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Abstract

X-ray imaging is the most widely used diagnostic imaging method in modern
medicine and several advanced forms of this technology have recently
emerged. Iodinated molecules and barium sulfate suspensions are clinically
approved X-ray contrast agents and are widely used. However, these existing
contrast agents provide limited information, are suboptimal for new X-ray
imaging techniques and are developing safety concerns. Thus, over the past
15 years, there has been a rapid growth in the development of nanoparticles as
X-ray contrast agents. Nanoparticles have several desirable features such as
high contrast payloads, the potential for long circulation times, and tunable
physicochemical properties. Nanoparticles have also been used in a range of
biomedical applications such as disease treatment, targeted imaging, and cell
tracking. In this review, we discuss the principles behind X-ray contrast gener-
ation and introduce new types of X-ray imaging modalities, as well as potential
elements and chemical compositions that are suitable for novel contrast agent
development. We focus on the progress in nanoparticle X-ray contrast agents
developed to be renally clearable, long circulating, theranostic, targeted, or for
cell tracking. We feature agents that are used in conjunction with the newly
developed multi-energy computed tomography and mammographic imaging
technologies. Finally, we offer perspectives on current limitations and emerg-
ing research topics as well as expectations for the future development of the
field.
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Diagnostic Tools > in vivo Nanodiagnostics and Imaging
Nanotechnology Approaches to Biology > Nanoscale Systems in Biology

KEYWORDS
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Medical imaging aims to improve patient outcomes by providing key information that leads to early detection, diagno-
sis, and appropriate treatment of diseases. Among all the available diagnostic imaging methods, X-ray based imaging
techniques remain the dominant medical imaging technology owing to their wide clinical availability, high spatial
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resolution, fast image acquisition, and low cost. These imaging techniques rely on the use of X-rays, a form of ionizing
electromagnetic radiation, to generate contrast based on differential tissue dependent X-ray attenuation properties.
Since its first development in the early 1970s, computed tomography (CT) has become a widely used clinical X-ray
imaging modality (Hounsfield, 1973). Other common types of X-ray imaging techniques being used in medicine today
include radiography, mammography, and fluoroscopy. In addition, X-ray micro-CT as well as phase-contrast and dark-
field CT have recently received growing interest as preclinical research tools mainly for imaging small animals
(Gundogdu, Nirgianaki, Che Ismail, Jenneson, & Bradley, 2007).

Several tissue types, such as bones and lungs, are easily detected by X-ray imaging without the use of contrast
agents. However, X-ray attenuating contrast media, such as those based on iodine and barium sulfate, is often needed
for imaging soft tissues since X-ray imaging techniques struggle to distinguish soft tissues. For example, iodinated
agents are administered intravascularly in fluoroscopic angiography to better visualize blood flow and delineate vascu-
lar systems and other organs, while barium suspensions are introduced orally to enable gastrointestinal (GI) tract imag-
ing with CT (Oliva et al., 2012). Both of these contrast agents have been used in clinical medicine since the 1950s, but
they suffer from several drawbacks, particularly iodinated small molecules, which restrict their use to only a few imag-
ing applications. Some drawbacks include nonspecific biodistribution, short blood half-lives, and contra-indication for
use with renal insufficiency (Dean, Kivisaari, & Kormano, 1983; Tepel, Aspelin, & Lameire, 2006). Most importantly,
these agents are not optimized for many newly emerging X-ray imaging technologies such as dual-energy mammogra-
phy (DEM) and spectral photon-counting CT (SPCCT) (Karunamuni, Tsourkas, & Maidment, 2014; Si-Mohamed
et al., 2017). Given these limitations, significant effort has been devoted to developing alternative X-ray contrast agents,
most of which are nanoparticle-based formulations with novel chemical compositions.

The earliest reports of nanoparticle X-ray agents were based on emulsions or liposomes containing iodinated lipids
or oils, or clinically approved iodinated molecules (Elrod, Partha, Danila, Casscells, & Conyers, 2009; Hallouard, Anton,
Choquet, Constantinesco, & Vandamme, 2010; Mukundan et al., 2006; Torchilin, Frank-Kamenetsky, & Wolf, 1999).
There now is a much more extensive array of nanoparticle imaging agents based on X-ray contrasting elements such as
gold, silver, tantalum, bismuth, lanthanides, and so forth (Brown et al., 2014; Karunamuni et al., 2016; J. Kim
et al., 2018; Si-Mohamed et al., 2018). Moreover, synthetic control over the composition, size, shape, and surface chem-
istry of these agents can greatly influence their pharmacokinetics, biodistribution, and suitability for various biomedical
applications (Bouché et al., 2020; Cormode, Naha, & Fayad, 2014; J. Kim et al., 2019). For example, gold nanoparticle
(AuNP) CT contrast agents of different sizes were found to have widely varying target binding affinities, circulation
times, and biodistribution profiles, although their size was found to have no effect on inherent CT contrast generation
(Y. C. Dong, Hajfathalian, et al., 2019; Jackson, Periasamy, Bansal, & Geso, 2011; Ross, Cole, Tilley, & Roeder, 2014).
Nanoparticles can be synthesized with different coatings that yield the desired circulation times, solubility, and biocom-
patibility. Furthermore, the core and coating layers can be modified to include other functionalities, such as therapeutic
effects with drugs or molecular imaging via targeting moieties (Ashton et al., 2018; Cormode et al., 2008; Hainfeld
et al., 2011). Other contrast generating moieties can also be incorporated to provide contrast for multiple imaging
modalities, such as DEM, CT, MRI, and fluorescence (Jarzyna et al., 2010; M. Liu, Anderson, Lan, Conti, &
Chen, 2020). Lastly, nanoparticles can be designed to gradually degrade and release their payload for excretion
(Cheheltani et al., 2016), thus minimizing the concentration of nanoparticles (i.e., dose-dependent toxicity) at the filtra-
tion site at any given time (F. Wang et al., 2009), which may be beneficial for patients with impaired renal function.

As new types of X-ray imaging techniques and relevant contrast agents are emerging, this review provides an in-depth
account of developments in this field over the last 15 years. In the following sections, we will outline the basic principles
of X-ray contrast production and advances in X-ray imaging technologies. We will briefly introduce small molecule-based
X-ray agents and then focus on the development of novel nanoparticle X-ray contrast agents. We will include examples of
renally cleared agents, long circulating agents, theranostic agents, targeted agents, cell tracking, and agents used in con-
junction with new X-ray imaging modalities. Lastly, we will discuss the challenges and future perspectives on the field.

2 | X-RAYIMAGING TECHNOLOGY
2.1 | History of X-ray imaging technology

The discovery of X-rays by Wilhelm C. Rontgen in 1895 led to an important breakthrough in the field of medical imag-
ing and diagnostics. Soon after its invention, X-ray radiography became an essential part of clinical care, especially for
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diagnosing chest and bone fractures. By 1901, Dr Rontgen was awarded the first Nobel Prize in Physics for his efforts.
From the early 1920s to the late 1950s, X-ray fluoroscopy and angiography were introduced to image moving body
structures and visualize the vasculature, respectively. It was during this time that radiopaque agents, that were formed
from elements such as iodine and barium, became increasingly utilized in X-ray imaging techniques. A major innova-
tion in X-ray imaging was the development of X-ray CT, or 3D image slices, in 1972 by Godfrey N. Hounsfield and
Allan M. Cormack (Hounsfield, 1973). Since then, there have been notable advances in CT technology, with progres-
sion of conventional single-source CT to multi-detector, multi-energy CT scanners such as SPCCT (Cormode
et al., 2017). Similar technological advancement has been seen in the field of X-ray mammography during the last two
decades with the recent development of DEM and spectral photon-counting mammography (Lau et al., 2018; Weigel
et al., 2014).

