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The biomedical applications of nanoparticles in molecular imaging, drug delivery, and therapy give rise to the term
“nanomedicine” and have led to ever-growing developments in the past decades. New generation of imaging probes (or contrast
agents) and state of the art of various strategies for efficient multimodal molecular imaging have drawn much attention and led to
successful preclinical uses. In this context, we intend to elucidate the fundamentals and review recent advances as well as to provide
an outlook perspective in these fields.

1. Introduction

Nanotechnology, abbreviated as “nanotech”, has witnessed
rapid and broad developments over the past decades [1, 2].
Nowadays, nanoscience is no longer confined to synthesis,
characterization and simple derivation of nanomaterials,
but has found its way to high-end applications and engi-
neering in industrial sectors, such as electronics, com-
munication, energy, advanced materials, space technology
and biomedicine. The National Nanotechnology Initiative
(NNI) defines nanosized particles as roughly 1–100 nm
in dimensions, but this range might be extended up to
1000 nm [3]. They display novel optical, electronic and
structural properties different from individual molecules or
bulk particles. When applied in medical science, they give rise
to the term of “nanomedicine” which has found more and
more applications in preclinical, translational, and clinical
research [2, 4, 5]. This will not only stimulate the progress
of nanomaterial development, but also implicate unprece-
dented opportunities in the coming future for individual-
ized diagnostic strategies and treatment methodologies in
humans.

Among the vast applications of nanomedicine, molecular
imaging is one of the most attractive and fastest growing
research fields. As defined by the Society of Nuclear Medicine

recently, molecular imaging is “visualization, characteriza-
tion, and quantification of biological processes at the molec-
ular and cellular levels in humans and other organisms”
[6]. It is an emerging interdisciplinary research field that
combines chemistry, biology, pharmacology, and medicine
to detect biomedical or physiological processes in vitro and in
vivo, and therefore allows for early detection of physiological
changes, anatomical diagnosis of transformations, and pro-
vides valuable clinical information for treatment strategies
for various diseases, such as cancer, inflammation, stroke,
atherosclerosis, Alzheimer’s disease, and many others [2, 7–
9]. In addition, customizable nanoparticles have also been
employed as efficient carriers for targeted drug delivery and
therapeutic agents as well as for gene transportation.

2. Nanoparticles

Particles with nanoscale dimensions are expected to display
special physical and biological behavior and unique inter-
actions with biomolecules. Due to the large surface area of
nanoparticles and inherent functionalities, structural modi-
fications are readily achieved to alter their pharmacokinetics,
prolong their vascular circulation life-time, improve their
extravasation capacity, ensure an enhanced biodistribution
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Table 1: Characteristics of several representative nanoparticles and their biomedical applications.

Type of
nanoparticle

Synthetic
protocol

Size range
Possible surface
modifications

Imaging
modality
applicable

Possible
therapeutic
strategies

Reference

Quantum dot

colloidal
synthesis,

self-assembly,
viral assembly

several to tens of
nm

lipids, polymer,
targeting ligands
or biomolecules

optical PDT∗ [12]

Dendrimer
organic

chemistry
techniques

several nm
varies from

different
“generation”

charge, polymer,
targeting ligands
or biomolecules

MRI, optical
drug and gene

delivery
[13]

Liposome
emulsion,

polymerization
tens to

hundreds of nm

charge, polymer,
targeting ligands
or biomolecules,

viral protein
coating,

MRI, optical,
radionuclide

imaging

drug, gene and
protein delivery,

PDT,
[14]

Gold
nanoparticle

biological
reduction,
colloidal

synthesis, vapor
precipitation

several to
100 nm

lipids,
polymeric shell,
targeting ligands
or biomolecules

CT, optical
drug delivery,

PTT∗
[15]

Carbon
Nanotube

arc discharge,
laser ablation,

vapor
precipitation

tens of nm
polymeric shell,
targeting ligands
or biomolecules

MRI, optical,
radionuclide

imaging

drug delivery,
PTT

[16]

Microbubble

emulsion,
layer-by-layer
fabrication,

polymerization

tens to 1000 nm
polymeric shell,
targeting ligands
or biomolecules

US
drug, gene and
protein delivery

[17]

Iron Oxide

coprecipitation,
decomposition,
microemulsion,
sol-gel, thermal

several to tens of
nm

charge, dextran,
lipids, polymer,
targeting ligands
or biomolecules

MRI
siRNA delivery,

PTT
[18]

Micelle microemulsion tens of nm
charge, polymer,
targeting ligands
or biomolecules

MRI, optical,
radionuclide

imaging

drug and gene
delivery, PDT

[19]

Adenovirus
replication in
host nucleus

tens of to
100 nm

charge, polymer,
targeting ligands
or biomolecules

MRI, optical gene delivery [20]

Silica
nanoparticle

chemical
polymerization,
microemulsion,

sol-gel

tens of to
100 nm

charge, polymer,
targeting ligands
or biomolecules

MRI, optical
drug and gene

delivery
[21]

∗
Abbreviations: PDT= Photodynamic therapy; PTT= Photothermal therapy.

in vivo, and lead to a sustained and controllable delivering
efficacy for drug cargoes [10, 11]. Furthermore, when
specific targeting ligands are conjugated to nanoparticles,
targeted binding capability to diseased regions can be
realized. Nanocarriers will penetrate through microvessels
with enhanced permeability and then be taken up by cells,
thus offering highly-selective payload accumulation at target
sites.

More and more nanoparticle-based structures are cur-
rently under investigation and some well-studied nanopar-
ticles include quantum dots, dendrimers, nanotubes, lipo-
somes, micelles, gold nanoparticles, and nano/microbubbles.

Different types of nanoparticles have different biomedical
purposes and are being used for medical molecular imaging,
controlled drug delivery, and targeted therapy. The charac-
teristics and biomedical applications of some representative
nanoparticles have been listed in Table 1.

It should be noted that the knowledge on the effect
of nanoparticles on human health is very limited. Thus,
nanotoxicology, which is the science examining the effects
of artificial nanostructures on living organisms is of great
importance. For example, nanoparticles can penetrate into
the cells and selectively accumulate. They can be transported
across the epithelial and endothelial cells via transcytosis.
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Figure 1: Illustration for nanomaterial applications in various
imaging modalities.

