Stegh, “Toward personalized cancer nanomedicine—past,
present, and future,” Integrative biology: Quantitative Biosciences
from Nano to Macro, vol. 5, no. 1, pp. 48–65, 2013.

[2] R. Etzioni, N. Urban, S. Ramsey et al., “The case for early detec-
tion,” Nature Reviews Cancer, vol. 3, no. 4, pp. 243–252, 2003.

[3] R. Weissleder and M. J. Pittet, “Imaging in the era of molecular
oncology,” Nature, vol. 452, no. 7187, pp. 580–589, 2008.

[4] M. E. Davis, Z. G. Chen, and D. M. Shin, “Nanoparticle ther-
apeutics: an emerging treatment modality for cancer,” Nature
Reviews Drug Discovery, vol. 7, no. 9, pp. 771–782, 2008.

[5] R. Li, X. Li, L. Xie et al., “Preparation and evaluation of PEG-
PCL nanoparticles for local tetradrine delivery,” International
Journal of Pharmaceutics, vol. 379, no. 1, pp. 158–166, 2009.

[6] R. Li, W. Wu, Q. Liu et al., “Intelligently Targeted Drug Deliv-
ery and Enhanced Antitumor Effect by Gelatinase-Responsive
Nanoparticles,” PLoS ONE, vol. 8, no. 7, Article ID e69643, 2013.

[7] R. Li, L. Xie, Z. Zhu et al., “Reversion of pH-induced physio-
logical drug resistance: A novel function of copolymeric nano-
particles,” PLoS ONE, vol. 6, no. 9, Article ID e24172, 2011.

[8] P. U. Atukorale, G. Covarrubias, L. Bauer, and E. Karathanasis,
“Vascular targeting of nanoparticles for molecular imaging of
diseased endothelium,” Advanced Drug Delivery Reviews, 2016.

[9] D.-E. Lee, H. Koo, I.-C. Sun, J. H. Ryu, K. Kim, and I. C.
Kwon, “Multifunctional nanoparticles for multimodal imaging
and theragnosis,” Chemical Society Reviews, vol. 41, no. 7, pp.
2656–2672, 2012.

[10] Y. Chen, K. Ai, J. Liu, X. Ren, C. Jiang, and L. Lu, “Polydo-
pamine-based coordination nanocomplex for T1/T2 dual mode
magnetic resonance imaging-guided chemo-photothermal syn-
ergistic therapy,” Biomaterials, vol. 77, pp. 198–206, 2016.

[11] J. Estelrich, M. J. Sánchez-Mart́ın, and M. A. Busquets, “Nano-
particles in magnetic resonance imaging: from simple to dual
contrast agents,” International Journal of Nanomedicine, vol. 10,
pp. 1727–1741, 2015.

[12] Y.Wei, R. Liao, H. Liu, H. Li, H. Xu, and Q. Zhou, “Biocompati-
ble low-retention superparamagnetic iron oxide nanoclusters as

contrast agents for magnetic resonance imaging of liver tumor,”
Journal of BiomedicalNanotechnology, vol. 11, no. 5, pp. 854–864,
2015.

[13] F. A. Jaffer and R.Weissleder, “Molecular imaging in the clinical
arena,” Journal of the AmericanMedical Association, vol. 293, no.
7, pp. 855–862, 2005.

[14] J. R. McCarthy and R. Weissleder, “Multifunctional magnetic
nanoparticles for targeted imaging and therapy,”AdvancedDrug
Delivery Reviews, vol. 60, no. 11, pp. 1241–1251, 2008.

[15] R. Weissleder, “Molecular imaging in cancer,” Science, vol. 312,
no. 5777, pp. 1168–1171, 2006.

[16] R. K. Jain and T. Stylianopoulos, “Delivering nanomedicine to
solid tumors,” Nature Reviews Clinical Oncology, vol. 7, no. 11,
pp. 653–664, 2010.

[17] R. A. Petros and J. M. DeSimone, “Strategies in the design
of nanoparticles for therapeutic applications,” Nature Reviews
Drug Discovery, vol. 9, no. 8, pp. 615–627, 2010.