2.2 | Principles of X-ray contrast generation

The requirements of different clinical X-ray applications, such as conventional radiography, mammography, or CT,
have a significant influence on the design of their X-ray tubes. However, for all X-ray tubes, the essential components
remain the same. X-rays can be generated by directing electrons at a heavy material (anode). In an X-ray tube, electrons
are accelerated from the cathode to the anode in an electric field. Only 1-2% of the electrons come close enough to the
nucleus to cause an interaction (Behling, 2015). These electrons, whose acceleration is sufficiently high, are decelerated
in the electric field of the atomic nuclei of the anode material (e.g., molybdenum or tungsten). As a result of the deceler-
ation process, part of the kinetic energy of the electron is converted into X-ray photons called Bremsstrahlung. On the
contrary, for characteristic radiation, electrons are knocked out of their shell when an accelerated electron comes into
contact. During the collision, the applied energy is transmitted by the incoming electron. The result is an ionization of
the atom and a short-term vacant space in the K shell. An electron will immediately fill this vacant space from a higher
energy shell, and the energy is released as characteristic X-ray photons. The emitted X-ray spectrum is therefore usually
composed of a continuous spectrum (Bremsstrahlung) and a line spectrum (characteristic radiation). After leaving the
tube, the X-ray spectrum is filtered to reduce low-energy radiation components, which would only increase patient dose
without providing diagnostic information.

The filtered X-ray beam is directed at the subject and some of its intensity is lost (i.e., X-ray attenuation) due to two
separate interactions with matter (Figure 1a,b): the photoelectric effect and Compton scattering (Lee, Choi, &
Hyeon, 2013). In the case of the photoelectric effect, a photon collides with and releases all of its energy to an electron.
The electron leaves the atomic network and thereby loses its atomic bond. The atom becomes ionized, and the photon
is absorbed. This interaction is also known as absorption. The photoelectric effect typically scales with Z* (Z = atomic
number) for a given photon energy and once that energy is above the K-edge of the element, or a sudden increase in
X-ray absorption occurring at a photon energy level just above the binding energy of the innermost electron shell of an
atom. Compton scattering, in contrast, occurs when a photon collides with and gives only part of its energy to an elec-
tron. The energy is high enough so that the electron leaves the atomic network, and the atom becomes ionized. The
X-ray photon is deflected, weakened, and scattered. This effect most likely occurs with an electron on the outermost
shell. When the density of a material or organ increases, the probability of occurrence of one of these two X-ray interac-
tions also increases. Therefore, brightness levels on the X-ray image reflect the different densities of tissue. More
strongly X-ray attenuating, or dense, tissues are displayed brighter on the image, whereas weakly attenuating tissues
appear darker.

(a) Photoelectric effect (b) Compton scattering
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Finally, the detector records certain characteristics of the X-ray photons leaving the subject. Most detectors in medi-
cine use a direct or indirect process. Indirect, solid-state detectors convert the incoming X-ray radiation with a scintilla-
tor into visible light, which is integrated with a photodiode. Instead of the scintillator and the photodiode, direct
detectors use only an X-ray-sensitive semiconductor that generates charges when photons arrive (Taguchi, 2017), which
are then detected by electrodes. The amount of charge of a pixel is proportional to the incident X-ray photon energy.

2.3 | Conventional X-ray imaging

Different clinical indications determine the design of an X-ray system. For example, mammography is the specific X-
ray examination of the breast. With particularly “soft,” low-energy X-ray radiation typically in the range of 25-40 kV
(Russo, 2018), the glandular structures of the breast are displayed. In principle, the X-rays are generated in similar fash-
ion as in conventional radiography. However, to ensure highest diagnostic quality and lowest radiation exposure, mam-
mography has several additional technical features as follows: the use of molybdenum or molybdenum-rhodium
anodes to generate a soft X-ray spectra; utilization of the Heel effect to image the tissue-tight chest wall for a higher
dose rate; and use of a small focal spot to ensure the necessary high spatial resolution (Lewin, 2008). Mammography
has extended in recent years to include a tomographic procedure called tomosynthesis. The mammography detector
moves between 15° and 50° and acquires projection images. After reconstruction, slices of the breast may allow for a
sharper image of glandular tissue, while the areas above and below appear out of focus (Skaane et al., 2013).

CT offers the next level in information content as a full tomographic modality, which is typically operated at an
energy range of 80-140 kV. During the last four decades, CT has experienced explosive growth, which can be attributed
to its short acquisition time, wide availability, and groundbreaking diagnostic benefits. In fact, the number of CT exams
performed each year has significantly increased from ~21 million in 1995 to 88 million in 2018 in the United States
alone (OECD, 2020). Over the last decade, a great effort has been made to develop advanced reconstruction algorithms
to improve diagnostic quality and reduce radiation exposure (Hara et al., 2009; No&l et al., 2013; Prakash et al., 2010;
Willemink & Noél, 2019). Marked technological advancements have also been made in the design of the gantry—a
rotating ring-shaped frame in which an X-ray tube and detector are mounted on opposite sides. As the gantry rotates
the X-ray tube and detector around the patient, X-rays are generated, attenuated by the patient, and recorded. Several
thousand sectional views of the patient's body are acquired per rotation and cross-sectional images are reconstructed.
From the resulting CT slices, 3D images and views can be generated from different angles. The resulting gray levels are
described in Hounsfield units (HU), which make CT a quantitative and highly reproducible diagnostic modality. By def-
inition, air has a value of —1,000 HU (black) and water a value of 0 HU. The HU values for body tissues depend on the
system specifications and settings, but soft tissues are typically about 40-80 HU and bones about 1,000-1,500 HU
(white) depending on their condition.

24 | New X-ray imaging technologies

Diagnostic CT is currently based on simple gray values (HU) representing anatomy and pathology on a larger scale.
While anatomical information alone has been beneficial for clinical diagnostics, conventional CT integrates all detected
signals into a single attenuation signal, which offers little functional information about the physiological state (e.g., on
a biomolecular level) of an organ or region-of-interest. Nevertheless, improvements are within sight with the introduc-
tion of multi-energy CT (McCollough, Leng, Yu, & Fletcher, 2015). Dual-energy CT (DECT), a first step in the introduc-
tion of multi-energy CT, has already achieved status as an established clinical tool (Krauss & McCollough, 2019;
Lohofer et al., 2018; Schmid-Bindert et al., 2012). Various approaches to acquire dual-energy data, such as dual-source
CT (DSCT), rapid kVp switching CT (KVSCT), and dual-layer CT (DLCT), have recently been established (Ehn
et al., 2018; Pelgrim et al., 2017; Sauter et al., 2018). DSCT scanners are equipped with two X-ray tubes as well as two
detectors (Flohr et al., 2006; Johnson et al., 2006), while KVSCT systems use only a single tube-detector pair but
involves an X-ray tube that can switch between two tube voltages in quick succession (Pinho, Kulkarni, Krishnaraj,
Kalva, & Sahani, 2013). Moreover, DLCT can provide similar information by using two predefined detector layers to
separate the X-ray photons into low- and high-energy bins (Postma, Das, Stadler, & Wildberger, 2015). With multi-
energy CT, one can gain information about the elemental composition of an object by measuring the energy-dependent
material-specific X-ray attenuation in three or more distinct energy regimes. Those measurements reflect changes in
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Compton scattering and photoelectric effects as a result of material interactions with photons of different energies
(Figure 2a). Furthermore, when the energy of the X-ray photons reaches the K-edge of an element, the excitation of K-
shell electrons leads to a sudden increase in photon absorption. K-edge imaging is essential for the introduction of novel
nanoparticle-based CT contrast agents (Roessl & Proksa, 2007; Schlomka et al., 2008; Si-Mohamed et al., 2018; G. Zhang,
Naha, Gautam, Cormode, & Chan, 2018). By means of material decomposition (Alvarez & Macovski, 1976; Clark &
Badea, 2014; Ehn et al., 2017; Maass, Baer, & Kachelriess, 2009; O'Donnell et al., 2017; Zimmerman & Schmidt, 2015),
attenuation measurements can be used to distinguish between different materials (i.e., tissues and contrast agents) and
quantify the elements in a single CT scan (Figure 2b). A novel nanoparticle-based multi-energy CT contrast agent
should have a K-edge energy that is situated in a region of high photon flux (Figure 2c), therefore elements with
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FIGURE 2 (a) Spectral CT images of gold, iodine, the photoelectric effect, and Compton scattering of an artery phantom.

