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Abstract

An urgent need for early detection and diagnosis of diseases continuously pushes the
advancements of imaging modalities and contrast agents. Current challenges remain for fast and
detailed imaging of tissue microstructures and lesion characterization that could be achieved via
development of nontoxic contrast agents with longer circulation time. Nanoparticle technology
offers this possibility. Here, we review nanoparticle-based contrast agents employed in most
common biomedical imaging modalities, including fluorescence imaging, MRI, CT, US, PET and
SPECT, addressing their structure related features, advantages and limitations. Furthermore, their
applications in each imaging modality are also reviewed using commonly studied examples.
Future research will investigate multifunctional nanoplatforms to address safety, efficacy and
theranostic capabilities. Nanoparticles as imaging contrast agents have promise to greatly benefit
clinical practice.

1. Introduction

Early detection and diagnosis of disease is a crucial part of clinical practice, especially for
cancer. For example, the two-year survival rate of gastrointestinal cancer patients for those
who benefited from early detection has been observed to be much higher than in those
without early detection (92.3% VS 33.3%).1 In addition, the ten-year mortality rate for
breast cancer patients who benefited from early detection was reduced by 17-28%.2 Medical
imaging technology often plays the most important role in the early detection and
therapeutic response assessment of various diseases. Imaging modalities in current use
include X-ray radiography, computed tomography (CT), magnetic resonance imaging
(MRI), ultrasound (US), positron emission tomography (PET), single photon emission
computed tomography (SPECT), and fluorescence imaging (Fig. 1).3 To improve lesion
detection, very often more than one imaging modality is combined.* > To get more accurate
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anatomic and functional information, medical imaging contrast agents are used to
distinguish between normal tissue and abnormal lesions. For traditional clinical imaging
contrast agents, tumor detection is limited by the spatial resolution generated by the imaging
hardware, such as the ability of contrast-enhanced CT to detect a hypervascular hepatoma as
small as 3 mm.8 Currently used medical imaging contrast agents are mostly small molecules
that exhibit fast metabolism, and have non-specific distribution and potential undesirable
toxicities.”: 8

Recently, nanomaterials have stimulated efforts in improving biomedical detection and
imaging due to unique passive, active and physical targeting properties. Due to their small
size, nanoparticles exhibit enhanced permeability and retention (EPR) effects in tumors,
with relative increases in local tumor concentrations of contrast agent.® Among all features
of the nanoparticle, size plays a particularly important role for tumor imaging. Nanoparticle
size significantly influences biodistribution, blood circulation half-life, cellular uptake,
tumor penetration and targeting.19 As the average renal filtration pore is 10 nm,1
nanoparticles with sizes less than 10 nm are rapidly cleared by the renal excretion system.12
By contrast, nanoparticles with sizes over than 100 nm are easily identified by macrophages
and accumulate in organs with the mononuclear phagocyte system (MPS), such as lymph
nodes, liver, spleen and lung.13 Furthermore, several reviews summarized that nanoparticle
sizes between 10 to 60 nm have consistently demonstrated enhanced cellular uptake. 10 14

In addition to passive targeting strategies, nanoparticle surface labeling with various ligands
to target receptors can increase imaging contrast agent localization through specific binding
to target receptors in lesions.2>~17 For example, gold nanoparticles surface decorated with a
prostate-specific membrane antigen RNA aptamer have been shown a higher CT density for
prostate cancer cell imaging.18 In addition, nano-sized superparamagnetic iron oxide (SPI0)
agents surface decorated with a high-affinity anti-EGFR antibody have been shown to target
lung tumors by MRI.19

Antibodies and antibody fragments are the most common and efficient active targeting
ligands. Antibodies have a high specific affinity to the corresponding antigens which can
increase nanoparticle concentration to a specific location.20 Another ligand used for
targeting is an aptamer, which is also named as a chemical antibody. It is a single DNA or
RNA sequence that folds into a secondary structure with a high targeting affinity to cell
surface receptors. Compared with antibodies, aptamers are small, easy to synthesize and
confer lower immunogenicity.2! However, aptamers are rapidly cleared by the renal system
and degraded by nucleases, preventing the desired blood circulation time for effective tumor
localization.22 23 Peptides represent an additional ligand targeting moiety, with benefits
including chemical stability, ease of synthesis and reduced immunogenicity.24 The arginine-
glycine-aspartic acid (RGD) peptide is the principal integrin-binding doman and can bind to
multiple integrin species,2® it is very common in nanoparticle application.2® Other proteins
and molecules with active targeting roles include transferrin, folic acid and biotin.2’

In addition to active and passive targeting strategies, various stimuli also play a targeting
role in nanoparticle imaging applications, In these physical targeting strategies, external
sources or fields guide nanoparticles to the target site and control the release process, as seen
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in photothermal and magnetic hyperthermia therapy.28 An acidic pH/reduction dual-stimuli
responsive nanoprobe for enhanced CT imaging of tumor is another example.29 For all
targeting types, drug release can be triggered by a change in pH, temperature, or a
combination of both. The pH, temperature, enzyme activity and redox gradient belong to
endogenous stimuli, and light, magnetic and ultrasound belong to external stimuli.30

Compared to traditional contrast agents, prolonged blood circulation time of nanoparticle-
based contrast agents plays a key role for their enhanced contrast signal. Nanoparticle
modification to promote circulation time is thus a critical factor in imaging performance.
The most common modification method is encapsulation of hydrophobic nanomaterials in a
polyethylene glycol (PEG) shell,3 which greatly increases solubility and prolongs blood
circulation time. Due to the hydrophilic backbone of PEG, nanoparticle binding to opsonins
and recognition by macrophages is decreased, reducing nanoparticle clearance by the
reticuloendothelial system (RES).32 33 Dextrose and polysaccharide, such as chitosan,
hyaluronic acid and fucoidan, play a similar role in prolonging nanoparticle circulation.34 3%
Zwitterionic modification endows nanoparticles with surface properties resistant to
aggregation, binding plasma proteins and macrophage uptake, significantly prolonging
circulation time.36: 37 Additionally, aloumin surface modification of nanoparticles increases

blood circulation time while maintaining biological activity and decreasing immunogenicity.
38