[18] A. E. Hansen, A. L. Petersen, J. R. Henriksen et al., “Positron
Emission Tomography Based Elucidation of the Enhanced
Permeability and Retention Effect in Dogs with Cancer Using
Copper-64 Liposomes,” ACS Nano, vol. 9, no. 7, pp. 6985–6995,
2015.

[19] E. A. Sykes, J. Chen, G. Zheng, and W. C. W. Chan, “Investigat-
ing the impact of nanoparticle size on active and passive tumor
targeting efficiency,” ACS Nano, vol. 8, no. 6, pp. 5696–5706,
2014.

[20] S. C. Gad, K. L. Sharp, C. Montgomery, J. D. Payne, and G. P.
Goodrich, “Evaluation of the toxicity of intravenous delivery of
auroshell particles (Gold-SilicaNanoshells),” International Jour-
nal of Toxicology, vol. 31, no. 6, pp. 584–594, 2012.

[21] J. Key and J. F. Leary, “Nanoparticles for multimodal in vivo
imaging in nanomedicine,” International Journal of Nanomedi-
cine, vol. 9, no. 1, pp. 711–726, 2014.

[22] M. Heidari Majd, D. Asgari, J. Barar et al., “Tamoxifen loaded
folic acid armed PEGylatedmagnetic nanoparticles for targeted
imaging and therapy of cancer,” Colloids and Surfaces B: Bioint-
erfaces, vol. 106, pp. 117–125, 2013.

[23] J. Lin, Y. Li, Y. Li et al., “Drug/Dye-Loaded, Multifunctional
PEG-Chitosan-Iron Oxide Nanocomposites for Methotraxate
Synergistically Self-Targeted Cancer Therapy and Dual Model
Imaging,” ACS Applied Materials and Interfaces, vol. 7, no. 22,
pp. 11908–11920, 2015.

[24] Y. Omidi and J. Barar, “Induction of human alveolar epithelial
cell growth factor receptors by dendrimeric nanostructures,”
International Journal of Toxicology, vol. 28, no. 2, pp. 113–122,
2009.

[25] S. B. Hartono, W. Gu, F. Kleitz et al., “Poly-L-lysine function-
alized large pore cubic mesostructured silica nanoparticles as
biocompatible carriers for gene delivery,” ACS Nano, vol. 6, no.
3, pp. 2104–2117, 2012.

[26] M. R. Tohidkia, J. Barar, F. Asadi, andY.Omidi, “Molecular con-
siderations for development of phage antibody libraries,” Jour-
nal of Drug Targeting, vol. 20, no. 3, pp. 195–208, 2012.

[27] P. Zhang, Y.-C. Chiu, L. H. Tostanoski, and C. M. Jewell,
“Polyelectrolyte multilayers assembled entirely from immune
signals on gold nanoparticle templates promote antigen-specific
T cell response,” ACS Nano, vol. 9, no. 6, pp. 6465–6477, 2015.

[28] A. Zhao, M. R. Tohidkia, D. L. Siegel, G. Coukos, and Y.
Omidi, “Phage antibody display libraries: A powerful antibody
discovery platform for immunotherapy,”Critical Reviews in Bio-
technology, vol. 36, no. 2, pp. 276–289, 2016.



8 Contrast Media & Molecular Imaging

[29] Y. H. Lao, K. K. L. Phua, and K. W. Leong, “Aptamer nano-
medicine for cancer therapeutics: barriers and potential for
translation,” ACS Nano, vol. 9, no. 3, pp. 2235–2254, 2015.

[30] H. Sun and Y. Zu, “Aptamers and their applications in nano-
medicine,” Small, vol. 11, no. 20, pp. 2352–2364, 2015.

[31] F. Zhang, X. Huang, L. Zhu et al., “Noninvasive monitor-
ing of orthotopic glioblastoma therapy response using RGD-
conjugated iron oxide nanoparticles,” Biomaterials, vol. 33, no.
21, pp. 5414–5422, 2012.

[32] A. de Vries, E. Custers, J. Lub, S. van den Bosch, K. Nicolay, and
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