(b) Conventional CT image compared to SPCCT images of gold, iodine, and water of the chest of a rabbit injected with AuNP followed by
iodine. (c) Mass attenuation coefficients of various heavy metal elements and X-ray photon energy spectra at tube voltages of 80 and 120 kV
(Reprinted with permission from Cormode et al. (2010, 2017) and Kim et al. (2019)). CT, computed tomography; SPCCT, spectral photon-
counting CT



6 of 26 WI LEY— WIREs HSU Er AL.

K-edges between 50 keV (Z = 64; gadolinium) and 90 keV (Z = 83; bismuth) could be utilized (Carrascosa et al., 2010;
Rabin, Manuel Perez, Grimm, Wojtkiewicz, & Weissleder, 2006). Of note, elements similar in atomic number to ytter-
bium (e.g., hafnium and tantalum) should produce most optimal contrast for these types of imaging techniques (J. Kim
et al., 2018; Nowak, Hupfer, Brauweiler, Eisa, & Kalender, 2011; Roessler et al., 2016).

The introduction of photon-counting detectors (PCD) into the clinical setting can be seen as an opportunity to
enable K-edge imaging (Muenzel et al., 2017; Pourmorteza et al., 2016; Si-Mohamed et al., 2017; Willemink, Persson,
Pourmorteza, Pelc, & Fleischmann, 2018). First, with the capability of counting individual X-ray photons while
rejecting noise, this unique technology has the potential to achieve a near-ideal signal-to-noise ratio for a given X-ray
dose, making it possible to obtain high-quality spectral data with a factor of two or more in radiation reduction. Second,
PCD can perform spectral detection by discriminating the energy of individual photons via pulse height analysis and
dividing them into more than the two energy bins used in current DECT systems. Third, PCD have significantly
improved spatial resolution, which allows visualization of small structures (e.g., contrast-enhanced vessels) and reduc-
tion of artifacts, such as blooming and beam hardening.

A similar development toward spectral or multi-energy X-ray imaging has seen attraction in mammography as a
promising clinical tool (Carton, Ullberg, & Maidment, 2010). K-edge imaging is also used in contrast-enhanced dual-
energy X-ray breast imaging, or DEM. The low- and high-energy spectra are placed below and above the K-edge of the
contrast agent, respectively. The low-energy images provide soft tissue contrast while high-energy images above the K-
edge contain substantial information from the agent. A weighted dual-energy subtraction is then done to suppress back-
ground variations and enhance the signal from the contrast agent, while providing anatomical data of diagnostic qual-
ity. DEM is currently performed with iodinated agents and initial studies have illustrated that the availability of iodine
images can significantly improve the detection and depiction of lesions in dense breasts (Carton et al., 2010). Clinical
data indicates that the sensitivity of DEM is superior to conventional mammography and matches that of contrast-
enhanced breast MRI (S. C. Chen et al., 2007, Diekmann et al., 2011; Dromain et al., 2012).

Elements with Z ranging from 42 (molybdenum) to 52 (tellurium) are better suited for the energies used in DEM
(26-49 kV) than iodine (Karunamuni & Maidment, 2014). The lower K-edge energies (20-32 keV) allow for greater flex-
ibility in the positioning of the high-energy spectrum, resulting in optimal dual-energy subtraction. Novel nanoparticle
agents based on silver (Z = 47) have recently been shown to produce strong DEM contrast (Hsu et al.,, 2018;
Karunamuni et al., 2016). Silver is also suited for spectral imaging with photon-counting mammography (Lau, Hsu,
Cederstrém, Cormode, & Maidment, 2019), where considerable reduction in radiation dose can be achieved (E. B. Cole,
Toledano, Lundqvist, & Pisano, 2012). The system is equipped with PCD that can discriminate detected photons using
two different energy thresholds and extract information about material compositions, such as breast density. However,
there is room for further investigations with this technology; with topics such as alternative energy binning methods
remaining unexplored.

3 | X-RAY CONTRAST AGENTS
3.1 | Small molecules and heavy metal complexes

Poor native contrast between different soft tissues has prompted the use of exogenous contrast agents since the early
development of X-ray imaging technologies. The clinically approved X-ray contrast agents are barium sulfate suspen-
sions, which are mostly used for GI tract imaging, and iodinated small molecules, which are mainly used in many oral
and intravascular applications. Iodine-based contrast agents were initially developed as ionic, mono-iodinated mole-
cules, such as sodium iodide, and have since evolved to nonionic, tri-iodinated derivatives of benzoic acid, such as
iohexol (De La Vega & Hafeli, 2015). The current formulations provide excellent water solubility, improved biological
tolerance, and low osmolality. Despite the efforts made to optimize the physicochemical properties of these agents, fur-
ther improvement is still needed given that they have very short blood circulation times and generate limited contrast
due to low payloads (Dean et al., 1983). They are also nonspecific, which leads to random vascular permeation and very
low tumor accumulation. Moreover, their rapid clearance via the kidneys can induce nephrotoxicity in those with renal
disease (Tepel et al., 2006) and they are known to cause adverse reactions in some patients (Bottinor, Polkampally, &
Jovin, 2013). To overcome these limitations, a range of elements and a variety of formulations have been proposed as
potential alternative X-ray contrast agents. Earlier reports to develop new X-ray diagnostic agents focused on systems
such as tungsten clusters or gadolinium chelates (Schmitz, Wagner, Schuhmann-Giampieri, Krause, & Wolf, 1997;
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S. Yu et al., 2000). The number of metal chelates and metalloclusters formed from different electron-dense elements,
such as hafnium and tantalum, has greatly expanded since then, and their physical characteristics, biocompatibility,
and contrast properties have been studied (Berger et al., 2017). A more extensive discussion of these older heavy metal
complexes can be found in a review article by S. B. Yu and Watson (1999). However, none of the chelates or cluster
compounds has been approved for X-ray imaging so far.

3.2 | Metal-based nanoparticles

Much of the research on novel X-ray contrast agents in recent decades has been devoted to nanoparticle formulations.
Given the low sensitivity of X-ray imaging, these nanoparticle agents typically contain a dense core loaded with hun-
dreds to millions of contrast generating atoms and are coated by silica, proteins, polymers, lipids, or other compounds
that yield desired pharmacological and physicochemical properties. Compared to small molecules, nanoparticles have
higher payloads per entity, thus may prove more compatible with patients whose kidney function is impaired, as fewer
excretion events would be needed (Chakravarty, Unold, Shuboni-Mulligan, Blanco-Fernandez, & Shapiro, 2016; Hsu
et al., 2019; Mukundan et al., 2006). The most frequently reported nanoparticle types for X-ray imaging are lipid-based
structures (e.g., liposomes, emulsions, lipoproteins, or micelles), solid core-based (e.g., metal, metal alloy, or metal salt),
or combinations of the two. For metal core-based nanoparticles, gold (Z = 79) has been extensively studied since it has
a high K-edge energy of 80.7 keV, is very dense (19.3 g/cm®) and is generally regarded as biocompatible and bioinert. In
addition, AuNP are well developed in terms of synthetic control over their size, shape, and surface chemistry (Bouché
et al., 2020; L. E. Cole, Ross, Tilley, Vargo-Gogola, & Roeder, 2015). An increasing number of studies have featured
other elements that also have a high K-edge energy, such as lanthanides, bismuth, tantalum, tungsten, and platinum
(De La Vega & Hafeli, 2015). As mentioned in previous sections, nanoparticles based on these elements are well-suited
as CT contrast agents as their K-edges fall within the diagnostic energy range employed by many clinical CT imaging
scanners. In fact, there are a large number of reports supporting their use as contrast agents for imaging applications
with various CT modalities (Cormode et al., 2014). On the other hand, X-ray mammography utilizes much lower tube
energies than CT and would therefore benefit from nanoparticle agents based on elements with lower atomic numbers
such as silver, which have lower K-edge energies than iodine (Karunamuni et al., 2016).