Due to improved targeting strategies and a long circulation life in blood, nanoparticles have
been studied for early tumor detection and diagnosis.3 Nanoparticles have been used for
early detection in three major ways. The most common use has been employing nano-
contrast agents with existing imaging modalities. For instance, gold nanocages conjugated
with a-melanocyte-stimulating hormone (a.-MSH) peptide and 84Cu radiolabeled
melanocortin 1 receptor-(MC1R) have been used for melanoma detection by PET in a mouse
model.*% Nanoparticles can also act as specific delivery platforms loaded with other imaging
elements to identify cancers. An example includes the liposome encapsulated gold
nanoclusters functionalized with Her2 antibody to detect human breast cancer cells in serum
and tissue by colorimetry.1 Additionally, nanoparticles can be employed for selective tumor
biomarker detection.#2: 43 Early detection of certain cancer biomarkers can be very
challenging, and nanoparticles have been used to magnify the signal. For example, a nano-
genosensor was found to significantly amplify the signal from the known breast cancer
biomarker, miRNA-21, in clinical samples.*4 Nano-immunosensor was employed to
ultrasensitively detect cancer antigen 153 for breast cancer in human plasma samples.*°
Other uses of nanoparticle detection have included identification of circulating tumor cells
(CTCs).46

In contrast to traditional contrast agents, nano-imaging agents demonstrate a high surface
area to volume ratio enabling surface labeling with specific molecules and ligands to
improve the toxicity profile and imaging properties.4”: 48 Additional benefits of imaging
nanoparticle include functional visualization and monitoring of biological processes, such as
macrophage detection in atherosclerotic lesions using CT,*® and molecular imaging of
angiogenesis by MRI.%0 Furthermore, the prolonged plasma circulation time of nanoparticles
improves biodistribution with a greater lesion to background contrast signal.>! Additionally,
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the shape and size of the nanoparticles can be manipulated to optimize the loading of
imaging compounds, and their intrinsic physical properties can also be changed to meet
specific clinical needs.52 53

Considering the limits of current imaging contrast agents and the potential advantages of
nanoparticles for early diagnosis and microstructure visualization, interest in
nanotechnology for biomedical imaging is rapidly increasing. A search for the term
“nanoparticle and imaging” on PubMed shows a significant recent increase in the number of
relevant publications, highlighting the intense efforts being placed in this domain (Fig. 2).
Synthesis and decoration of nanoparticles, with features related to therapeutic use,
pharmacokinetics and toxicity have been reported.># 55 In this review, we summarize the
application of nanoparticles with different imaging modalities, including fluorescence
imaging, MR, CT, US, PET, and SPECT. We mainly focus on structural properties of
nanoparticles and pertinent biomedical imaging applications, including for cancer imaging
and other diseases. Commonly studied examples for each imaging modality are discussed.

Nanoparticles in fluorescence imaging applications

2.1 Advantages and limits of fluorescence imaging

Although MRI, CT, US, SPECT and PET are commonly used to detect lesions, imaging
resolution remains on a macroscopic level.% 56 Fluorescence imaging technology can
provide the highest spatial resolution for disease diagnosis on a microscopic level, especially
with near-infrared fluorescence (NIRF) imaging. Compared with visible light, NIRF has
advantages of deeper tissue penetration and less non-specific tissue auto-fluorescence.
Despite this, the penetration depth remains limited, and auto-fluorescence and scattering
properties in various tissues continues to hinder clinical utility.>” Furthermore, limited
fluorescence in the target lesion and potential blink and photobleaching effects can lead to
low sensitivity for detecting abnormalities.57: 58

Nanoparticles have useful properties to overcome the potential limitations of fluorescence
imaging. For instance, a greater number of fluorescent dye molecules can be loaded in
nanoparticles to provide more signals.>® In addition, the nanoparticles can be modified (or
structured) in order to prevent the potential quenching of NIR fluorescence when needed.®0
Furthermore, both active and passive strategies can be utilized to increase nanoparticle
concentrations in lesions, and then increase the local lesion concentration of fluorescent dye.
Additionally, the relatively long time in circulation facilitates greater uptake in target lesions.
Nanoparticles can also be designed to convert lower energy photons to higher energy
photons, which is important to reduce the blink and photobleaching effects.61 As a result of
these useful properties, extensive effort has been placed on the development of fluorescent
nanoparticle platforms (Fig. 2).

2.2 Structure and composition features

The commonly used nanoparticle designs for fluorescence imaging in preclinical research
are shown in Fig. 3. The first and most common design incorporates surface-labeled
fluorophores as vectors (Fig. 3A). One of the examples is a plasmonic/magnetic nanoparticle
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conjugated with the Cy3- modified S6 aptamer.52 where the fluorescent dye provides
imaging while nanoparticles enable higher local concentrations via passive and active
targeting. Another design, known as a “core-shell” structure (Fig. 3B), uses a fluorescent dye
that is loaded into the center of nanoparticles, with the nanoparticle’s outer shell labeled
with antibodies, ligands, and peptides. Examples of core-shell designs include micelles®3,
dendrimer54 and Qdot quantum nanoparticles,%° and multi-layered nanomatryoshka6 (Fig.
4). Advantages of these designs include solubilizing hydrophobic fluorophores and
protecting inner fluorophores from rapid degradation and excretion.,

A third design uses concentrated fluorescent dye quenched within nanoparticles (Fig. 3C) to
improve the resolution and target-to-background ratio, with potentially greater sensitivity
with imaging. In this design, the nanoparticle absorbs energy from fluorescent dyes as a
quencher that keeps the signal in an “off” state while in circulation. When the nanoparticles
concentrate at the target site, the nanoparticle is being degraded by molecules such as
caspase, protease, and DNase, releasing the dye from the nanoparticle and alleviating the
quenched state. The fluorescence of the dye thus turns to an “on” state. This design platform
has been leveraged to detect protease activity, apoptosis, tumor, and inflammation.57-69 The
fourth design is similar to the previous (Fig. 3D), only the fluorescent dye is combined with
a separate quenching molecule, and then the combination is incorporated into nanoparticles.
Proteases or other cleaving enzymes, including DNAzymes (Zn-Enz)/AuNP-FAM/BHQ-1 or
streptavidin modified CdSe/ZnS quantum dots connected with biotin-peptide-BHQ-1, play a
key role in activating the nanoplatform and providing localized NIR fluorescence.”0: 71

In addition, there is one more design for nanoparticle-based fluorescence imaging using
Forster resonance energy transfer (FRET) (Fig. 3E). FRET is a process whereby energy is
transferred from a donor molecule to an acceptor molecule, with the energy released creating
fluorescence.”® There are two kinds of energy transferred modalities.”3 The first is the
Stokes shift, which involves photon energy changes from high to low producing longer
wavelength light.” The second involves nanoparticle production of high energy, visible
wavelength photons upon absorption of lower energy NIR light, termed the anti-Stokes shift.
The upconversion nanoparticle (UCNP) uses this mechanism.’® Since ultraviolet and visible
light have more energy and shorter wavelengths than NIR light with longer wavelengths,
NIR becomes a better excitation light source in order to both decrease potential tissue
damage from high photon energy and increase tissue penetration depth to improve the
signal-to-background ratio. There is a spectral range from 650 to 1300 nm where biological
tissue has minimal absorption and scattering, and autofluorescence of tissue is minimal.
UCNPs can therefore effectively convert NIR excitation (650-950 nm) to significant
fluorescence for imaging.61: 76

2.3 Application in biomedical imaging

Nanoparticle fluorescence imaging has been used in gene detection, protein analysis,
enzyme activity evaluation, element tracing, cell tracking, early stage disease diagnosis,
tumor related research, and monitoring real time therapeutic effects.5% 67. 77-81 Examples
from the literature are summarized in Table 1, including nanoparticle composition, imaging
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agent, nanoparticle size, biomedical applications, and whether the concept has been shown
in vivo or in vitro.