Further, they might travel along the dendrites, axons and
the blood and lymphatic vessels provoking oxidative stress
and inflammation [22]. However, appropriate chemical
modifications on the surface can be readily implemented to
render them qualified for medical uses even though some
“naked” nanoparticles are highly cytotoxic and cannot be
applied in humans directly.

3. Molecular Imaging

During the past decades, many traditional medical imaging
techniques have been established for routine experimental
and clinical uses. These imaging modalities, such as optical
imaging (OI), computed tomography (CT), magnetic res-
onance imaging (MRI), ultrasound (US), and radionuclide
imaging (PET/SPECT) have been widely applicable to and
made superb performance in experimental small animal
imaging, preclinical imaging and clinical human body
imaging, diagnosis and treatments [23–26] (Figure 1).

Molecular imaging differs from traditional imaging in
that probes known as biomarkers are used to help image
particular targets or pathways. It is required that biomarkers
highly specifically interact with their surroundings, and
in turn alter the image according to molecular changes
occurring within the area of interest. Molecular imaging
agents are endogenous molecules or exogenous probes used
to visualize, characterize, and quantify biological processes
in living systems. Different imaging techniques in terms of
sensitivity, resolution and complexity often require specific
contrast agents to obtain satisfactory contrast enhancement
in visualization reconstruction. Here, we will give a brief
description on the properties of various imaging modalities,
the nature of contrast enhancement and selected efficacious
contrast agents commonly used at present. A detailed
summary of characteristics, comparisons, and practical
applications of these common imaging modalities is given in
Table 2.

Optical imaging is a relatively lowcost, noninvasive
and extensively used imaging technique, in that light is
taken as the most readily available and versatile imaging
radiation source in nature. Fluorescence imaging (FLI) and
bioluminescence imaging (BLI) are two major techniques in
optical imaging to analyze the propagation of nonionizing
radiation, light photons through a medium such as tissue.
Proteic fluorophores (green fluorescent protein/GFP, red
fluorescent protein/RFP) and organic/inorganic fluorescent
dyes are popular imaging agents in fluorescence imaging
[27]. Besides that, quantum dots and iron oxide nanoparti-
cles with fluorescent shell structure can also be employed as
fluorescent imaging building blocks for efficient molecular
fluorescence imaging in vitro and in vivo.

Computed tomography (CT) is founded on the exploita-
tion of X-ray scanning, its attenuation in tissues and
computed image reconstruction to obtain morphologic and
vascular information within the body. Different components
inside the body, such as soft tissue, fat, water and air, have dif-
ferent capability of X-ray absorption and attenuation. In this
way, an anatomical visualization of body structures (lung,
bones, tumor, and others) can be imaged with high contrast
performance. Iodine, barium salt and gastrografin have been
common CT contrast agents in clinics to highlight blood
vessels, stomach and gastrointestinal organs. Theoretically,
CT is not a molecular imaging modality as the sensitivity for
contrast material is not sufficient to detect as low amounts
as would be bound to a molecular target. However, this will
not be an obstacle in the application of multimodal imaging
approaches if CT contrast agents are structurally modified
to meet other imaging requirements such as contrasting
the blood pool or organs of the reticulo-endothelial system
(RES).

Magnetic resonance imaging (MRI) is a noninvasive
medical diagnostic technique. Although certain endogenous
contrast can be achieved in the process of nuclei excitation
and relaxation of magnetic spins, specific exogenous contrast
agents are often required to give an acceptable MRI image
with high spatiotemporal resolution, sensitivity, specificity,
and volumetric coverage. The most commonly used contrast
agents for MRI include paramagnetic complexes (Ga3+

or Mn2+ based chelates), paramagnetic ion nanoparticles
(Gd2O3 and MnO), and superparamagnetic iron oxide
nanoparticles (Fe3O4, FeCO, and MnFe2O4) [28, 29]. Novel
MRI contrast agents have been produced as derivatives of
these three species, such as magnetic dendrimers, liposomes,
and micelles. It is notable that the major advantage of
MRI is its high spatial resolution (25–100 μm level) and the
excellent tissue contrast. In this context, MRI overruns other
molecular imaging approaches up to date, and it is available
for both morphological and functional assessments, while
a certain quantity of contrast agents (approximately μg to
mg) is necessary for the relatively time-consuming imaging
process.

Ultrasound (or ultrasonography) [30] is one of the most
applied medical imaging techniques. The major advantage of
US imaging is low cost, high safety and readily availability
for portable devices. In experimental ultrasound imaging,
gas-filled microbubbles, perfluorocarbon emulsions and
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Table 2: Comparison of various imaging modalities in preclinical use.

Imaging
modality

Optical imaging
Computed

tomography

Magnetic
resonance
imaging

Ultrasound
Radionuclide

imaging

Source of
detection

visible or
near-infrared light

X-ray
magnetic field,

radiowaves
ultrasonic waves γ-ray

Common
imaging probes

fluorescent dyes,
quantum dots

heavy atom-
containing

contrast agents,
for example,

iodine, barium
and gadolinium

salts

paramagnetic or
superparamag-
netic contrast

agents, for
example,

gadolinium,
manganese

compounds and
magnetofluids

(Fe3O4)

microbubbles

Radionuclides
(18F, 11C, 64Cu,

99mT c, 111In,
etc.)-labeled

probes

Advantages
inexpensive,

low-cost, easy
operation

anatomical
imaging,

applicable for
humans

high spatial
resolution,
combines

morphological
and functional

imaging, no
tissue

penetrating
limit, applicable

for humans

safety, real-time,
low cost, wide

availability, easy
handling

high sensitivity,
quantitative, no

penetration
limit

Disadvantages

photobleaching,
limited tissue

penetrating depth,
surface-weighted,

relatively low spatial
resolution,

autofluorescence
disturbance

radiation risks,
limited soft

tissue
resolution, not

quantitative

relatively low
sensitivity,

time-consuming
scan and

processing, high
cost

limited
resolution and
sensitivity, low

data
reproducibility

low spatial
resolution,

radiation risks,
high cost

Some practical
applications

cellular/intracellular
expression,

trafficking or
movement

monitoring of
reporter/gene

bone and tumor
imaging, fused

image with
other modalities

cell trafficking,
morphological
reporter/gene

expression,
cerebral and

coronary
angiography in

clinics

potential
application in
drug delivery

and controlled
release, echocar-
diography and

intracranial
neoplasm in

clinics

noninvasive
evaluation of

pharmacokinet-
ics and

metabolism of
drugs, cerebral,

cardiac and
tumor imaging

in clinics

colloidal suspensions are commonly used contrast agents
for blood pool enhancement, lesion characterization and
perfusion imaging. These contrast agents can resonate in an
ultrasound beam, undergo shell oscillations, and expand and
contract in response to acoustic pressure changes and thus
achieve the ultrasound contrast enhancement. Many contrast
agents are made from biocompatible and biodegradable
materials, exhibit excellent vascular circulation properties,
and have proven to be safe and stable in vivo, which make
them suitable candidates for US imaging and medical usage.