Nanoparticles are very small structures that range between 1 and 1,000 nm in size. Some X-ray nanoparticle con-
trast agents have been designed to be in the ultrasmall size range (<5 nm) to allow rapid clearance from the body,
which is an essential criterion for clinical approval (C. Zhou, Long, Qin, Sun, & Zheng, 2011). Those that are larger in
size and possess desired surface coatings have been utilized as blood pool contrast agents since they are cleared from
circulation at a slower rate (Naha et al., 2016). They can also be used as contrast agents for disease imaging via both
passive and active targeting (Hsu et al., 2018; Toy, Bauer, Hoimes, Ghaghada, & Karathanasis, 2014). Their physico-
chemical properties can be fine-tuned to encourage uptake by certain cell types, thereby enabling cell-based therapies
and tracking via X-ray imaging (J. Kim, Chhour, et al., 2017). In addition, most reported nanoparticles are approxi-
mately spherical, but they can be formed into other shapes, such as cages, stars, or rods, which can greatly influence
their pharmacokinetics, optical properties, and suitability for other imaging applications (Hajfathalian et al., 2018; J. Li
et al., 2015). Furthermore, nanoparticle X-ray agents can frequently offer both diagnostic and therapeutic properties
concurrently (Al Zaki et al., 2014; Curry, Kopelman, Shilo, & Popovtzer, 2014). Most importantly, these nanoparticle
agents, having novel chemical compositions, can produce strong contrast for advanced forms of X-ray imaging modali-
ties, such as SPCCT and DEM (Karunamuni et al., 2014; J. Kim et al., 2018).

3.2.1 | Rapidly cleared X-ray agents

Many preclinical studies have supported the relevance of heavy metal-based nanoparticles for X-ray imaging applica-
tions; however, sufficient (if not complete) clearance from the body is required for their eventual clinical translation
due to the inability of the human body to metabolize or transport these elements. Rapid renal excretion should mini-
mize uptake by organs of the reticuloendothelial system (RES), thereby avoiding prolonged body retention and possible
safety concerns. Urinary clearance is mainly carried out by glomerular filtration in the kidneys. Found in the renal cor-
puscle of a nephron, or the basic functional unit of the kidneys, the glomerulus (Figure 3a) is a network of capillaries
enclosed by the Bowman's capsule (Scott & Quaggin, 2015). The glomerular capillaries are lined by a monolayer of
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glycocalyx-coated endothelial cells with fenestrations of 70-90 nm in diameter. This endothelium is supported by the
glomerular basement membrane (GBM) that has a net polyanionic charge and contains 2-8 nm pores. The distal layer
of the GBM is composed of visceral epithelial cells, or podocytes, with foot processes that form narrow and uniform fil-
tration slits of 4-11 nm in width. The surface of this layer is also covered by negatively charged glycoproteins. Together,
these three layers with distinctive pore sizes and negatively charged surfaces make up the glomerular filtration barrier
(Figure 3b) (Menon, Chuang, & He, 2012). Therefore, renal clearance of nanoparticles relies on a highly selective sieve
that is mostly dependent on size and surface charge among other factors (Du, Yu, & Zheng, 2018; J. Wang & Liu, 2018).

Particle size plays a major role in the process of glomerular filtration. A filtration-size threshold of 5.5 nm in hydro-
dynamic diameter (Dy,) has been established for nanoparticles, which is similar to that of molecules and proteins (Choi
et al., 2007). Dy, is referred to the diameter calculated from the dynamic diffusional properties of a particle within a fluid
medium, which is influenced by the hydration layer formed around the coating or surface modifications of the particle
(Maguire, Rosslein, Wick, & Prina-Mello, 2018). It is generally larger than the internal core size of the particle. Renal
excretion of X-ray nanoparticle agents was first demonstrated by Hainfeld, Slatkin, Focella, and Smilowitz (2006) using
AuNP of 1.9 nm in core diameter (the D;, of the AuNP was not reported in this study). The nanoparticles were swiftly
excreted through the renal system as evidenced by high contrast enhancement in the kidneys and bladder in

(@) Urinary system Nephron

. Proximal
" tubule

_Bowman's
. space

_ Arteriole

" Distal

_ - tubule
_..‘---G"Iomerular capillary wal'l""--.\
b ; .
(b) Endothelium GBM Podocyte extensions
/ Bowman’s
space
Blood 2 %
vessel ®
\\ 4
=Y 0
. a
c »
o E =
B € \ =
£ 2l 2%
% ‘ ‘--\\\\. \ Ig
° ~
ff', ™~ ;:'.a__ FIGURE 3 (a) Diagram of the
- 'J: urinary system with a detailed view
of the kidney including components
® ® \ of nephron and glomerulus.
) ) (b) Schematic depiction of the three
° . distinctive layers of the glomerular
. . ° filtration barrier (Reprinted with
F!Itrat_lon \j permission from J. Liu, Yu, Zhou,
direction \] and Zheng (2013) and Wang and

Liu (2018))



HSU Er AL. WIREs —WI LEY 9 of 26

postinjection X-ray images. Following this initial report, subsequent studies have shown that up to 50% of the injected
dose (ID) can be excreted renally for AuNP with Dy, < 6 nm at 24 hr postinjection (Du et al., 2017; Xu et al., 2017;
C. Zhou et al., 2011). It was found that renal clearance efficiency of nanoparticles generally decreased with increasing
size, while those much larger in size (Dy, > 10 nm) were mainly taken up in the RES organs.

Renal clearance of nanoparticle CT contrast agents based on other heavy elements, particularly bismuth (Brown &
Goforth, 2012; L. Dong, Zhang, et al., 2019; Naha et al., 2014) and tantalum (Bonitatibus, Torres, Goddard, FitzGerald, &
Kulkarni, 2010; Bonitatibus et al., 2012; FitzGerald et al., 2016), has also been evaluated. Interestingly, bismuth can
degrade into molecular Bi** species in vivo as a result of oxidative instability, thus allowing several bismuth nanoparti-
cle formulations with Dy, > 5.5 nm to undergo kidney filtration (Brown & Goforth, 2012). Furthermore, FitzGerald
et al. (2016) developed tantalum oxide nanoparticles with a Dy, of 3.1 nm that have a good safety profile and can be
cleared renally with high efficiency. They found that >98% of ID was excreted from the body within 48 hr after injec-
tion, which is among the best clearance of all nanoparticle agents reported to date. More recently, Hsu et al. (2019)
reported similar renal clearance efficiency (85% of ID at 24 hr after injection) using a 3.1 nm silver sulfide nanoparticle
formulation that can provide both DEM and CT contrast (Figure 4a). This study demonstrated that nanoparticles of this
core size can circulate longer than iodine agents, resulting in strong vascular contrast (Figure 4b). In comparison to
similar, but larger nanoparticles, their rapid clearance via urine has yielded minimal retention in the RES organs
(Figure 4c). These results clearly indicate that renal filtration efficiency and tissue retention of nanoparticle agents are
heavily influenced by their size.