2.4 Examples used in fluorescence imaging

Quantum dots (QDs) are semiconductor crystals with a typical core-shell structure, the sizes
of which are between 1 to 10 nanometers.3 82 There is an energy distance between the
valence and conduction layers which is termed the band gap. Different sizes of quantum dots
determine different band gaps, and different band gaps need different energies to excite the
quantum dots.83 Quantum dots, therefore, have broad absorption spectra and tunable
fluorescence emission. Quantum dots operate via FRET, with a large Stokes shift producing
long wavelengths to increase tissue penetration depth and reduce background
autofluorescence.84 85 Quantum dots are photostable with a narrow and symmetric emission
band, have an excellent molar extinction coefficient that is more than 10 times larger than
that of organic dyes, are relatively long-lived to create a better signal to noise ratio, and
therefore typically demonstrate a very bright light.55

However, some negative properties of quantum dots should be adressed.56 The first is
element composition. The cadmium, lead, mercury, arsenic ion released from quantum dots
may have cytotoxic effects.’3 86 The second is the fact that quantum dots are hydrophobic
and require solubilization via hydrophilic shells that must not hamper the energy transfer
process. These shells, however, can be labeled with various ligands, peptides, and antibodies,
and thus quantum dots have been used in molecular imaging, gene and protein identification,
cellular tracking, virus detection, cancer diagnosis, and drug monitoring and delivery
applications.85 87-90

Nanoparticles with quenching effects are important for fluorescence imaging when there is
interest to control the fluorescence between an “on” and “off” state. Gold nanoparticles
(AuNP) ranging in size from single digits to hundreds of nanometers have high fluorescence
quenching efficiency and thus have been used for this purpose.91-93 AuNPs also have other
beneficial properties including photostability, biocompatibility, variable sizes, strong light
scattering in dark field microscopy and ease of surface labelling.%* Graphene oxide also
exhibits excellent quenching effects with relatively low cost and high sensitivity. Also,
graphene has good solubility and stability in water and various solvents. The main functional
group is peripheral carbon sheets. Graphene nanoparticles have been mainly used in gene
and protein detection.%> 9 Carbon nanotubes have a similar mechanism and function as
graphene.9”: 98 Dark quenchers are a group of molecules with quenching effects, but with no
nanoparticle structure and no fluorescence. They are used in conjunction with nanoparticles
and fluorophores. Commercially available dark quenchers include Dabsyl, Black Hole
Quenchers (BHQ), QxI quenchers, lowa black FQ, lowa black RQ and IRDye QC-1. In
biomedical applications, dark quencher nanoparticles and molecules have been widely used
in gene and protein detection, tumor early detection, and ion tracing, especially for enzyme
activity evaluation, such as matrix metalloproteinase and caspase.58: 70. 99, 100

Upconversion nanoparticles (UCNPs) play a key role in fluorescence imaging. Lanthanides
are essential for up conversion nanoparticles, also termed rare earth doped up conversion
nanoparticles.”2 The rare earth series consists of 17 elements, with only Scandium (Sc) and
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Yttrium (Y) being non-lanthanide rare earth elements. The typical element in common
clinical applications is gadolinium (Gd), used for MRI contrast. UCNPs are co-doped
nanoparticles which include an absorber and an emitter. Absorber elements usually consist
of La, Nb, Gd, Y, Yb ions, while emitter elements are Tm, Er, Yb, or Ho.61: 105,106 The sjze
of UCNPs usually ranges from 8 to 550 nm,195: 107 and they can absorb NIR light and emit
higher energy light from ultraviolet to far red light.”> 198 UCNPs are photostable,
biocompatible, and have bright fluorescence. In earlier examples, their hydrophobic property
requires solubilizing with hydrophilic surface molecules with attached fluorescent dyes to

image. UCNPs have been used in protein detection, cell imaging, and cancer diagnosis.
61, 109, 110

3 Nanoparticles in MRl imaging applications

3.1 Advantages and limits of MRI

MRI is a powerful imaging modality which has long been in clinical use. It is based on
proton spin in the presence of an external magnetic field when excited with a radio
frequency pulse. Depending on the nuclear magnetic resonance signal from protons in
human bodies, MRI provides high spatial resolution, temporal resolution, and excellent
intrinsic soft-tissue contrast. It also has the ability of showing anatomic tomographic
information in the three-dimensional form. Moreover, MRI uses non-ionizing radiation or
radiotracers. Limitations of MRI include cost, longer imaging times, motion artifact and
potential foreign body/implant artifacts. MRI contrast agents significantly help lesion
detection and differentiation from healthy tissues.111. 112

3.2 Structure and composition features

Hydrogen protons play a key role in the mechanism of MRI, as all protons align their spin in
one direction under the control of an external magnetic field. After application of a
radiofrequency pulse, the proton spin orientation is deflected and then subsequently relaxes
to the original state. This process generates two independent relaxation parameters known as
the T1 and T2 relaxation times. MRI contrast agents can be divided into three categories.
The first is T1-weighted contrast agents. Most MRI contrast agents used in modern medicine
belong to this category, including gadolinium (Gd3*) chelated materials.13 T1 imaging
agents are typically paramagnetic materials that shorten the T1 relaxation time resulting in
bright contrast on T1-weighted images. This category of contrast agent represents the
‘positive’ contrasts. The second category is T2-weighted contrast agents. T2 imaging agents
are typically superparamagnetic materials that shorten T2 relaxation times, leading to dark
contrast on T2-weighted images. This category represents the ‘negative’ contrasts.
Superparamagnetic iron oxide (SPI10) is a commonly used agent in this category,114 the
main component of which is magnetite (Fe30,) or maghemite (Fe;03).11° The last category
is dual-weighted contrast agents enabling both T1-weighted and T2-weighted contrast. An
example includes gadolinium oxide nanoparticles (Gd,03).118 Due to abundant water and
carbohydrate in living tissues, the traditional hydrogen MRI (:H-MRI) usually has high
background signals. Heteronuclear MRI atoms, including 13C, 23Na, 170, 31p, 15N and 1°F,
have been developed to address this limitation.117-121 These elements are in natural
abundance and can be detected by MRI, generating high contrast—to—noise ratios. 19F
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fluorinated perfluorocarbons, in particular, have attracted much attention as cell tracking,
tumor labeling, and lung imaging agents!22