Radionuclide imaging, as this name implies, implements
radioactive nuclei as the source for detection and image
reconstruction [31]. Positron emission tomography (PET)
and single photon emission computed tomography (SPECT)
are two major types of radionuclide imaging modalities.

Various radionuclides, such as 16F, 64Cu, and 68Ga (for PET)
and 125I, 111In, and 99mTc (for SPECT) can be applied
as radioisotopes, respectively. The major disadvantage of
radionuclide imaging is poor spatial resolution (1–2 mm
in clinical scanners). High sensitivity (nmol/L), relatively
low dose (ng) of radiotracers for detection, quantitative
analysis and no limitation of tissue penetration facilitate
the possibility of preclinical and translational applications,
as well as noninvasive evaluations of pharmacokinetics
properties for new drugs. For example, 2-[18F]fluoro-2-
deoxy-D-glucose ([18F]FDG) has been a widely used PET
imaging probe for both cancer diagnosis and radiotherapy
[32].

Among all the molecular imaging modalities, no single
modality is perfect to meet all the requirements in medical
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applications. As a consequence there is a clear trend towards
hybrid imaging modalities such as PET-CT, PET-MRI,
SPECT-CT, as well as optical imaging and CT. Also the
combination of ultrasound and MRI is attractive, which
particularly holds true for the real time monitoring of
high focused ultrasound therapy. Thus, developing dual-
modal imaging probes for both ultrasound and MRI, and
combining the advantages of these two modalities can offer
synergistic advantages in providing more valuable diagnostic
information and treatment strategies [33].

Although it is challenging to integrate dual or multi-
modal imaging properties into a single probe (engineered
molecule), this concept is probably the most promising
and convenient approach to overcome current drawbacks in
one single imaging modality. In particular, as nanoparticles
have large surface area and multiple functional groups on
the shell, it is possible to employ appropriate structural
modifications and engineering along with binding ligands
conjugation to produce multifunctional nanoparticles for
multimodal molecular imaging. Nowadays, more and more
nanoparticle-based dual or multimodal imaging probes
(or contrast agents) have been developed and applied to
multimodal functional imaging in living subjects.

4. Structure Design and Functionalization
Strategies of Nanoparticles

To devise multimodal imaging agents or therapeutic probes
with nanoparticles, several parameters have to be taken
into considerations: (i) toxicity of nanoparticles for living
subjects and humans; (ii) any possible metabolites after
vascular circulation or cell uptake; (iii) biocompatibility and
biodegradability to avoid harmful accumulations in organs,
tissues or blood; (iv) availability for chemical modifications
of nanoparticles; and (v) comprehensive assessments of
fabricated nanoparticles in vitro and in vivo before practical
applications for living subjects or humans.

Generally, common methodologies for structure design
and functionalization strategies of nanoparticles can be
summarized as follows.

(a) Selection and Fabrication of Nanoparticles Core. What
kind of nanoparticle is eligible to be the core and how to
fabricate the structure of imaging probes are determined by
the imaging purposes and a specific imaging modality.

(b) Shell Structure Synthesis. The shell structure usually
serves more complicated purposes than the core of nanopar-
ticles. It may protect the core from the external microen-
vironment and improve the core stability and physical
property. Shell materials bearing good biocompatibility will
reduce unexpected immunophysiological side effects in vivo
and facilitate fast clearance of nanoparticles from the body.
As far as drug delivery and therapy are concerned, the shell
structure defines the efficiency of shell burst and controllable
release of therapeutic drugs encapsulated in the core. On the
other hand, the nanoparticle shell could be considered as a
cargo for imaging probes (or contrast agents), drug payload

or therapeutic agents incorporation so as to strengthen the
integral functional efficacy.

(c) Surface Modifications. As the outer interface of the shell
might be too sensitive when exposed to biomedium, such
as blood, plasma or receptors at the binding sites, surface
coatings with stabilizer or emulsions (surfactants, polymers,
etc.) may be necessary to maintain the nanoparticles’
stability. For targeted molecular imaging, drug delivery
and therapy, specific targeting ligands on the nanoparticle
surface are desired to be conjugated to biomolecules (small
molecules, peptides, antibodies or, proteins). Apart from
that, PEGylations (for pharmacokinetics adjustment) or
spacer/linker incorporations (for conjugation or segregation
of biomolecules) on the surface may be possibly involved for
certain imaging or therapy purposes. Several important bio-
conjugation strategies for nanoparticle surface functionality
are summarized in Figure 2 [34].

Although various functionalities, targeting ligands, imag-
ing probes and therapeutic payloads could be incorporated
within the inner structure of nanoparticles or conjugated on
the surface by different modification protocols as illustrated
in Figure 3, not every possible modification unit is all
necessary for an individual nanoparticle. Specific imaging
modalities or defined therapeutic purposes will direct to nec-
essary strategies for structure design and functionalization
and thus lead to an optimal performance in practical medical
applications.

5. Biomedical Applications of
Nanoparticles in Imaging

The biomedical applications of nanoparticles (or nano-
medicine) are rooted in the advanced functional design, and
have been realized in preclinical experimental diagnosis. In
the long run, they will contribute to personalized clinical
treatment on the basis of molecular profiles of each individ-
ual patient. The development is rapid and multidirectional,
but at present is still in its early stages (Figure 4). The main
applications of nanoparticles can be divided into several
major directions: diagnostic molecular imaging, delivery of
drug and gene, and targeted therapy [35, 36]. In the following
context, we intend to review the state-of-the-art imaging
applications in recent years.