The clearance properties are also affected by particle's surface charge, as well as shape and core composition. Recent
studies investigating the effect of surface charge on glomerular filtration have shown that nanoparticles with low
molecular weight zwitterionic or neutral coatings, such as glutathione, undergo more rapid and efficient renal excretion
than those with single-charged surface ligands (FitzGerald et al., 2016; C. Zhou et al., 2011). Zwitterionic ligands can
minimize the adsorption of serum proteins on the nanoparticle surface, thereby maintaining a small overall size for

(@) Preinjection

FIGURE 4 (a)CT images of a mouse injected with
3.1 nm silver sulfide nanoparticles. (b) Segmentation
data to visualize vascular contrast and kidney filtration
of the same mouse immediately postinjection. (¢c) CT
images of mice injected with small- and large-sized
silver sulfide nanoparticles at 2 hr postinjection
(Reprinted with permission from Hsu et al. (2019)). CT,
computed tomography
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optimal renal filterability. Of note, surface charge has greater influence on the filtration of nanoparticles within the
6-8 nm size range, whereas size is the key determinant in the renal clearance of particles with Dy, < 6 nm. Further-
more, nanoparticle X-ray agents in other shape variations, such as stars (D. Tang, Gao, Yuan, Guo, & Mei, 2017) and
tubes (Hu et al., 2018), can also be excreted via urine, although less is known about the renal clearance mechanisms of
nonspherical nanoparticles. More recently, using an array of similarly sized nanoparticles with different core composi-
tions (i.e., varying ratios of gold and silver), S. Tang et al. (2016) found that renal clearance efficiency was inversely
related to the core density as a result of density-dependent margination in laminar blood flow.

Rapidly cleared nanoparticle X-ray contrast agents have been developed to reduce tissue retention and increase their
chance for clinical translation. However, due to their small size, these nanoparticles sacrifice some relevant properties
for certain imaging applications, such as long circulation times, effective targeting, and accumulation in tumors, which
would be achievable by nanoparticles larger than 5 nm. Nevertheless, we expect to see more progress made in engineer-
ing of sub-5 nm nanoparticle X-ray agents with other heavy elements and novel surface coating ligands. Further quanti-
tative investigation should be done to better understand the dependency of nanoparticle charge on renal filtration as
there are several reports with contradictory findings.

3.2.2 | Long circulating agents

Nanoparticles that circulate for a long time have advantages over rapidly cleared agents (e.g., iodinated small mole-
cules) since they provide longer lasting contrast and have greater opportunity to enter disease sites. Long circulating
agents are especially useful for imaging changes in vascularity such as sustained angiogenesis and permeable vascula-
ture, which are known hallmarks of cancer. The leaky nature of tumor neovessels allows agents to passively accumulate
in the diseased tissues through the enhanced permeability and retention (EPR) effect, enhancing contrast for better
tumor detection (Sykes, Chen, Zheng, & Chan, 2014). Thus, many efforts, such as adjusting nanoparticle size and sur-
face coating, have been made to synthesize agents with favorable pharmacological properties that help to increase blood
circulation times.

Nanoparticles with Dy, larger than the filtration-size cutoff can remain in circulation for a longer time due to the
lack of transport across the glomerular filtration barrier (Choi et al., 2007). Furthermore, the surfaces of these
nanoparticles are often modified with hydrophilic polymers, such as poly(ethylene glycol) (PEG), to prolong blood
retention time as this ligand type can prevent aggregation and opsonization, which leads to uptake by the RES organs
(Huo et al., 2017; Suk, Xu, Kim, Hanes, & Ensign, 2016). The long polymer chains also significantly increase the overall
size of the agents, allowing them to bypass kidney filtration and renal clearance (L. E. Cole, McGinnity, Irimata, Vargo-
Gogola, & Roeder, 2018; Hussain et al., 2019). Thus, the combination of increased nanoparticle size and modified sur-
faces gives way to long circulating agents.

Cormode et al. (2017) synthesized PEGylated AuNP that was 18 nm in Dy, for in vivo imaging of rabbits using
SPCCT. With this imaging system, they were able to distinguish the contrast between AuNP and an iodinated molecu-
lar agent in the heart. AuUNP were observed to remain in the blood pool throughout the entire study (i.e., 41 min) while
contrast from iodine decreased over time. Indeed, such AuNP have previously been reported to circulate for several
hours (Cai et al., 2007). Interestingly, Naha et al. (2016) developed an array of thiol-PEG capped gold silver alloy
nanoparticles (GSAN) with a D;, of 16 nm. Silver produces excellent DEM contrast while the inclusion of gold provides
CT contrast and improves overall biocompatibility, making GSAN a dual-modality X-ray contrast agent (Karunamuni
et al., 2014). Following the administration of GSAN to a murine model of breast cancer, CT imaging revealed significant
contrast in the heart and blood vessels (Figure 5a) and also at the tumor site (Figure 5b), indicating the passive tumor
targeting capability of GSAN via the EPR effect. DEM imaging studies also showed that GSAN could provide strong
blood pool contrast (Figure 5c) and higher contrast in breast tumors compared to iopamidol (Figure 5d). Other exam-
ples of long circulating agents with large size and PEG coating include 120 nm nanoemulsions of iodinated oil for blood
pool imaging with micro-CT (Hallouard et al., 2011), 100 nm iodinated liposomes for imaging small blood vessels with
micro-CT (Mukundan et al., 2006), and 30 nm AuNP for imaging primary lung cancer with dual-energy micro-CT
(Ashton et al., 2014).

Nanoparticles have also been modified with other hydrophilic polymers to achieve long circulation times (Kodiyan,
Silva, Kim, Aizenberg, & Mooney, 2012). For example, AuNP coated with polyethyleneimine had a circulation half-life
close to 8 hr and were used to image lymph nodes via CT (Y. Zhang et al., 2016). Renally clearable AuNP and other X-
ray contrasting nanoparticle types can be encapsulated in larger, biodegradable polyphosphazene (PCPP) polymeric
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nanospheres to increase both CT contrast generation and blood circulation time and subsequently break down into
harmless byproducts for swift clearance (Cheheltani et al., 2016; Chhour et al., 2014; J. Kim et al., 2019). Furthermore,
the use of biomimetic coatings, such as cell membranes and bovine serum albumin (BSA), can minimize the uptake of
nanoparticles by phagocytic cells, thus improving their blood residence time (Jin et al., 2015; Piao et al., 2014; You
et al., 2017).

In addition to cancer imaging applications, several long circulating X-ray agents have been developed to study ath-
erosclerosis. Notably, CT is preferable to alternative methods such as MRI for imaging such disease in the clinical
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FIGURE 5 CT images of a mouse injected with GSAN showing contrast enhancement in the (a) blood pool and (b) breast tumors.
(c) DEM images of a mouse injected with GSAN showing vascular contrast. (d) Quantification of DEM contrast in the tumors compared to
an iodinated agent (Reprinted with permission from Naha et al. (2016)). CT, computed tomography; DEM, dual-energy mammography;
GSAN, gold silver alloy nanoparticles
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setting due to its high performance in regions of the body where there is a lot of motion, such as the heart. For example,
Ye et al. (2014) showed that dendrimer-entrapped AuNP with PEG coating could circulate up to 6 hr, which proved to
be beneficial for CT imaging of murine macrophages in an apolipoprotein-E-gene-deficient mouse model. Other novel
formulations for detecting macrophage content of atherosclerotic plaque via CT include iodine-based polymeric
nanoparticles and nanoemulsions (Ding et al., 2013; Hyafil et al., 2007).