The common structural designs amongst MRI contrast agents in nanosized particles are
illustrated below. The most standard design is a magnetic nanoparticle with surface
decoration. This is a basic structure, which can be employed directly or as the original
magnetic materials to develop new nanoparticles (Fig. 5A). Superparamagnetic iron oxide
nanoparticle (SPIO) is an example of this design.123 Another design is a core-shell structure,
with magnetic materials synthesized as the core with organic or inorganic materials used for
the shell (Fig. 5B). Examples of this structure include micelles and dendrimers.114: 116 The
core-shell design enables some control of nanoparticle size and the amount of loaded
magnetic materials. Furthermore, this design also has advantages of improved solubility and
biosafety. As shown in Fig. 4, the shell can decrease the release of metal ion and also greatly
increase the relaxivity. A third design uses a vector structure, with magnetic materials used
in surface adhesion or ligand connection to other nanoparticles (Fig. 5C). The surface
modification provide MRI contrast, and the main nanoparticle can have other functions such
as fluorescence imaging, CT imaging and drug loading properties.124: 125 Other designs use
a mixed structure, with magnetic materials loaded in both the center and surface of
nanoparticles to provide increased contrast. An example includes liposomal-gadolinium
(Fig. 5D).126 Nanoparticles used in heteronuclear MRI are usually synthesized by polymer
and (or) lipid, and the heteronuclear MRI atoms are embedded in the polymer and lipid. Due
to their hydrophobic properties, these agents commonly form nano-emulsions with self-
assembly in aqueous environments,117. 127

3.3 Application in biomedical imaging

The nanometer scale of these novel contrast agents can enable MRI imaging to be used at
the gene, protein, cell and organ levels.123: 128 The nanoparticle targeting strategy is an
important consideration for image optimization. For active targeting, surface labelling plays
a key role in the biodistribution of nanoparticles. Specific antibodies, ligands and peptides as
surface labels, for example, have been used for tumor diagnosis.11* For passive targeting, the
size of the nanoparticle is the most important feature, which can range from several
nanometers to hundreds of nanometers. This strategy has been used in tumor imaging
through the EPR effect. Other applications rely on non-specific cellular uptake, such as
blood pool contrast imaging, inflammation imaging, malignant lymph node identification,
mesenchymal stem cell tracking and islet transplantation monitoring. Examples of MRI
contrast nanoparticles from the literature are summarized in Table 2, including, nanoparticle
composition, imaging methods, nanoparticle size, biomedical applications, and whether the
concept has been shown in vivo or in vitro.

3.4 Examples used in MRl imaging

Gadolinium belongs to the rare earth element group, with its paramagnetic property reducing
the longitudinal relaxation time (T1) to create bright images on T1 weighted imaging.
Gadolinium is currently the most common ‘positive” MRI contrast agent. Due to toxicity of
free gadolinium ions, clinical contrast agents are in the form of gadolinium chelates, or
otherwise need surface conjugation. Currently, the clinically approved MRI contrast agents
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are mainly based on gadolinium (Gd III) complexes. With the development of
nanotechnology, gadolinium has been incorporated into nanosized contrast agents to play
more powerful roles. For example, the nanoparticle made from high-density lipoprotein
(HDL) conjugated with Gd3* chelates can localize atherosclerotic plaque in the arterial wall.
129 |n addition, the Gd3* enriched DNA-AUNP has been used in genetic MRI imaging after
endocytosis.12°

Ferric oxide based MRI contrast agents have the property of reducing T2 relaxation time to
produce dark images on T2 weighted imaging to create ‘negative’ MRI contrast. Three types
of iron-based nanoparticles are currently used in biomedical imaging applications. The first
group is SPIO, which represents the greatest focus of research effort. The size of SPIO
nanoparticles ranges from several to thousands of nanometers. Based on their overall
diameter (hydrodynamic diameter), they are classified into large SPIO (LSPIO)
nanoparticles at 300-35,000 nm; standard SP10 (SSPI1O) nanoparticles at 60-150 nm; ultra-
small SPIO (USPIO) nanoparticles at 10-40 nm; and monocrystalline iron oxide
nanoparticles at 10-30 nm, which is a subset of USP10.11° The second group is the
magnetic iron oxide nanoparticle (MION). When larger than 10 nm, MION can be used as a
negative contrast agent, while if smaller than 5 nm, named extremely small MION (ES-
MION), it has the potential of being a positive contrast agent.143 The third group is cross
linked iron oxide, made from monocrystalline iron oxide with cross linked dextran coating.
144 Ferric oxide MRI contrast agents have been used in various biomedical imaging
applications, such as molecular imaging, gene monitoring, cell tracking, blood pool imaging,
lymph node identification and cancer diagnosis.123: 130, 131, 145, 146

Besides Gd3* and ferric iron based MRI contrast agents, there are other nanoparticles with
MRI contrast. For example, manganese based MRI contrast agents have a T1 shortening
function. Manganese typically exists as MnZ* in MRI contrast nanoparticles, and also can
take the form of nanocrystals combined with other metal elements.147- 148 Manganese based
nanoparticles have been used in cancer diagnosis, apoptosis identification, and lymph node
differentiation.132: 133, 148 Recently, fluorinated graphene oxide (FGO) and
superparamagnetic iron platinum nanoparticles have also been explored as MRI contrast
agents,149-151 put the work is still preliminary.

As discussed above, 1%F-MRI nanoparticles have been developed from highly fluorinated
compounds, including perfluorinated crown ethers and perfluorocarbons.152: 153 These
agents have been used in cancer detection,142 enzyme activity evaluation,1>* cell imaging
and lymph node detection,153 and drug delivery tracking.1%®

4 Nanoparticles in CT imaging applications

4.1 Advantages and limits of CT

Computed tomography (CT) takes advantage of differential tissue X-ray attenuation and
thickness to create cross-sectional and three-dimensional images. As a result of faster
examination speed, decreased cost, improved efficiency, and higher spatial resolution for
clinical imaging, CT has quickly supplanted plain-film radiography despite the greater
amounts of ionizing radiation exposure. CT contrast agents play a crucial role in
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distinguishing amongst tissues with similar attenuation coefficients. Currently, intravenous
CT contrast agents are mainly based on iodine. Limitations of iodinated contrast agents
include fast clearance, potential renal toxicity, nonspecific blood pool distribution and
documented adverse events/anaphylaxis. As a result, nanosized contrast agents have been
introduced to overcome these limitations and increase the scope of CT imaging.