5.1. Iron Oxide Nanoparticles. Iron oxide nanoparticles
(IONPs) are representative contrast agents which can be
used for T2- and T2

∗-weighted MRI molecular imaging [37].
There are several methods for chemical synthesis of iron
oxide nanoparticles. Among these methods, coprecipitation
of Fe2+ and Fe3+ ions in a basic aqueous media (NaOH or
NH4OH solutions) is the simplest way, but usually poly-
dispersed, poorly crystallized nanoparticles are obtained. To
avoid these disadvantages, thermal decomposition method
was employed to produce iron oxide nanoparticles with
monodispersity and uniform crystalline. Subsequently, the
hydrophobic iron oxide nanoparticles can be coated with
phospholipids, silica, or amphiphilic polymers as shells to
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Figure 3: Scheme of multifunctional nanoparticle for molecular imaging, drug delivery and therapy. Optionally functionalized and devised
nanoparticles could be achieved for individualized diagnosis and treatments.

display good solubility and biocompatibility in vivo. Iron
oxide nanoparticles can be classified into three subtypes in
terms of different size distributions of particle population:
VSOP (very small superparamagnetic iron oxide nanopar-
ticles, diameter <10 nm), USPIO (ultrasmall superparam-
agnetic iron oxide nanoparticles, diameter ∼20 nm) and
SPIO (superparamagnetic iron oxide nanoparticles, diameter
>30 nm). Table 3 has listed recent developments of IONP-
based contrast agents that are intended for multimodal
imaging and drug delivery.

Synergistic effects of different imaging modalities will
lead to multimodal imaging developments and applications
in in vitro assay, ex vivo assessment, and in vivo diagnosis
of living subjects including humans. Among multimodal

imaging strategies, MRI-optical dual modal imaging can be
relatively easily achieved [53]. In 2002, Weissleder’s group
developed a so-called smart crosslinked iron oxide (CLIO)-
based Cy5.5-arginyl peptide conjugated nanoparticle for
in vivo MR and near-infrared fluorescence (NIRF) dual
imaging [38]. This probe could be prepared by conjugation
of the arginyl peptides (R4) to CLIO amine via either
a disulfide linkage or a thioether linker, followed by the
attachment of the indocyanine dye Cy5.5 as a NIR fluorescent
probe. Since the absorbance spectra for all biomolecules
(hemoglobin, water and lipids in living systems) reach a
minimal absorption coefficient in the NIR wavelength range
of 650–900 nm, this could minimize tissue autofluorescence
and provide a clear imaging window for successful image
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Table 3: A chronological list of various IONP-based nanoparticles as MR imaging probes∗.

SPIO-based nanoparticles Application Particle size (nm) Relaxivity (mM−1s−1) Reference

Cy5.5-R4-SS-CLIO MR/optical in vivo imaging 68± 13 r1 = 27.8; r2 = 91.2 [38]

Cy5.5-CLIO-EPPT-FITC MR/optical in vivo imaging for uMUC-1 tumor 35.8 r1 = 26.43; r2 = 53.44 [39]

Cy5.5-Cltx-PEG-USPIO MR/optical in vitro imaging for glioma brain tumor 10.5± 1.5 n.a. [40]

CoFe2O4@SiO2(FITC) MR/optical in vitro imaging 60 n.a. [41]

DySiO2-(Fe3O4)n MR/optical in vitro imaging 46 r2 = 397 [42, 43]

FePt-Au MR in vitro imaging 6(FePt)− 10(Au) r2 = 58.7 [44]

PVLA-USPIO MR in vivo imaging for hepatocytes 25.8± 6.1 n.a. [45]

SPIO@SiO2(FITC) MR in vivo imaging and human stem cell labeling 50 r2 = 128 [46, 47]

USPIO@SiO2 MR in vitro imaging and cell labeling 9.9± 1.6 r1 = 0.55; r2 = 339.80 [48]

APTMS-USPIO-cRGD MR in vitro imaging for αvβ3 integrin 10± 3 r1 = 1.0; r2 = 134.0 [49]

USPIO-4-MC-cRGD MR in vivo imaging for αvβ3 integrin 8.4± 1.0 r2 = 165.0 [50]

VSOP-Cys-PEG-LCP MR in vitro imaging for lung tumors 6.2± 0.9 r1 = 11.5; r2 = 142.0 [51]

SPIO-Doxo@LCP-MFM MR in vitro imaging and drug delivery 48 ∼ 60 r2 = 400 [52]
∗

Abbreviations: CLIO: Cross-linked iron oxide; FITC: fluorescein isothiocyanate; Cltx: Chlorotoxin; PVLA: Polyvinylbenzyl-O-β-D-galactopyranosyl-D-
gluconamide; APTMS: Aminopropyl trimethoxysilane; MC: Methylcatechol; Doxo: Doxorubicin; LCP: Lung cancer-targeting peptide; MFM: Multifunctional
micelle.

Targeted therapy

Molecular
imaging

Detection
and diagnosis

Gene delivery

Drug delivery

Biomarker
mapping

Figure 4: State of the art of multi-directional applications in
nanomedicine.

visualization. After the administration of this probe via
subcutaneous injection into nude mice, the lymph nodes
were negatively enhanced in MR images and simultaneously
visualizable in NIR fluorescent imaging.

Moore et al. designed a novel imaging probe consisting
of CLIO-Cy5.5 conjugated to peptide EPPT which was
specifically recognizing underglycosylated mucin-1 antigen
(uMUC-1) on various tumor cells [39]. The synthesized
probe displayed high specificity toward a variety of uMUC-
1-positive human adenocarcinomas in vitro. Additionally, in
vivo MR and NIRF imaging showed specific accumulation
of this probe on uMUC-1-positive tumors and virtually
no signal in control tumors. Thus, this imaging probe
would be applied to not only early detection and staging
of the recurrence of tumors, but also for monitoring of
therapeutic efficacy. Apart from small peptides, Chlorotoxin,
a larger 36-amino acid peptide purified from the venom
of the giant Israeli scorpion and with high affinity to
MMP-2 endopeptidase, could be conjugated to USPIO
for imaging glioma tumors. Veiseh et al. synthesized a
multifunctional nanoprobe consisting of Cy5.5-Cltx motifs
on the surface of USPIO via PEGylation linkage for
both MR imaging and fluorescence microscopy [40]. This
nanoprobe has been proved to be highly stable and showed
prolonged retention within targeted cells (at least 24 h),
which is advantageous in intraoperative imaging applica-
tions compared to conventional optical fluorophores. A
preferential uptake and a high degree of internalization
of the nanoprobe conjugates by glioma cells versus con-
trol normal cells were also observed in in vitro experi-
ments.