Although long circulating agents have great advantages in vascular imaging and subsequent disease detections,
these contrast agents tend to accumulate in the liver and spleen. Significant accumulation of some heavy metal ele-
ments in the RES organs can lead to potential long-term toxicity, such as liver fibrosis or cirrhosis, as was observed in
patients that had been administered Thorotrast, a thorium dioxide nanoparticle used in the 20th century (Selinger &
Koff, 1975). Moreover, the current concerns over the retention of gadolinium in patients injected with gadolinium che-
lates, underscore the challenges that an agent that is partially retained would face for FDA approval (Levine,
McDonald, & Kressel, 2018; McDonald et al., 2015). Thus, methods to optimize clearance characteristics while retaining
long circulation times should be further explored.

3.2.3 | Theranostic X-ray agents

Nanoparticle agents that have both therapeutic and diagnostic functions in a single platform are known as theranostics
(X. Chen, Song, Chen, & Yang, 2019). This has the advantage that the disease site can be visualized and also that
knowledge of the distribution of the theranostic agent can be used in disease planning. Many X-ray contrasting
nanoparticles possess intrinsic therapeutic properties, such as for photothermal therapy (PTT) or radiotherapy (RT),
and/or additional imaging functionalities, such as photoacoustic imaging (PAI), including certain agents based on silver
(Cui et al., 2017), gold (Curry et al., 2014; Hajfathalian et al., 2018; Jing et al., 2014), tungsten (Cheng et al., 2014;
Z. Zhou et al., 2014), hafnium oxide (Bonvalot et al., 2017), and bismuth (Z. Li et al., 2017; J. Liu et al., 2015; Yang
et al., 2018). PTT involves the use of a photosensitizer to convert NIR light into heat for localized tissue ablation. A
recent study by Lei et al. (2017) demonstrated the use of sub-5 nm polyvinylpyrollidone-coated bismuth nanodots as a
potential theranostic agent for tumor imaging with CT and precise cancer treatment with PTT. CT imaging was used to
locate bismuth nanodots in the mice bearing tumors and to guide laser irradiation needed for PTT. In an interesting
example, breast tumor-bearing mice were injected with 3 nm rhenium disulfide nanoparticles and imaged using a dual-
source spectral CT scanner under different tube voltages (X. Wang et al., 2019). Contrast in the tumors was significantly
enhanced by the nanoparticles at any given X-ray energy while the signals in surrounding tissues as well as tumors
injected with an iodinated agent were largely reduced at higher energies. Moreover, tumors treated with the
nanoparticles were completely eliminated after PTT was performed on them.

Several high Z elements, specifically those that provide strong contrast in CT, can also achieve radiosensitization
due to the large X-ray attenuation coefficients, resulting in the release of photoelectrons and free radicals upon X-ray
absorption which enhances radiation-induced DNA damage (Al Zaki et al., 2014; Dou et al., 2016; Hazkani et al., 2017;
Her, Jaffray, & Allen, 2017). McQuade et al. (2015) demonstrated that biodegradable polymeric micelles loaded with
AuNP and iron oxide nanoparticles could be used as a contrast agent for both CT and T,-weighted MR imaging to bet-
ter delineate tumor margins and assist with RT treatment planning. When combined with RT, this theranostic agent
resulted in extensive cellular DNA damage in vitro and improved the mean survival and tumor responses of tumor-
bearing mice. In addition, RT can be further combined with PTT to realize synergistic therapeutic effects and improve
treatment efficacy (Mao et al., 2016; Y. Wang et al., 2016; Wen et al., 2016; Yong et al., 2015). For example, 40 nm bis-
muth nanoparticles coated with PEGylated phospholipids were injected into breast tumor-bearing mice (N. Yu
et al., 2018). These nanoparticles can passively accumulate in the tumor region, allowing for tumor imaging with CT as
well as image guided thermoradiotherapy. The synergistic effects resulted from the combination of RT and PTT induced
greater antitumor efficacy than that of a single treatment alone.

In recent years, X-ray contrasting nanoparticles have received growing interest for use as carriers for nucleic acids
and therapeutics, such as siRNA and chemotherapy drugs, to mitigate the shortcomings of conventional drug delivery
systems. For example, a polymer-AuNP complex was developed as a gene-chemical co-delivery vehicle to treat dopami-
nergic neuron degeneration and allow drug delivery tracking via CT imaging in a murine model of Parkinson's disease
(L. Liu et al., 2019). Upon entering specific diseased cells, the complex was degraded in the reactive oxygen species
(ROS) rich microenvironment, releasing siRNA and curcumin for downregulation of a-synucelin gene (SNCA) and
inhibition of SNCA aggregation. The synergistic therapy resulted in the recovery of neurons and motor performance of



HSU ET AL. WIREs _W I L E Y 13 of 26

the mice. Simultaneously, the released AuNP would aggregate to form gold clusters, and could thus be detected with
CT. Moreover, nanoparticles can be designed to respond to specific external and/or internal stimuli, such as NIR light,
magnetic field, acidic pH, and hypoxia, for triggered drug release at targeted sites with controllable therapeutic outcome
(Jin et al., 2017; W. Lin et al., 2017; Tian et al., 2014). Interestingly, Z. Li et al. (2018) developed such theranostic agent
based on 120 nm largely porous bismuth nanostructures, known as nanoraspberries (Figure 6a), which were further
stabilized by BSA. They found that this agent could load doxorubicin at high capacity, accumulate passively at the
tumor site, and release the drug when exposed to NIR light irradiation and acidic pH conditions (Figure 6b). This agent
also provided CT (Figure 6¢) and PAI contrast in HeLa tumor-bearing mice and served as a PTT agent due to the afore-
mentioned intrinsic theranostic properties of bismuth. Notably, all tumors were eliminated in mice treated with the
agent in combination with PTT and triggered drug release (Figure 6d), demonstrating the superior therapeutic efficacy
of combined therapies over either treatment alone.

Recent studies have reported remarkable advances in the development of theranostic nanoparticles that are both
active for X-ray imaging and also provide therapeutic effects. We expect to see more reports on novel X-ray theranostic
agents with elements other than gold and bismuth and also with a variety of shapes, hybridizations, and stimuli-
responsive coatings for improved contrast generation and better therapeutic efficacy. Yet, a thorough evaluation of their
long-term retention, biodegradation, and safety profiles is needed to increase their likelihood for clinical translation.
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3.24 | Targeted X-ray agents