4.2 Structure and composition features

There are two categories of CT contrast agents based on nanoparticle composition. The first
includes iodine based contrast agents, in part because of its long track record in clinical
imaging. Nanoparticles are used as vectors to load iodine using the classical core-shell
structure (Fig. 5B). lodine is loaded in the nanoparticle core, as in liposomal iodine.156 The
second category is metal based contrast agents, whereby nanoparticles are made using
various metals with high X-ray attenuation coefficients. Metals used in this category include
gold, tantalum oxide, and zirconium dioxide.157: 164, 165 These metal-based nanoparticle
structures are similar to those for MRI imaging nanoparticles, such as basic, core-shell and
vector platforms. For basic structure (Fig. 5A), gold nanoparticles are the most common
example, used in translational research as a CT imaging contrast agent.15% 166 For core-shell
designs, metal elements can be incorporated either in the core or in the shell. Examples
include nanoparticles with a core of gold nanospheres coated with indocyanine-loaded
mesoporous silica shells (Fig. 5B),167 and nanoparticles incorporating zirconium dioxide in
the shell with PPy and doxorubicin in the core (Fig. 5E).168 For vector designs, the metal
elements act as surface materials, such as seen in poly(acrylic acid)bridged gadolinium
nanoparticles with surface gold elements (Fig. 5C).169

4.3 Application in biomedical imaging

Nanosized CT contrast agents have been used in multiple roles based their cellular uptake,
ability to generate robust CT attenuation, and their targeting capabilities. For example, gold
nanoparticles engulfed by red blood cells have been used to image blood flow.158 Liposomal
iodine with a long circulation time and strong CT enhancement has been used to evaluate
tumor vessels.138 Prostate specific membrane antigen combined with aptamer in gold
nanoparticles has been used to image prostate cancer.18 Finally, zirconium dioxide
nanoparticle accumulation has been used to image tumor and monitor drug distribution.
168,170 Examples of CT nano-imaging agents in the literature are summarized in Table 3,
including nanoparticle composition, size, biomedical applications, and whether the concept
has been shown in vivo or in vitro.

4.4 Examples used in CT imaging

Gold nanoparticles (AuNP) have been used in various biomedical imaging applications. As a
result of high atomic number, the X-ray absorption efficiency of gold is greater than that of
iodine based agents, bones, and soft tissues (5.16 vs 1.94, 0.186 and 0.169 cm2/g at 100keV
respectively).1” Gold has a high biosafety profile and is easily made into various sizes and
shapes. Compared with iodine based contrast agents, AUNP has no potential for renal injury
or osmotic damage, and the high x-ray coefficient attenuation improves contrast resolution.
172 The diameter of AUNP ranges from several to hundreds of nanometers, but sizes in the
range from 4 to 30 nm have maximal stability and cell specificity.>2 AuNP can provide
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stable X-ray attenuation without considering changes caused by different shapes and sizes.>?
AUNP can act as a tracer by cellular uptake, and has been used to label tumor cells to
monitor tumor growth under X-ray,1%9 and to label red blood cells to image flow.158 Other
working mechanisms include active and passive targeted accumulation (Fig. 6),173 such as in
tumors to both identify cancer and facilitate radiotherapy.160

lodine based liposomal nanotechnology has been used in order to minimize risks of
iodinated contrast. Liposomes use a lipid bilayer on the nanometer scale, have been long
applied in biomedicine as a vector, and were introduced as CT contrast agents three decades
ago.174 175 |iposomal iodine contrast agents can be made from 100 to 400 nanometers in
size.%3. 156 Compared with conventional iodine based contrast, liposomal iodine
nanoparticles have lower osmotic pressure, longer blood circulation time and more powerful
enhancement.156 Liposomal nanoparticles can be used as target lesion imaging contrast
agents based on cellular uptake, specific surface binding, or via the EPR effect.53. 176

5 Nanoparticles in ultrasound imaging applications

5.1 Advantages and limits of ultrasound

Ultrasound (US) imaging is one of the most widely used medical diagnostic imaging
modalities due to its portability, noninvasiveness, high spatial resolution, low cost and real-
time imaging properties. Ultrasound contrast agents have been developed to enhance the
acoustic signal differences between normal tissues and target lesions. Current commercially
available ultrasound contrast agents comprise of microbubbles ranging in scale from 1 to 8
um.277 These relatively large particles only provide blood pool contrast signals rather than
cellular uptake, and due to the larger size, have a relatively short circulation life time and
low stability.1”® Nanotechnology has been explored to overcome these limitations; however,
in order to get enough acoustic reflection, US contrast nanoparticles typically need to be
larger than CT or MRI contrast nanoparticles, ranging from hundreds to thousands of
nanometers. 179, 180

5.2 Structure and composition features

The size of most US contrast nanoparticles is about 200 nanometers.177 181 These
nanoparticles can be readily labeled with various surface ligands for specific binding to
target molecules. Cellular uptake and passive accumulation in tumors is also observed, as
with folate incorporated silica nanoparticles loaded with perfluoropentane for prostate
cancer.182 Based on composition, there are three kinds of nanoparticle contrast agents
currently in use for US imaging. The first type uses gas (microbubble) to create strong
acoustic reflections, and is the most common material to be made into US contrast agents.
These microbubbles include nitrogen, carbon dioxide, perfluorocarbon and sulfur
hexafluoride.183 Nanoparticles include liposomes, silica nanoparticles and polymer
nanoparticles.180. 184, 185 The second type uses a solid based nanoparticle design with
relatively high scattering acoustic signals, often mediated by nanoparticle shape.186 These
nanoparticles are smaller than the gas-based particles, and accumulate in target lesions by
cellular uptake, the EPR effect or specific receptor binding. An example includes the rattle-
typed mesoporous silica nanostructure which has a powerful ultrasound signal in tumor.187
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The final type is a liquid based nanoparticle. Perfluorooctyl bromide (PFOB) nanoparticles,
for example, generate an acoustic signal due to a lower speed of sound transmission than
that of water, and the shell also has intrinsic acoustic reflection.188 Both gas and liquid based
nanoparticles have the same core-shell structure, with the gas and liquid comprising the
core.

5.3 Application in biomedical imaging

Nanoparticles as ultrasound contrast agents are much smaller than currently used ultrasound
contrast agents. As other nanoparticles, the small size and additional surface labelling
facilitate lesion targeting, as demonstrated with folate-PEG-chitosan loaded PFOB.177 Not
only as blood pool contrast agents, they can also provide strong signals in local target
lesions, especially for tumor detection. Other applications include stem cell imaging,
inflammation detection, and drug delivery.18% Examples of nanoparticle ultrasound contrast
agents in the literatures are summarized in Table 4, including nanoparticle composition and
classification, nanoparticle size, biomedical applications, and whether the concept has been
shown in vivo or in vitro.