Cheon’s group developed a “core-satellite” structured
DySiO2-(Fe3O4)n nanoparticle which demonstrated high
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(d)

Figure 5: TEM images of immortalized progenitor cells 6 h after incubation with (a) silica-, (b) APTMS- and (c) AEAPTMS-coated USPIO
particles at an iron concentration of 0.3 μmol/mL. The particles were located intracellularly and most of them were aggregated in large
lysosomes. Image (d) shows the process of USPIO nanoparticle uptake into the cells. (Reprinted with permission from [48]).

performance of T2-weighted contrast-enhanced MR images
as well as good fluorescent properties for the detection
of polysialic acids (PSAs) expressed on neuroblastoma and
many other cell lines [42]. A similar concept could also
be applied to MR imaging of targeted specific adenovirus
gene delivery [43]. Lys residue-containing adenovirus and
MnMEIO (manganese-doped magnetism engineered iron
oxide) could be incorporated into the same cross-linker
sulfo-SMCC. When the hybrid nanoparticles were applied
to target specific delivery to coxsackie and adenovirus
receptor (CAR)-expressed U251 cell lines, a dark MR
contrast was apparently observed compared to control
nontreated and free MnMEIO-treated cell lines. Targeted
infection and gene delivery have also been proved suc-
cessful by utilizing these virus-magnet hybrid nanoparti-
cles.

Lu and coworkers reported a silica-coated core-shell
SPIO nanoparticle with incorporation of fluorescein isoth-
iocyanate (FITC), namely SPIO@SiO2(FITC), for MRI-
detectable human mesenchymal stem cells (hMSCs) labeling
[46]. The SPIO nanoparticles were synthesized by thermal
decomposition and stabilized with oleic acid and oleyl
amine. Afterwards, the hydrophobic nanoparticles were
coated with dye-doped silica shells via a reversed microemul-

sion system. This magnetic vector displayed perfect stability
(7 days) after differentiations and could efficiently label
hMSCs via clathrin- and actin-dependent endocytosis. This
was the first report that hMSCs could be labeled with MRI
contrast agents and also monitored in vivo with a clinical 1.5,
T MRI scanner.

Recently, our group developed the silica- and
alkoxysilane-coated USPIO nanoparticles and successfully
applied them to MRI-guided cell-labeling and cell-tracking
in vitro [48]. After surface coating of USPIO with silica,
APTMS and AEAPTMS, respectively, a narrow size
distribution with mean diameter of about 10 nm was
observed, which indicated no significant size difference
compared to uncoated USPIO nanoparticles. In both MR
phantom imaging and cell uptake experiments, silica-
coated USPIOs exhibited the highest T2 relaxivity and
maximum cellular iron concentration at same incubation
conditions, compared to APTMS- and AEAPTMS-coated
ones. Interestingly, a process of internalization of USPIO
particle uptake into the cells could be observed by TEM as
shown in Figure 5. After attachment of the USPIO particles
to the cell plasma membrane, they were incorporated by
small pinocytotic vesicles with membrane specifications
(arrows in Figure 5(d)).
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Figure 6: T2
∗-weighted MR images of nude mice bearing s.c.

HaCaT-ras-A-5RT3 (top) and A431 (bottom) tumors before and
6 h after i.v. injection of RGD-USPIO and USPIO, respectively.
(Reprinted with permission from [49]).

On basis of these silica- and alkoxysilane-coated USPIO
nanoparticles and as an extension of this research, Jugold et
al. developed a kind of MRI contrast agent for selectively
targeting urokinase-type plasminogen activator receptors
(uPARs) when USPIOs were conjugated with polypeptides as
binding-directed biomolecules [54]. This approach would be
promisingly applied as a useful diagnostic strategy to more
diseases if associated with PET and SPECT as synergistic
imaging modalities.

Some biological and physiological processes are essential
for development of malignant tumors and can be impor-
tant targets for cancer diagnosis, prognosis and therapy.
Angiogenesis is a crucial step for tumor growth, extension
and even metastasis [55]. After surface conjugation with
receptors or specific biomolecules, USPIO-based tumor-
targeted nanoparticles could also be used for molecular
MR imaging. Zhang et al. reported the fabrication of
RGD-conjugated APTMS-coated USPIO nanoparticles and
their applications to specifically targeting αvβ3 integrins,
an important receptor family for tumor angiogenesis, by a
clinical 1.5 T magnetic resonance scanner [49]. Compared
to plain USPIO control, RGD-USPIO particles had a higher
cell uptake capability for both internalization through the
cell membrane and accumulation within endosomes. When
incubated with HUVECs in vitro in the phantom imaging
experiments, RGD-coupled USPIO particles exhibited a
strong T∗2 contrast enhancement in gelatin gels, and the
signal intensity (SI) for control USPIO and RGD-USPIO plus
free RGD showed relatively lower darkness, which indicated
that the RGD-USPIO particles could efficiently reduce the
relaxivity, decrease the grey scale and therefore resulted in
improved MR imaging contrast in vitro. In addition, these
fabricated RGD-specific APTMS-coated USPIOs could be
used to visualize αvβ3 integrin expression and distinguish
tumors with different angiogenic profiles in nude mice
in vivo MR imaging (Figure 6). These binding specificities
and imaging differences between RGD-USPIO and plain
USPIO particles facilitated high efficient image contrast and
provided a useful tool for monitoring molecular profiles of
tumor vessels in angiogenesis by MRI.

SPECT/PET imaging has a major disadvantage of poor
spatial resolution. In comparison, MRI images display
satisfactory and anatomical structures in soft tissues and
bones. Complementary SPECT-MRI/PET-MRI fused imag-
ing modalities could potentially afford sufficient resolutions
and high sensitivity. Weissleder et al. recently have developed
trimodal imaging probes for PET, MRI, and fluorescence
microscopy modalities [56, 57]. Multiple functionalities,
including 18F-PEG3 radiotracer motif as a PET reporter
and near-infrared fluorochrome, and azide group for “click”
chemistry as a convenient approach for further modifi-
cations, could be incorporated on the surface of ami-
nated polysaccaride layered cross-linked iron oxide (CLIO)
nanoparticles for multiple imaging detections. Fused PET-
CT dynamic images displayed a clearly resolved anatomical
registration and radiotracer distribution information in
BALB/C mice. This multifunctional nanoplatform could
be applied to imaging of macrophages in inflammatory
atherosclerosis after slight modifications of radionuclide
chelators and coating materials.