Targeted imaging provides the opportunity to characterize diseases for factors such as their level of inflammation or
cancer type (Toy et al., 2014). Agents with greater targeting selectivity have better delivery efficiency and improved
diagnostic and therapeutic outcomes with minimal off-target effects. This can be achieved by conjugating the surface of
X-ray contrast agents with targeting moieties that have specific binding affinity for certain cellular components or bio-
molecules (Yhee, Lee, & Kim, 2014). The challenge for X-ray imaging is that its sensitivity toward contrast media is
quite low, therefore only highly expressed targets can be imaged (X. Li, Anton, Zuber, & Vandamme, 2014). Conse-
quently, a large variety of targeting ligands, such as the PDL1 antibody (Meir et al., 2017), epidermal growth factor
receptor antibody (Dreifuss et al., 2015; Reuveni, Motiei, Romman, Popovtzer, & Popovtzer, 2011), LyP-1 peptide
(Laakkonen, Porkka, Hoffman, & Ruoslahti, 2002), hyaluronic acid (Jin et al., 2015), folic acid (Huang et al., 2011;
Khademi et al., 2018; J. Lin et al., 2018), bisphosphonate (L. E. Cole, Vargo-Gogola, & Roeder, 2014, 2015), and insulin
(Betzer et al., 2017; Shilo, Motiei, Hana, & Popovtzer, 2014), has been used in functionalizing X-ray nanoparticle con-
trast agents for targeted imaging of cancers, microcalcifications, and neurodegenerative disorders. For example, nano-
particle CT contrast agents based on gold (Hainfeld et al., 2011), platinum (Chou et al., 2010), or bismuth (L. Li
et al., 2018) were conjugated with monoclonal antibodies, such as trastuzumab, to target abundantly expressed human
epidermal growth factor receptor (HER2), which is useful in imaging and treating HER2 positive breast cancer.
Vascular markers, such as a5 integrin receptor and vascular endothelial growth factor receptor, are also ideal tar-
gets for imaging cancer. The integrin o5 contributes to angiogenesis and metastasis, and is highly expressed on endo-
thelial cells within the neovasculature of several tumor types such as osteosarcoma (Lu et al., 2018). RGD (Arg-Gly-
Asp) peptides are commonly used for targeting such receptors and for producing vascular-targeted X-ray contrasting
nanoparticles (Zhu, Fu, Xiong, Shen, & Shi, 2015). A recent study by Ashton et al. (2018) investigated the impact of
AuNP-augmented RT on tumor vascular permeability and subsequent effect on the delivery of nanoparticle therapeu-
tics. RGD peptides were first conjugated to the surface of 25 nm AuNP and injected into mice with primary soft tissue
sarcoma, which were treated with varying radiation doses. Iodinated liposomes were injected at 24 hr post irradiation
and DECT imaging was performed to differentiate the signals of gold and iodine in the tumors and to quantify each sep-
arately (Figure 7a). Significant iodine accumulation was observed with RGD-functionalized AuNP compared to non-
targeted AuNP and control (Figure 7b), particularly at lower radiation doses (5 Gy), indicating that vascular-targeted
AuNP could deliver the radiation dose preferentially to endothelial cells, and thus, reduce the dose necessary for
RT. The combination of targeted AuNP with 5 Gy RT greatly increased vascular permeability and further improved the
delivery of liposomal doxorubicin to the tumors, which resulted in significant reduction in tumor growth (Figure 7c).
Besides targeting cancer related biomarkers, X-ray contrast agents have also been modified with fibrin targeting
moieties to enable the imaging of thrombi (Pan et al., 2009). The occurrence of fibrin-rich thrombi in the arteries is usu-
ally the source of myocardial infarction, strokes, and pulmonary embolism. Interestingly, J. Y. Kim et al. (2015) coated
AuNP with glycol-chitosan and further conjugated them with fibrin-binding peptides to allow in vivo detection and
quantification of cerebral thromboembolism as well as carotid thrombosis using micro-CT. The information obtained
by cerebral CT imaging was then used to guide thrombolytic therapy and optimize the dosing of tissue plasminogen
activator, which is a drug known for treating blood clots. A similar strategy for micro-CT imaging of thrombus was pur-
sued using silica-coated AuNP functionalized with thrombin-activatable fluorescent peptide (Kwon et al., 2018). More-
over, spectral or multicolor CT has been employed to further distinguish targeted heavy metal nanoparticles from soft
tissues and calcified materials (Schirra et al., 2012). Pan et al. (2010) reported the first example of thrombus imaging
with spectral CT using bismuth nanoparticles targeted with fibrin-specific antibodies. These nanoparticles greatly
enhanced the contrast of fibrin clot surface, allowing the thrombus to be distinguished from highly attenuating plaque
calcium deposits. A nanoparticle formulation based on ytterbium was also targeted to thrombi in the same manner to
provide higher detection sensitivity in K-edge imaging than for bismuth (Pan et al., 2012). Furthermore, gold core high-
density lipoprotein nanoparticles were shown to specifically target macrophage-rich plaques in atherosclerotic mice,
and whose accumulation could be identified and be distinguished from nearby aorta with spectral CT imaging
(Cormode et al., 2010). Calcifications in the plaque of these mice could also be discriminated using this imaging system.
A wide range of X-ray contrasting nanoparticles has been applied to several highly expressed targets, such as HER2,
folate receptors, o, p; integrin receptors, and fibrins, to make disease imaging feasible with various forms of CT imaging
technology. In the coming years, the first studies where targeted imaging is done using new X-ray imaging techniques
such as DEM and photon-counting mammography will likely be reported. It may be possible to functionalize silver-
based nanoparticles with bisphosphonate for contrast-enhanced, targeted imaging of microcalcifications in dense breast
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FIGURE 7 (a) DECT iodine and gold maps for hindlimb sarcomas in the groups treated with 5 Gy RT in conjunction with no AuNP
(control), PEGylated AuNP (non-targeted), or RGD-functionalized AuNP (targeted). (b) Accumulation of liposomal iodine in the tumors
following AuNP-augmented RT at varying radiation doses. (c) Tumor volume doubling time for mice treated with 5 Gy RT, targeted AuNP,
and/or liposomal doxorubicin (Reprinted with permission from Ashton et al. (2018)). AuNP, gold nanoparticles; DECT, dual-energy CT; RT,
radiotherapy

tissues with DEM, as mentioned above. Nevertheless, targeted agents should be further examined in additional animal
models and their physicochemical properties should be optimized to elicit effective targeting.

3.2.5 | Cell tracking X-ray agents

Cell-based therapy is a promising direction for treating a variety of diseases, injuries, and disorders by transplanting liv-
ing cells with therapeutic characteristics within the body (Greenfield & Hauser, 2018; Mclntyre, Jones, Han, &
Vangsness, 2018; Rosenberg & Restifo, 2015; Wu, Hu, & Wang, 2018). Understanding cell behavior in vivo offers funda-
mental knowledge on trafficking patterns and disease processes, and also allows evaluation of treatment effectiveness,
which, taken together, can guide the development of cell-based therapies (Betzer, Meir, Motiei, Yadid, &
Popovtzer, 2017; Bongso, Fong, & Gauthaman, 2008; Meir & Popovtzer, 2018). Current preclinical and clinical cell ther-
apy experiments mainly employ three types of cells—stem cells, immune cells, and cancer cells (Cobos et al., 2014;
Kang, Shin, Ko, Jo, & Ra, 2012; Park, Suryaprakash, Lao, & Leong, 2015; Rizk, Aziz, Shorr, & Allan, 2017). Another
promising direction for cell-based therapies is the use of cell-derived exosomes as therapeutic agents and drug carriers
(Chemla et al., 2019; Guo et al., 2019).

The development of accurate and sensitive noninvasive cell tracking techniques is a highly challenging task. Con-
servative methods for tracking cells, such as radionuclide-based or fluorescence-based techniques visualized by optical
imaging, suffer from short half-lives or low tissue penetration, and therefore are not optimal for clinical use (Fixler,
Garcia, Zalevsky, Weiss, & Deutsch, 2007; Srinivas et al., 2010). Nanoparticle-based contrast agents opened the door to
a new era in cell tracking, with potential for application in humans (Meir & Popovtzer, 2018; Shilo, Reuveni, Motiei, &
Popovtzer, 2012). The two core aspects for performing efficient cell tracking with nanoparticles are efficient cell labeling
and in vivo imaging.

Cell tracking with X-ray CT is a rapidly developing field (J. Kim, Chhour, et al., 2017). Astolfo et al. (2013) provided
the first evidence for in vivo cell tracking using AuNP combined with CT. Malignant cells were labeled with AuNP and
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stereotactically injected to mouse brain. CT scans at 8 days postinjection revealed small clusters of cells (~1,700) in the
brain. This work demonstrated the potential for monitoring the fate of injected cells while concomitantly studying the
dynamics of a growing tumor by measuring its shape, volume, and division times, all via imaging.