5.4 Examples used in ultrasound imaging

There are three ways to load gases in the core of nanoparticles. The first method uses natural
gas loaded in the nanoparticle core, including nitrogen, air, perfluorocarbon and sulfur
hexafluoride.189: 184 The second method uses phase transition from liquid to gas. When
nanoparticles accumulate in the target lesion through active or passive mechanisms, the
liquid in the nanoparticle core is stimulated by ultrasound waves to vaporize into gas to
produce a strong acoustic reflection. This technique is used with AuNP coated/
perfluorohexane encapsulated/PEGylated mesoporous silica nanocapsules.1’8 The third
method uses a chemical reaction to produce gas, commonly using carbonate. Carbonate,
typically insoluble at neutral pH, is encapsulated in nanoparticles and can accumulate in
tumors through the EPR effect or specific binding. Then, the acidic environment of the
tumor reacts with the carbonate core to generate carbon dioxide gas for strong acoustic
contrast. An example includes poly (cholesteryl carbonate -y-butyrolactone-propylene oxide)
nanoparticles for tumor imaging (Fig. 7).2%0 Ammonium bicarbonate has also demonstrated
similar properties in acoustic imaging. 19°

6 Nanoparticles in PET/SPECT imaging applications

6.1 Advantages and limits of PET/SPECT

Positron emission tomography (PET) is a powerful and widely used nuclear medicine
technology with high tissue penetration, high sensitivity and real-time quantitative imaging
analysis. Besides anatomic information, PET may also provide biological information at the
molecular level based on nuclide tracking. Single photon emission computed tomography
(SPECT) is another widely used nuclear medicine technology with similar advantages as
PET imaging, they can detect abnormal biochemical function before changes in anatomy.
Limitations of PET/SPECT include high cost and radioactive exposure.
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6.2 Structure and composition features

Nuclides with a reasonably long half-life are needed for nanoparticle PET/SPECT imaging
tracers. The commonly used radioisotope for PET in clinical practice is Fluorine-18 with a
half-life of 109.8 minutes, which is generally too short to apply in nanoparticles due to the
time needed for preparation and cellular uptake.1%6 Thus, other nuclides with longer half-
lives are needed to prepare various nanoparticles. Examples include copper-64 with a half-
life of 12.7 hours, Indium-111 with a half-life of 2.8 days and lodine-124 with a half-life of
4.2 days.197-199 With the exception of incorporation of a radionuclide tracer, nanoparticles
for PET imaging are similar in structure to other described nanoparticles used for medical
imaging. Compared with PET, radionuclides in SPECT generally have longer half-lives. The
common radionuclide for SPECT in clinical use is Technetium-99m with a half-life of 6
hours. Nanoparticle structures for SPECT imaging are similar to structures for PET imaging.
For example, Technetium-99m labeled macro-aggregated albumin particles are commonly
used to quantify tumor volumes and pulmonary shunt fractions in the liver.2%0 Other
radionuclides used in nanoparticles 29! include Indium-111, lodine-123, 125 and 131, and
Gold-198, 199.

6.3 Application in biomedical imaging

Nanoparticles in PET/SPECT are mainly used in tumor detection. Tumor imaging can occur
through specific binding to receptors or via the EPR effect.198: 202 |maging also can be
acquired through active and passive accumulation in target lesions. Examples include vector
tracking, atherosclerotic plaque imaging, and pharmacokinetic change of particles.203
Examples of nanoparticles used in PET/SPECT imaging in the literature are summarized in
Table 5, including, nanoparticle composition, size, biomedical applications, and whether the
concept has been tested in vivo or in vitro.

6.4 Examples used in PET/SPECT imaging

7.

Radiopharmaceutical nuclides are the essential element for nuclear medicine imaging;
however, detachment of radiolabeled probes from nanoparticles can be a significant
problem. Direct conjugation of nuclides to stable nanoparticles have addressed this problem
for targeted imaging by PET (Fig. 8). Nanoparticles synthesized using poly(4-vinylphenol)
(PVPh) polymer radiolabeled 1241 and surface-coated antibodies targeting endothelium have
been used as a stable PET imaging platform facilitating image tracking in a translational
model 204

Nanoparticles in multimodality imaging applications

7.1 Advantages and limits of multimodality imaging

The above described single imaging modalities have individual advantages and limits. For
example, fluorescence imaging provides the best spatial resolution, but has limited tissue
penetration. PET is extremely sensitive, has sufficient tissue penetration, and also provides
functional information at the molecular level, but suffers from limited spatial resolution. CT
provides excellent spatial resolution, but includes ionizing radiation. To overcome these
limitations, interest in multimodality imaging methods has increased.4% 295 Multifunctional
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nanoparticles have been developed to offer multimodality imaging capabilities, with the
potential benefits of reduced dose of contrast agent and more targeting ability. For example,
a multimodality platform of 84Cu-Fe-RGD-PEG-MNP can serve as a photoacoustic contrast
agent, a PET contrast agent and an MRI imaging contrast agent.> Fluorescein isothiocyanate
(FI) conjugated PEGylated gold nanoparticles are a biocompatible platform with both
fluorescence and CT imaging capabilities.*® Meanwhile, several limits need further
investigation, which include various and different designs make them difficult to set a
standard criteria, multimodality imaging is a relative new modality and there is a long
journey to move it to clinical practice, special equipment with multiple imaging modules
should be developed for further application.

7.2 Structure and composition features

The synthesis of multifunctional nanoplatforms is generally more complicated than that
needed for single imaging modality nanoplatforms. Some multifunctional nanoparticles
contain one imaging agent which can have dual imaging capabilities. Examples include
silicon naphthalocyanine, that can serve as both an NIR fluorescence imaging agent and a
photoacoustic imaging agent,®3 and Gd,03, which has the potential for both CT and MRI
imaging properties.213 Most nanoparticles for multimodality imaging, however, contain
more than one imaging material for different imaging modalities, such as iron oxide with
dye (NIR830) in nanoparticles to provide MRI and fluorescence imaging, respectively.214
Additionally, they can demonstrate any form of currently available nanostructure.
Multifunctional nanoplatforms include MRI-fluorescence (Fig. 9),215> MRI-PET, CT-
fluorescence, CT-PET, MRI-US, MRI-CT, MRI-CT-fluorescence, MRI-PET-fluorescence,
US-CT-MRI-fluorescence and PET-fluorescence. 167, 216-220

7.3 Application in biomedical imaging

Due to the capability of nanoparticles for multimodality imaging, use in early tumor
detection has garnered significant interest.#8: 221 Additional applications of multimodality
nanoparticle-based imaging for the cardiovascular, renal, neural, and lymphatic systems have
also been explored.214. 219, 222, 223