5.2. Quantum Dots. Quantum dots (QDs) are a kind of
versatile optical imaging agents that are readily stabilized
with surface modifications, and conjugated with targeting
ligands along with magnetic coatings serving as bimodal
imaging probes for efficacious imaging of tumor angiogen-
esis. Mulder et al. showed the synthesis of PEGylated, cyclic
RGD-functionalized QDs with a water-soluble and param-
agnetic micellular coating as a molecular imaging probe for
MRI and fluorescence microscopy [58]. The hydrophobic
CdSe/ZnS core/shell QDs were PEGylated and then immo-
bilized with Gd3+-ion phospholipid micelles to render them
water-soluble, biocompatible and MR-detectable. Maleimide
functionalization ensured the following cyclic RGD peptide
conjugation on the QDs surface for specifically targeting
αvβ3-integrins overexpressed on the angiogenic endothelial
cells and tumors. Satisfactory fluorescent imaging capability
and prominent T1-weighted contrast enhancement were
observed in in vitro test assessment for angiogenic human
umbilical vein endothelial cells (HUVECs).

Apart from that, quantum dots can be serving as useful
carriers for drug and gene delivery. This suggests a bilateral
character for quantum dots to transport drugs and simul-
taneously be detected optically. Bagalkot reported quantum
dot-aptamer-doxorubicin (QD-Apt-DOX) conjugates for
synchronous FRET-mediated imaging, therapy and sensing
of drug delivery process [59]. The CdSe-ZnS core-shell QDs
as optical imaging agents are surface functionalized with
A10 RNA aptamer for specifically targeting prostate specific
membrane antigen (PSMA) cancer cells. The intercalation of
DOX within the A10 DNA aptamer resulted in the formation
of QD-Apt-DOX conjugates. Due to a fluorescence reso-
nance energy transfer (FRET) mechanism, the QD-Apt-DOX
conjugates turned to be on “OFF” state and no fluorescence
was detected. When internalized into the cancer cells, DOX,
a widely used anthracycline drug, was gradually released
and therefore recovered fluorescence detection by optical
techniques, as well as inducing the therapeutic effect in the
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target cancer cells. By using this smart conjugates, molecular
imaging of DOX delivery, location and simultaneous cancer
therapy could be achieved.

Additionally, as quantum dots may be photosensitized
for production of radicals upon absorption of visible light,
they can also be used to in photodynamic therapy (PDT) and
radiation therapy against various cancers. Juzenas reviewed
several fundamental concepts and recent developments in
these fields [60].

5.3. Gold Nanoparticles. Gold nanoparticles [61, 62] are a
subtype in the nanoparticle family and have been studied
over years. A wide range of gold nanoparticles, includ-
ing nanorods, nanoshells, nanocages, and surface-enhanced
Raman scattering (SERS) nanoparticles, have been well-
investigated and found broad applications in nanomedicine.
In particular, gold nanoparticles can be used as photothermal
therapeutic agents and trigger controlled release of chemical
drugs. The Hyeon group proposed using magnetic gold
nanoshells (Mag-GNS) as a platform for MRI imaging
and photothermal therapy of breast cancers [63]. The
starting silica sphere provided amino groups for conjugation
to BMPA via direct nucleophilic substitution. Gold seed
nanoparticles were attached to the residue amino groups on
the silica sphere. After gold shell growth, magnetic gold shell
nanoparticles were synthesized following the linkage of Anti-
HER2/neu on the surface of Mag-GNS for targeting cancer
cells. The MR imaging could be achieved and selectively
killing of breast cancer cells were accomplished by NIR
radiation.

The Yoo group also developed a rhodamine-encapsulated
PLGA-Au-Mn nanocomposite for photothermal therapy
and T2 MRI contrast imaging [64]. Gold and manganese
shells enabled the photothermal property and MR contrast
enhancement. And the burst release of rhodamine, a model
drug, could be activated upon NIR radiation.

5.4. Nanotubes. Graphitic carbon nanotubes exhibit poten-
tial medical imaging capabilities and also integrated diag-
nostic/therapeutic efficacies. Dai and coworkers reported
the fabrication of single wall carbon nanotubes (SWCNTs)
as photothermal therapeutic (PTT) agents [65]. Selective
cancer cell destruction and intrinsic NIR-triggered cell killing
capacity could be realized without any harmful effects to
normal cells. Thus, this class of nanomaterials can be applied
to drug delivery and targeted therapy for various cancers.
Recently, their group engineered a new type of FeCO/single-
graphitic-shell nanocrystals for both MRI-NIR imaging
and therapy [66]. A scalable chemical vapour deposition
method was utilized to synthesize the nanocrystals, and
multiple functionalities of these coreshell materials were
made for magnetism and near-infrared optical absorbance.
The fabricated nanocrystals provided ultrahigh saturation
magnetization and remarkable r1 and r2 relaxivities in both
T1-weighted (positive contrast) and T2-weighted (negative-
contrast) MR images, compared to commercial MRI contrast
agents.

In in vivo animal imaging experiments, FeCO/single-
graphitic-shell nanocrystals were injected into a rabbit.
Longer circulation and better positive contrast enhancement
at lower dosages were obtained. The near-infrared optical
properties of FeCO/single-graphitic-shell nanocrystals under
λ = 808 nm near-infrared laser radiation demonstrated
significant temperature increase over time, which implied
good capability to convert NIR photon energy into thermal
energy. These characteristic profiles afford FeCO nanocrys-
tals potential applications for in vivo multimodal diagnostic
imaging, controlled drug release and effective NIR-triggered
tumor destruction.