Betzer et al. (2015) developed a protocol for labeling different types of cells with AuNP for in vivo applications
(Figure 8a,b). This technology was applied in various mouse disease models for noninvasive CT monitoring of mesen-
chymal stem cell (MSC) in brain disorder treatment (Betzer et al., 2014; Shwartz et al., 2017), photoreceptor precursors
in retinal replacement therapy (Chemla et al., 2019), and melanoma-specific T cells in cancer immunotherapy treat-
ment (Figure 8c-f) (Meir et al., 2015). Design principles for cell tracking were further established using CT imaging
after intramuscular stem cell transplantation in a mouse model of Duchenne muscular dystrophy. In these experiments,
the minimum detection limit for cells was determined to be 500 cells, and a mathematical model was developed for
quantifying the number of cells visualized in CT images (Meir et al., 2017). Interestingly, longitudinal cell tracking
showed no signal loss up to 1 month after cell injection (Betzer et al., 2014).

To increase the detection sensitivity of CT, higher uptake of nanoparticles per cell is needed. T. Kim, Lee, et al. (2017)
developed a straightforward method to label human MSCs with 40 nm AuNP complexed with poly-L-lysine (up to
600 pg per cell) and rhodamine B isothiocyanate to optimize in vivo visualization of therapeutic cells by micro-CT
imaging. This approach allowed the quantification of cell numbers via CT, as the number of cells was linearly corre-
lated with CT attenuation. It was determined that a minimum of 2 x 10° labeled human MSCs could be visualized with
CT, which corresponded to a detection sensitivity threshold of ~2 x 10 cells per pl.
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FIGURE 8 (a)Scheme showing the process of labeling cells with nanoparticles, followed by in vivo injection and CT imaging.

(b) Schematic depiction of AuNP coated with glucose for labeling cells. In vivo CT imaging of the accumulation of antibody-targeted and
AuNP-labeled T cells at a melanoma tumor in mouse: (c) before T-cell injection, (d) 24 hr post IV injection, (e) 48 hr postinjection, and (f)
72 hr postinjection. Circles demarcate the tumor area and the T-cell accumulation. In vivo CT imaging of gold-labeled exosomes in

(g) control mouse brain, (h) striatal stroke region in a mouse model of acute stroke, and (i) a spinal cord lesion at 24 hr post intranasal
administration of exosomes (Reprinted with permission from Betzer et al. (2015, 2017), Guo et al. (2019), and Meir et al. (2015)). AuNP, gold
nanoparticles; CT, computed tomography
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AuNP and CT are also effective for tracking immune cells in noncancerous diseases such as atherosclerosis. Chhour
et al. (2017) performed a detailed study on the parameters that affect AuNP uptake by monocytes. Nanoparticles with
numerous sizes and coatings were examined for optimal cell uptake. It was found that 15 nm AuNP coated with short
carboxylic acid ligands as well as 50 and 75 nm AuNP coated with P-COOH were taken up extensively. These results
show that cellular uptake of nanoparticles is strongly dependent on both size and surface functionality. Notably, the
same group demonstrated the use of CT in tracking the migration of AuNP-labeled monocytes to atherosclerotic
plaques and in observing the process of monocyte recruitment, which was shown to correlate with disease progression
(Chhour et al., 2016).

Recently, several papers on in vivo CT tracking of exosomes have been published (Betzer et al., 2019; Betzer, Perets,
et al., 2017; Guo et al., 2019; Perets et al., 2019). Exosomes, which are small vesicles shed by cells, act mainly as
nanocarriers for cell-to-cell communication. Betzer, Perets, et al. (2017) developed a protocol for labeling MSC-derived
exosomes with 5 nm glucose-coated AuNP and found intranasal injection to be the optimal administration route for
neuroimaging of the exosomes. This tracking procedure was applied in several neurodegenerative and neu-
rodevelopmental disorders, as it provides insight on the ability of these exosomes to cross the blood-brain-barrier, their
migration patterns toward specific pathological regions, and the involvement of the immune system in the migration
process (Figure 8g-i) (Perets et al., 2019).

Multimodal imaging is an excellent strategy for circumventing the inherent limitations of each imaging modality
alone and enabling the examination of more than one process at a time. Arifin et al. (2011) developed multiplexed
trimodal gadolinium-gold microcapsules that serve as contrast agents for CT, ultrasound, and MRI. Multimodal track-
ing of cells labeled with these microcapsules revealed that intra-abdominal cell transplantation restored normoglycemia
in diabetic mice for up to 7 weeks. This multimodal imaging system enabled structural cell tracking together with the
ability to track cell functionality.

In summary, recent studies have achieved significant advances in cell tracking using X-ray technologies. Further
studies should be performed with a variety of nanoparticles and therapeutic cell types, in order to optimize cell labeling
protocols and establish CT-guided cell tracking as a leading, reliable, and informative imaging concept.

4 | SUMMARY AND OUTLOOK

Overall, a burst of activity surrounding X-ray contrast agents having novel chemical compositions, allowing unique bio-
medical applications, and producing strong contrast for new X-ray imaging techniques has been seen in the past
15 years. An extensive array of compositions has been explored as X-ray contrast generating materials such as silver,
gold, tantalum oxide, and bismuth sulfide. Most of these agents are nanoparticle-based and have potential as alternative
X-ray contrast agents for patients for whom the use of current iodinated agents is contraindicated. Small, renally
excretable gold, silver sulfide, or tantalum oxide nanoparticles have demonstrated great promise for future clinical
translation. Improved blood pool agents with longer lasting contrast have been developed. Targeted and cell tracking
agents have been reported for the detection of certain diseases and cell types, such as cancer and monocytes, via various
X-ray imaging modalities. Advanced theranostic agents have also resulted in more effective disease planning and better
treatment outcomes. In addition, candidate elements for novel contrast agent development for emerging X-ray imaging
modalities, such as SPCCT, DEM, and photon-counting mammography, have recently been identified. With SPCCT,
specific detection and quantification of contrast media as well as differentiation of tissue types are now possible.

An exciting new research area in the field involves the development of activatable agents that can provide differen-
tial image contrast as a response to environmental triggers such as pH or enzyme expression. For example, ROS degrad-
able AuNP-polyphosphazene nanoprobes could be used to detect the presence of inflammation and cancer using
bimodal PAI and CT imaging (Bouché et al., 2019). A switchable polymer-AuNP complex, which we have described
above, could track the delivery of therapeutic drugs to diseased neurons via CT imaging (L. Liu et al., 2019). Further-
more, there has been a report of iodinated activity-based probes that produce detectable CT contrast based on activity-
dependent covalent binding of cathepsin, an enzyme that is highly expressed in the tumor microenvironment
(Gaikwad et al., 2018). Only a few examples of activatable X-ray contrast agents have been reported to date; however,
this topic is gaining considerable interest and research around this agent type may bloom in the coming years.

Despite the positive outlook, further progress in synthetic approaches is required to develop these X-ray contrasting
nanoparticles on a large scale and at low cost. Many emerging X-ray imaging modalities are still under development
and their current system specifications and scanning conditions may vary from the final clinical scanner settings.
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Hence, similar studies will need to be performed in refined systems and larger animal models to further validate the
potential elements for development into novel contrast agents for X-ray imaging. More progress will be made in expan-
ding the functions of current novel agents and also engineering nanoparticles with X-ray attenuating elements that are
less explored, such as cerium, lanthanum, or molybdenum. While we were tasked with reviewing the field of nanoparti-
cle X-ray contrast agents, advances are being made with other types of agent, such as metal chelates, which is also
important work (Berger et al., 2017). It will be important for the field to focus research in the direction of clinical imple-
mentation. In order to achieve approval for use in patient care, thorough assessments on their long-term bio-
distribution, degradability, and toxicity will be needed to evaluate the issue of side effects and concerns related to their
excretion profile. The field would advance further with greater interactions and more collaboration among chemists,
medical physicists, radiologists, and clinicians to identify imaging needs and guide the development of novel contrast
agents. Nevertheless, the field has seen tremendous advancement in the last few decades and we expect to see more
exciting new discoveries in the near future.
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