7.4 Examples used in multimodality imaging

Photoacoustic imaging is a hybrid optical and ultrasound biomedical imaging modality,
which has the advantages of high contrast resolution and excellent spatial resolution based
on optical imaging properties and deeper issue penetration based on ultrasound imaging
properties. The photoacoustic signal is generated from the conversion of absorbed optical
energy to ultrasound emission in a biological tissue with or without extraneous contrast
agents.224 The key point is the local temperature rise and thermoelastic expansion in tissue
when irradiated by a nonionizing pulse laser. Due to the heat production during this process,
photoacoustic imaging is often combined with photothermal therapy.22°

While endogenous compounds including hemoglobin and melanin can be utilized as
photoacoustic agents,® nanoparticles as exogenous contrast agents have increased
development of photoacoustic imaging. Currently, one group of widely developed
nanoparticles as photoacoustic contrast agents are inorganic materials, which include metal
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nanoparticles (gold, silver, copper), and carbon nanomaterials including carbon nanotubes
and graphene.226-228 Another group of nanoparticles are organic materials based on small
molecule dyes, such as indocyanine green and silicon naphthalocyanine.83: 229 Other
nanoparticles use microbubble production to generate acoustic waves after laser irradiation,
such as CO, and N,. Furthermore, photoacoustic imaging nanoparticles also can be
synthesized by two or more materials from different groups, including indocyanine green-

loaded silver nanoparticles and silver nanoparticles encapsulated with N, microbubbles.
230, 231

For metal nanoparticles, surface plasmon resonance (SPR) is an important property to
absorb light energy and produce heat when the light photons match the frequency of
nanoparticle surface electron vibration. So these nanoparticles have been deeply investigated
as photoacoustic imaging agents, especially for gold nanoparticles. The SPR peak
wavelengths of current spherical gold nanoparticles are only 500 to 600 nm. Other shapes
and surface decoration of gold nanoparticles have been developed in order to tune the peak
SPR wavelength to the NIR spectrum. For example, gold nanorods, nanocages and
nanoshells can be used as efficient photoacoustic imaging agents.232-234 For carbon
nanomaterials, low heat capacity and excellent light absorption make them possible to
produce a photoacoustic signal, but the work is still preliminary.23% Inorganic materials with
inherent photoacoustic imaging properties can be formed into nanoparticles with relatively
simple structures supplemented with surface labeling using antibodies and ligands (Fig. 5A).
For example, MAGE targeted gold nanorods can be used to image melanoma.236 Organic
dyes as photoacoustic agents can be encapsulated into nanoparticles in the form of core-shell
structures (Fig. 5B), and also can be decorated on the surface to form a vector structure (Fig.
5C). Examples include micelle encapsulated silicon naphthalocyanine and indocyanine
green conjugated to the surface of albumin based nanoparticles.53: 229 Other materials like
gas or gas-generating materials also can be encapsulated into core-shell nanoparticles to play
photoacoustic imaging functions, such as NH4sHCO3 gas—generating liposomal nanoparticle
for photoacoustic imaging in breast cancer.1%® For biomedical applications, nanoparticles as
photoacoustic agents are mainly used in tumor imaging, with additional uses for cell
tracking, lymph node imaging, vascular imaging, early detection of osteoarthritis and
monitoring blood-brain barrier function 221, 228, 237, 238

8. Conclusions and perspective

In this review, we have illustrated structure-related properties and applications of
nanoparticles in each biomedical imaging modality, including fluorescence imaging, MRI,
CT, US, PET and SPECT. Compared to conventional contrast agents, nanoparticles have
demonstrated improved signal intensity, targeting ability and longer circulation time both in
vitro and in animal disease models, especially for cancer diagnosis and therapy. With the
help of nanotechnology, single imaging modalities have become more powerful than before,
and multimodality imaging has demonstrated significant promise.

There are currently about 50 nanodrugs that have been approved by the FDA.23% Major
sources of delay for translation to clinical practice involve the biodistribution and safety
considerations of developed nanotechnology. Factors impacting nanoparticle biodistribution
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include size, shape, surface charge and surface labeling.24%: 241 As illustrated before,
nanoparticle size plays a particularly important role in biodistribution, Furthermore, the
toxicity produced from nanoparticles after metabolism is still not fully understood. Some
elements may bring damage to normal cells depending on the inherent physiochemical
properties of nanoparticles. For example, the freedom state rare earth elements from
quantum dots are harmful. Although encapsulation and surface labelling has been explored
to reduce toxic effects, more work is needed to fully understand the behavior of
nanoparticles in the future.>®

A potential exciting role for nanoparticle imaging agents incorporates diagnostics with
therapeutics in the same nanoplatform, termed theranostics (Fig. 10).242 As delivery
vehicles, nanoparticles have great potential to encapsulate various therapeutic agents to
target locations at the time of biomedical imaging. In the past few years, many therapeutic
methods have been investigated to integrate into theranostic nanoplatforms, including
chemotherapy, photothermal therapy, radiation therapy, photodynamic therapy,
immunotherapy and gene therapy.168. 243-246 Thjs strategy has been mainly used in tumor-
related research.14 As an example, ball-in-ball ZrO, nanoparticles can provide simultaneous
CT imaging, and also have the function of synergistic microwave ablation and chemotherapy
when accumulated in tumors.16% To date, no theranostic nanoparticle has been approved by
the FDA, partially due to significant heterogeneity in the design and synthesis of these
agents. A significant effort in this field will be required in the future.

To maximize clinical translation of nanoparticle research, all features of the nanoparticles
should be comprehensively understood, including composition, formulation, shape, surface
charge, hydrodynamic diameter, solubility, stability, administration route, distribution,
metabolism, clearance and potential toxic effects.24” Rigorous study for safety and efficacy
in well-designed clinical trials will be a challenging yet essential part of this evolution.248 It
takes an average of 12 years for a new drug to advance from invention to clinical application
with FDA approval, and safety remains a critical aspect of this process.249 Currently, most
nano-contrast agents are still in the experiment stage. Despite the impressive progress that
has been made, very few nano-contrast agents have been evaluated in humans. Ongoing
development of nanoparticle research should focus on improving targeting specificity while
minimizing toxicity. In addition, the importance of increasing translational potential with
appropriate animal models cannot be overemphasized, along with understanding the specific
pharmacokinetic profile of these agents in humans. Effective development of nanoparticles
for biomedical imaging will require multidisciplinary teams of chemists, pharmacists,
biologists, physicists, engineers and physicians. Despite these challenges, nanoparticles
promise revolutionary potential as new imaging agents for a variety of clinical applications.
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Fig. 1.