5.5. Dendrimers. Dendrimer is one kind of advanced mate-
rials used as MRI imaging contrast agents [67]. Polyami-
doamine (PAMAM) is one of most extensively studied and
widely used commercial dendrimeric compounds. Relatively
easy chemical synthesis of different sizes of dendrimers,
termed “generations” will permit a tuneable molecular
structure for adjustable MR imaging applications. Boswell
et al. synthesized a G3 PAMAM-based multimodal den-
drimeric imaging nanoplatform and made tentative biologi-
cal investigations for fluorescence, MRI and SPECT molec-
ular imaging in melanoma xenografted nude mice [68].
Fluorescent dye (Alexa Fluor 594) and MR imaging chelator
(1B4M DTPA) were consecutively conjugated to the amino
groups on the external surface of PAMAM dendrimers.
Cyclic RGD peptides were then bonded to render the
multicovalency binding effect for αvβ3-integrins. Different
building blocks in the dendrimeric nanoparticles could be
modified according to practical imaging requirements. In
vitro studies revealed appreciable capability of this macro-
molecule agent in both MRI and optical imaging. How-
ever, in in vivo experiments, unsatisfactory tumor uptake
implied poor extravasation capability of these particles into
tumors. This requires further structural modifications to
meet an improved binding affinity for the targeted tumor
cells.

Enormous efforts on development of dendrimer-based
nanoparticles have been also made by Kobayashi and his
colleagues [69, 70]. They fabricated a type of G6 PAMAM-
based nanoprobes with multimodal and multicolor poten-
tials. The PAMAM dendrimer was designed as a platform
to be linked to both radionuclides and optical fluorophores,
and therefore allowed for dual-modality scintigraphic and
five-color near-infrared optical lymphatic imaging using a
multiple-excitation spectrally resolved fluorescence imaging
technique. The incorporation of 111In radionuclide made it
possible to provide semiquantitative distribution informa-
tion, while optical imaging could provide qualitative visu-
alization with acceptable spatial resolution. Although each
nanoprobe has a similar structure and an identical chemical
characteristics, multimodal imaging and multicolour reso-
lution could be simultaneously achieved in vivo after one
single injection of these nanoprobes were administered in
nude mice. This powerful imaging tool could be encouraging
people to explore more advanced multifunctional imaging
probes.
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Figure 7: Cartoon for cytosolic delivery process of polymeric
nanoparticles (NPs). (a) Cellular internalization of NPs; (b) For-
mation of lysosome-NPs by endocytosis; (c) Release of therapeutic
agents in cytoplasm; (d) Degradation of agents; (e) Exocytosis of
NPs; (f) Cytosolic transport of agents to targets.

5.6. Polymeric Micro-/Nanobubbles. Polymeric nanosized
vectors are increasingly attractive for effective drug and
gene delivery. Common small pharmaceutical compounds,
therapeutic peptides and nucleic acids could be encapsulated
as payloads into the polymeric nanocarriers. Compared to
conventional viral vectors, polymeric nanoparticles might
be biocompatible and biodegradable in vivo, and could
avoid undesireable side effects, such as mutational virus
insertion into host genome and development of replica-
tion competent viruses [71, 72]. However, as polymeric
nanovectors may be cleared by the reticuloendothelial system
(RES) due to the opsinization interactions in the blood
stream, necessary surface modifications on the nanovec-
tors will improve pharmacokinetics and lead to long cir-
culating property. Figure 7 shows a series of representa-
tive intercellular delivery process of polymeric nanoparti-
cles.

In ultrasonography, microbubbles can be used as imag-
ing/diagnostic agents and make themselves as drug-loaded
vehicles in the blood vessels for therapeutic purposes [73–
75]. In comparison to traditional soft shell microbubbles,
hard shell polymeric microbubbles could provide higher
stability to prevent gas diffusion and thus can be loaded with
regular air instead of heavy gases. Palmowski et al. fabricated
polymeric cyanoacrylate streptavidin-coated microbubbles,
discussed the pharmacodynamics and found imaging and
therapy applications in antiangiogenesis [76]. Following the
polymerization of cyanoacrylate, streptavidin was coated
on the surface to form polymer-stabilized microbubbles.
Before administration, biotinylated antibodies (VEGFR2 and
IgG) or peptides (RGD and RAD) were added to generate
target-specific microbubbles as ultrasound contrast agents
(Figure 8). Sensitive particle acoustic quantification (SPAQ)-
based quantitative analysis proved significant accumulation
of RGD- and VEGFR2-conjugated microbubbles, compared
with uncoated microbubbles and unspecific RAD- and
IgG-controls. As for the imaging property, although the
thicker and more robust polymer-stabilized shell would
reduce the backscatter signal to a certain degree, this
signal is strong enough to detect single microbubble in
tissues and therefore enabled imaging with superb sensitiv-
ity.

Gas

Polymer-stabilized
microbubble (MB)

Strepdavidin-
coated MB

Target specific MB

Gas Gas

Streptavidin

Biotinylated ligands

Figure 8: Schematic synthetic approach of target-specific micro-
bubbles.

Afterwards two groups of animals were administered
with these polymeric microbubbles to assess their antiangio-
genic therapy effects. Before therapy started, no significant
difference in the mean number of bound VEGFR2-specific
and αvβ3 integrin-specific microbubbles was found between
tumors of control and therapy group. Seven days after treat-
ment, significantly increased binding of VEGFR2-specific
microbubbles and αvβ3 integrin-specific microbubbles was
observed in untreated tumors. In contrast, in treated tumors,
accumulation of VEGFR2-specific microbubbles and αvβ3

integrin-specific microbubbles was reduced and significantly
lower than that in control group. Thus these targeted
microbubbles proved applicable to both effective molecular
profiling of tumor angiogenesis and sensitive assessment of
therapy in vivo.

Encouraged by these experimental findings, our group
then made further explorations with these specific poly-
meric microbubble ultrasound contrast agents on imaging
and therapy of early vascular response in prostate tumors
irradiated with carbon ions (16 Gy) [77]. After injection of
unspecific, RGD-coated and anti-ICAM-1-coated microbub-
bles, more significant accumulations were observed in tumor
vessels bearing αvβ3 integrin and ICAM-1 receptors that
for unspecific microbubbles. Retention of αvβ3 integrin-
and ICAM-1-specific microbubbles was evaluated by treating
these microbubbles with the corresponding tumor cells
after carbon ion irradiations. Significant increase of specific
microbubbles within tumor vessels was found after 3-day
carbon ion irradiation due to the induction of up-regulation
of αvβ3 integrin and ICAM-1.