Tr?e primary imaging technologies in biomedical practice, including A: fluorescence image
of tumor cells; B: CT diagnosis for artery stenosis; C: MRI image of lumber cancer
metastasis; D: US detection of portal vein thrombosis; E: SPECT evaluation for 1251 seeds
implantation; and F: PET detection of lung cancer tumor. All images were obtained from
medical imaging research institute of China Medical University.
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The number of publications searching for “nanoparticle and imaging” in Pubmed is rapidly
increasing each year. Fluorescence and MRI imaging modalities represent the greatest areas

of activity.
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Fig. 3.
Different structure and composition of nanoparticles in fluorescence biomedical imaging. A:

vector type; B: core-shell structure of NP; C: NP as a quencher; D: NP connected with
fluorophore and quencher, E: Forster resonance energy transferred imaging NP (yellow
arrow: nanoparticle; red arrow: fluorescent dye; blue arrow: ligand; grey arrow: quencher;
yellow curve arrow: energy transfer; green curve arrow: excitation light; red curve arrow:
emission light; MMP: matrix metalloproteinase).

Nanoscale. Author manuscript; available in PMC 2021 May 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Han et al.

Page 30

Silica shell growth

Stober method o o ‘Au . o

il ‘ 3 ® <
) L)
® o * “ *
- e - e,
p | A L
» q o "%} ‘ .
’ e X + ’ >
(% . o
® Me-SCN-DOTA *& # Au NP ~2nm
» Cy7-SCN Au**/ CH,0
Untreated MRI MRI Fluorescence

160«

121

706
L]
244
Fig. 4.

A safer T1 MRI contrast in a compact plasmonic nanoparticle with enhanced fluorescence
was synthesized by a multilayer core-shell nanostructure, and known as nanomatryoshka
(NM). Each NM consisted of an Au core, an Au shell and silica spacing layer encapsulated
magnetic metal and fluorescent dye. This form protected fluorescent dye and reduced the
metal release. Fe (111)-NM exhibited a 2x greater relaxivity than current MRI contrast agent
(Gd-DQOTA), and the photostability of fluorescent dye significantly increased (23x). Lower
panel evaluated MRI and fluorescence imaging of FeCy7-NM in vivo. (A) Untreated in
MRI, (B) Treated in MRI, red circle is nanoparticle and blue circle is saline, (C)
Fluorescence imaging after injection. This nanoparticle can enable not only powerful tissue
visualization with MRI but also fluorescence-based nanoparticle tracking. Reprinted with
permission.®® Copyright 2018. American Chemical Society.
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Fig. 5.
Different structures of MRI/CT imaging nanoparticles. A: basic structure; B core-shell

structure; C: vector structure; D: mixed structure; E: core-shell structure. (Black arrow:
MRI/CT imaging materials; Blue arrow: surface decoration.
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Fig. 6.

AgCT-based molecular imaging nanoparticle was developed as blood pool and myocardial
scar specific imaging contrast agent. Management of patients suffering from myocardial
infarction is based on the extent of coronary artery stenosis and myocardial scar burden.
(Upper panel) Gold nanoparticles (AuNPs) functionalized with collagen-binding adhesion
protein 35 (CNA35) play the vascular imaging role at early phase and molecular imaging at
late phase. (Lower panel) Animal experiment demonstrated a specific myocardial infaction
imaging at 6 hours after injection (A). Control rat with myocardial infarction after injection
of AuNPs (B) and rat without myocardial infaction after injection of CNA35-AuNPs (C) did
not generate specific CT enhancement. This nanoparticle demonstrates a potential use for
coronary artery imaging and myocardial infarction evaluation. Reproduced with permission.
173 Copyright 2018. Elsevier.

Nanoscale. Author manuscript; available in PMC 2021 May 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 33

tumor tlssue

RETTIN ”
A _:' ".. Microbubbles C I n Vlt rO
5 ; 1-7 ym
= &
[7]
s z
£ 8
° il o
c & =
3 £ — ‘,‘
% @ ~10 ym %
5 Gas-NPs =
100-300 nm >
Time Q
» Q
e (D]
100-300 nm
@ CO,; generating
|| sude chain D
, CHj, A .
7 S g, T 2
o i ol _}. Pluronic surface (Ig hydration In VIVO
i\
Polycarbonate hydroiysus ? o “ layer
o
() : 2
aqueous N v
(]
0’ condition micro-sized bubble 8 t
CH3
ltrasound
HaC ¢l1' iy
microbubble ... Y irradiation (g
hydrolysis destruction g
s ]
.-
regenerated bubbles drug releasing (?)

ultrasound imaging ; h 'Jt:fubbl Giiist
" e burs
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(A?) Gas-NPs (blue nanoparticles) were synthesized via the O/W emulsion method with a
size of 290nm and accumulated in tumor through the EPR effect. Current ultrasound contrast
agents and large-sized perfluorocarbons-encapsulated microbubbles (red microparticles)
present strong echo signals, but the large dimension prevents extravasation from vessel to
surrounding tumor tissue. Also, small-sized nanobubbles (green nanoparticles) demonstrate
a good biological distribution and effective extravasation, but the echo signals are not strong
enough. (B) Chemical structure of hydrolysable carbonate copolymer; Poly(cholesteryl
butyrolacone-co-propylene oxide). The carbonate copolymer was emulsified to produce
solidified Gas-NPs via the O/W emulsion method. The Gas-NPs start to hydrolyze to
produce CO2 nanobubbles in aqueous condition, followed by expansion/coalescence of
nanobubbles into microbubbles for the targeted tumor US imaging. In addition, the
anticancer drug-loaded Gas-NPs enable US-triggered drug delivery. (C) The US imaging test
in vitro demonstrated a gradually CO2 generating process, current ultrasound contrast agent
(Sonovue®) was the control (D) The ultrasound imaging ability in vivo showed a strong and
persisted signals in whole tumor, current ultrasound contrast agent (Sonovue®) was the
control. This nanoparticle demonstrates the unique and beneficial chemical gas-generating
mechanism and is potentially useful for real-time ultrasound imaging and cancer therapy.
Reproduced with permission.190 Copyright 2016. Elsevier.
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A PET imaging nanoparticle was synthesized from PVPh polymer and labeled with 124 or

125| ‘and then coated with specific targeting antibodies. Which endows a satisfactory

endothelium PET imaging (lung). Reproduced with permission.2%4 Copyright 2012. Elsevier.
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Fig. 9.
A dual-modality nanoparticle was developed with Ag,Se quantum dots for fluorescence

imaging and Gd-DTPA for MRI imaging. The excellent imaging efficiency indicate the
potential value for multimodal imaging in clinical and scientific applications. Reproduced
with permission.21> Copyright 2018. Royal Society of Chemistry.
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. Thiol-stabilized Bi Theranostic Nanoagents
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Fig. 10.
A theranostic nanoplatform was synthesized from thiol-capped Bi nanoparticles. They have

a high X-ray attenuation coefficient and a strong photothermal conversion efficiency, which
endow them with the simultaneous CT imaging, radiotherapy and thermotherapy.
Reproduced with permission.242 Copyright 2018. Elsevier.
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