Microbubbles are regarded as the most popular contrast
agents in ultrasound due to excellent acoustic backscattering
properties of the gas core. Besides that, the encapsulation of
paramagnetic MR imaging probes into the shell structure
could facilitate a potential multimodal imaging capacity.
Recently, Gu and his colleagues developed PLA-PVA double-
layered polymeric microbubbles with the encapsulation of
superparamagnetic iron oxide (Fe3O4, SPIO) nanoparti-
cles in the bubble shell [78, 79]. The microbubble shell
was 50–70 nm thickness and could afford the success-
ful heterogeneous encapsulation of approximately 12 nm-
sized SPIO nanoparticles. The engineered double-layered
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SPIO-encapsulated microbubbles (EMBs) showed improved
r2 relaxivity and better contrast enhancement than SPIO-
free microbubbles or SPIO-included microbubbles on the
surface. The in vitro MRI experiments exhibited a gradient
decrease of gray scale associated with a corresponding
increase of the SPIO concentrations. And the transverse
relaxation fitted well to a linear relationship with different
SPIO-inclusion amounts in the microbubbles. Then in vitro
ultrasound imaging was performed to observe a distinct
“brightening” contrast enhancement in the region of interest
(ROI) with a certain SPIO-EMBs concentration. After the
injection of SPIO-EMBs into the liver of living rats, real-
time MRI anatomical images demonstrated a clear negatively
enhanced contrast subsequently over several time intervals.
These exiting findings revealed a promising ultrasound-MRI
dual modal imaging modality in medical applications.

To utilize microbubble-nanoparticle hybrid vehicles for
drug release and therapy is another promising strategy
for medical treatment applications [80]. Combination of
microbubbles with nanoparticles into one single drug pay-
load entity facilitates the possibility of effective drug trans-
port from extracellular microenvironment to cell membrane,
and controllable release at the diseased sites. A train of
ultrasound pulses or radiation forces (RF) with certain
pressure and frequency will lead to an enhanced permeability
and retention effect (EPR) and significantly contribute
to close proximity to vessel wall, internalization into the
membrane, controllable burst of the microbubble shell, and
targeted drug deposit site-specifically at the diseased regions.
The Rapoport group described the applications of drug-
loaded nano/microbubbles for combined ultrasonography
and targeted chemotherapy of breast cancer [81]. In this
nonthermal therapeutic technique, perfluorocarbon nan-
odroplets with stabilization of block copolymers could be
converted into nano/microbubbles upon heating. The phase
state and size of bubbles could be controlled by different ratio
of copolymer/gas core component. After the intravenous
administration, strong and selective contrast was observed,
and these bubbles could extravasate through leaky tumor
vascular spaces. With oscillation and collapse of bubbles,
encapsulated drugs could be controllably released, which
consequently led to enhanced uptake by the targeted tumor
cells.

5.7. Fullerene-Based Nanoparticles. Fullerene-based nanao-
particles are playing a more active role in modern med-
ical imaging and therapeutic applications. For exam-
ple, gadolinium-doped fullerenes and derivatives, such as
Gd@C82, Gd@C82(OH)22, Gd3N@C80, and Gd@C60[C(C-
OOH)2]10 could be used as MR imaging contrast agents, and
polonium-doped fullerenes act as candidate radiotracers in
nuclear medicine [82, 83]. On the other hand, after readily
multifunctional modifications on the surface of fullerenes,
they could be potential nanosized agents for medical gene
therapies. Sitharaman and coworkers developed a new class
of water-soluble C60 transfecting agents as gene-delivery
vectors in vitro [84]. Three types of fullerenes with different
chemical modifications via Hirsch-Bingel chemistry on the
surface displayed positively, neutrally and negatively charged

properties, respectively. Although all these C60 derivatives
showed certain efficiency to transfect cells with DNA, only
positively charged fullerenes exhibited efficient in vitro
transfection. After reducing the aggregation and lowering
the toxicity levels of these C60 fullerenes, it will offer great
opportunity for them to serve as simultaneously diagnostic
and therapeutic agents.

5.8. Rare-Earth Doped Nanoparticles. Recently, rare-earth
doped nanoparticles have emerged as a fast-growing plat-
form in cell trafficking and imaging due to low back-
ground noise for their near-infrared (NIR, λ > 760 nm)
emission. In particular, rare-earth oxide (REO) phosphor
system has been widely studied so far. Meiser reported
that LaPO4 nanoparticles were biofunctionalized via biotin-
avidin chemistry with good photostability and fluorescent
properties [85]. Setua produced highly monodispersed Eu3+

and Gd3+ doped Y2O3 nanocrystals, and presented bi-modal
imaging applications of both paramagnetism that enabled
magnetic resonance imaging and bright red-fluorescence,
aiding optical imaging of cancer cells, targeted specifically to
their molecular receptors [86].

Rare-earth upconverting nanoparticles (UCNPs) have
been developed as a new generation of luminescent labels due
to their superb optical features, long lifetimes and excellent
photostability [87]. Among various kinds of upconverting
nanoparticles, NaYF4 is the most well-known system that has
been employed in cellular and in vivo animal imaging [88–
90]. As this field is rapidly developing, we can expect that
rare-earth doped nanoparticles will find their way into even
more elaborate biotechnological applications in the coming
future due to their relatively simple nanocomposition,
deep penetration depth of NIR and other advantageous
physical features. However, due to potentially high toxicity
of lanthanides, more detailed investigations will be probably
required to evaluate their biochemical and physiological
behaviours before rare-earth doped nanoparticles are even-
tually translated for biomedical applications.

6. Conclusion and Perspective

Nanotechnology has been witnessing explosive growth, and
the field of nanomedicine is undergoing revolutionary
developments from traditional strategies to modern appli-
cations. However, several challenging issues still circumvent
widespread biomedical uses of advanced nanotechnology.
For example, novel multifunctional nanomaterials and
improved treatment strategies are required to meet the
needs of real-time, noninvasive imaging in living subjects or
humans, and those of satisfactory drug delivery and therapy
efficiency in vivo. Secondly, standardized nanoplatforms to
be applied to diagnostic or therapeutic investigations of
various diseases still have to be developed and formulated.
More importantly, limited information has been obtained
about the possible toxicity of nanoparticles and potential
risks for the environment and human health up to date.
It is quite urgent to evaluate the safety and the fate of
nanomaterials in the body, so that rational and sufficient
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biological assessments could be concluded prior to ultimately
translations into clinics. This will also be helpful for us
to get a down-to-earth understanding and well-organized
interpretation for biological and physiological processes.
Considering the vast potential of nanoparticles in medicine,
it is believed that nanomedicine will have a high impact on
human life and contribute to the concept “small stuff makes
big sense” in the coming future.
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